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Graphical Abstract

Reduced graphene oxide (RGO) in situ composites with cobalt sulfide (CoS) is achieved through a

facile hydrothermal approach, and RGO/CoS presents a high specific capacitance of 1130 F g
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In this work, reduced graphene oxide (RGO) in situ composites with cobalt sulfide (CoS) is achieved

through a facile hydrothermal approach. Morphology and structure of the composite materials have been

investigated by using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-
ray photoelectron spectra (XPS) and X-ray diffraction (XRD). The results have shown that the composites
consist of CoS nanoparticles with the diameter of 30~50 nm uniformly disperse on the basal plane of

RGO. The maximum specific capacitances of 1130 F g measured by chronopotentiometry at a current
density of 0.5 A g' are obtained in a 6 M KOH aqueous solution, which is 2.4 times higher than that of
pure CoS nanoparticle electrodes (473 F g). Furthermore, RGO/CoS nanocomposite exhibits good

cycling stability with 92.1% capacitance retention over 1000 cycles.

1. Introduction

With the ever-increasing energy and power consumption in
tools to vehicle
electrification and large industrial equipment, intense research
efforts have been devoted in developing the technologies for
energy conversion and storage, which require high power uptake
or delivery and a long cycle life." Of the various power source
devices, electrochemical capacitors (ECs), also known as the
ultracapacitors or supercapacitors, have received great interest for
the satisfying future renewable energy technologies because of
their excellent properties such as cheap, high power, effective,
environmentally friendly, long cyclic life and fast charge-
discharge rates.’

Over the past decade, nanostructured metal sulfides have been
extensively investigated as electrode materials for EC design
because the good performance provided by redox reactions of
electrode usually take place in metal sulfides where metal ions
have multiple valence states. Sb,S;,> InySs,* Cuy,S,’ MoS,,°
CoS,’ Bi,S3,} KCu;S,,” and Ni; S, nanoparticles are widely used
in ECs or rechargeable lithium batteries. Among them, CoS has
been studied for its relative low-cost, excellent capacitances, low
toxicities and large surface sizes than other materials.'
Nevertheless, CoS nanoparticle does not deliver ideal specific

applications ranging from portable electronic
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capacitance for its poor electrical conductivity and poor cycling
stability.'> Accordingly, improving electrochemical capacitance
substantially to meet the requirements of future practical
applications and advancing our understanding of the
electrochemical interfaces by developing composite materials at
the nanoscale are urgently desirable.

Currently, carbonaceous materials, such as carbon nanotubes,
activated  carbon,'*  carbon aerogels,15 activated carbon
nanofibers,'® and template carbon foams,!” etc., have been
frequently chosen as a component for EC materials of effectively
improved electrical conductivity and electrochemical stability.
Graphene, a two-dimensional nanosheet of graphite, has recently
received rapidly growing attention in ECs as it possesses superior
electron transport capabilities, a high theoretical surface area
(2630 m?/g), excellent mechanical flexibility, high thermal and
chemical stability, and easy functionalization make graphene
good substrate to produce graphene-based functional
composites.'® In recent years, many studies covering graphene
and related materials used for EC materials have been published.
For example, Chidembo et al. reported the capacitances of
reduced graphene oxide (RGO) with Co;0, or NiO
nanocomposites are 687 F g and 656 F g, which are much
higher than that of Co3;0,4 or NiO. Chen et al. obtained hybrid
nanostructures of MnO,/graphene nanosheets for high-
performance supercapacitor.’ Qu et al. have initially shown that
the composite of B-CoS nanoparticles decorated graphene has
attractive energy storage performance.”' For the promising energy
storage performance that other composites seldom achieved,
detailed investigating structure character and understanding
performance variation mechanism of metal sulfide and graphene
composite structure is important.

In this work, we detailed investigated uniform RGO/CoS
nanocomposite formation in aqueous solution via hydrothermal
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reaction. Electrochemical cyclic voltammeter and galvanostatic
charge discharge measurement in combined with porous structure
analysis and EIS analysis have been done to understand the
mechanism of electrochemical energy performance variation of
RGO/CoS nanocomposite in compared with pure CoS.

2. Experimental
2.1 Materials

Natural graphite powder (325 mesh), acetylene black and
polytetrafluoroethene (PTFE) was commercially obtained from
Alfa-Aesar. Hydrochloric acid (37 %, HCI), concentrated sulfuric
acid (98 %, H,S0,), potassium hydroxide (KOH) and potassium
permanganate (KMnO,) were purchased from Shanghai Chemical
Reagent Co., Ltd (P.R. China). Sodium nitrate (NaNO;), ethylene
glycol, potassium persulfate (K,S,0g), phosphorus pentoxide
(P,0s), hydrogen peroxide (30 %, H,0,), thioacetamide and
cobaltous nitrate (Co(NOs),*6H,0) were purchased from
Sinopharm Chemical Reagent Corp (P.R. China). All reactants
were used as raw materials without further purification. Double
distilled water was used during the experimental process. The
experiments were carried out at room temperature and humidity.

2.2 Preparation of GO

GO was prepared by modified Hummers’ method.” In detail, 3.2
g graphite was put into a mixture of 15 mL H,SO,, 2.5 g K,S,0s,
and 2.5 g P,0Os. The solution was heated to 80 °C and kept
stirring for 5 h in oil bath. Then the mixture was diluted with 700
mL water, and the product was obtained by filtering using
0.2 #m Nylon film and dried under room temperature.
Thereafter, 15.0 g KMnO, was slowly added with magnetic
stirring, to prevent the temperature of the mixture from exceeding
10 °C by ice bath. Then ice bath was then removed and the
mixture was stirred at 35 °C for 2 h. The reaction was terminated
by adding 800 mL of water and 25 mL H,0, solution. Finally, the
GO was obstained by filtration and drying.

2.3 Synthesis of RGO/CoS composite

1.2 g Co(NOs),-6H,0, 0.34 g thioacetamide, 1.0 g PVP, 40 pl
HCI and 0.03 g GO were initially dissolved in 20 mL water and
20 mL ethylene glycol and ultrasonicated for 1 h. And then, the
mixture was further transferred into a 50 mL Teflon-lined
autoclave and subsequently heated at 180 °C for 12 h. When it
cooled down to room temperature naturally, the RGO/CoS
nanocomposites were harvested by centrifugation and washed
with water, and were finally dried at 60 °C for 6 h. The weight
ratio of CoS in the composite is 93%.

2.4 Characterization

X-ray diffraction (XRD) patterns of CoS and RGO/CoS were
carried out using a Rigaku D/MAX 24000 diffractometer with Cu
Ka radiation (A=1.54056A) and a scanning speed of 0.02 °/s in
the 20 range from 5° to 60°. The accelerating voltage and
emission current were 40 kV and 40 mA, respectively. The
morphologies of CoS and RGO/CoS were checked using a
scanning electron microscopy (SEM, JSM-6700F) at an
accelerating voltage of 30 kV equipped with an Inca energy
dispersive spectrometer (EDS). The fine structure of the
RGO/CoS composite was further investigated on a Tecnai G2

ss F20 S-Twin transmission electron microscope (TEM) with an
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accelerating voltage of 200 kV. Core level analysis of the
RGO/CoS composite was conducted on an X-ray photoelectron
spectrum (XPS) using a Kratos AXIS Ultra DLD X-ray
photoelectron spectrometer at room temperature with 1486.6 eV
X-ray from the Al Ka line. The Brunauer-Emmett-Teller (BET)
specific surface area values were determined by using N,
adsorption data at 77 K obtained by a Micromeritics ASAP 2010
system with multipoint BET method.

2.5 Electrochemical Measurements

The electrochemical experiments were carried out by a three-
electrode system at room temperature on a computer-controlled
Shanghai Chenhua CHI 660D workstation. The working
electrodes were fabricated by mixingl5 wt% acetylene black, 80
wt.% active materials and 5 wt% PTFE binder. Afterward, the
mixture was diluted with a small amount of deionized water to
form homogeneous mixture slurry. After a short period of drying
by evaporation, 5 mg resulting paste was pressed into 10mm X
10mm nickel grid under a pressure of 1.2x10” Pa for 30 min. The
electrode was then dried for 6 h at room temperature. The
electrochemical tests were carried out using 6 M KOH aqueous
solution as electrolyte. Before the measurements, the CoS-based
electrodes were soaked in 6 M KOH aqueous solution for 10 h. A
platinum foil and a saturated calomel electrode (SCE) were used
as the counter and reference electrodes, respectively. The
galvanostatic charge-discharge process was carried out with
different current densities. The specific capacitance (C [F g'']) of
the electrode materials were calculated from the discharge curve
according to the following equations:*’

C=1At/(AVm) (1)

Where: [ is the discharge current (A); At is the discharge time

(s); AV is the voltage change (V), excluding the IR drop in the
discharge process; and /71 is the mass of the working electrode

material (g), excluding the binder and conductive acetylene black.

3. Results and Discussion

Fig.1 present the designed formation processes for obtaining
RGO/CoS nanocomposites. At the stage (I), the sufficient
exfoliation of the graphite into GO nanosheets in water, GO
nanosheets have their basal planes decorated mostly with epoxy
and hydroxyl groups, while carbonyland carboxyl groups are
located at the edges by the modified Hummers’ method. These
functional groups enable the subsequent in situ formation of
nanostructures attaching on the surfaces and edges of GO
nanosheets. At the stage (II), Co®" ions, formed by the dissolution
of Co(NOs),"6H,0, favorably bind with the O atoms of the
negatively charged oxygen-containing functional groups on GO
sheets via an electrostatic attraction. At the stage (III), with the
help of thioacetamide under condition of 180 °C, large number of
CoS nuclei were formed in a short time from the redox reaction
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occurring between Co*" and H,S. The chemical reaction involved
in the growth of CoS is according to the following equations:

CH,CSNH, + H,O—"">CH,CONH, + H,§

(3)

CH,CONH, + H,0< "> CH,COONH,

(2)

Co™ + H,S — CoS ¥ +2H"

(4)

The CoS molecules may form bonds with O atoms of the
functional groups via an intermolecular hydrogen bond or a
covalent coordination bond, acting as anchor sites for the crystals
growth, and the strong chemical and/or physical absorption of
CoS nanocrystals on GO nanosheets after the hydrothermal
reaction, and at the same time, GO was reduced to RGO.

RGO CoS
(D) siefelse IIE Sl ,mf— (III!
o m-»;- v
ﬁif(ﬁ"“\* :\% thma:etamide e o o o
180°C 12 h RGO/CoS

Fig.1. Hllustration of three steps for RGO/CoS nanocomposite formation.
(I) exfoliation of graphite oxide into GO sheets, (II) formation of Co
nuclei and interaction between GO sheets and Co®" through hydrogen
bonding, (III) hydrothermal treatment at 180 °C for 12 h to produce
RGO/CoS composite

Fig.2 shows the XRD patterns of GO, CoS and RGO/CoS
composites, respectively. For GO, the XRD peak at 10° for the
(001) facets corresponds to 0.87 nm interlayer spacing, which is
much larger than that of pristine graphite (0.34 nm) due to the
introduction of oxygen-containing functional groups on the
graphite sheets.* The diffraction angles at 26 = 30.62°, 35.50°,
47.02° and 54.86°, can be assigned to (1 0 0), (1 0 1), (1 0 2) and
(1 1 0) crystal planes of pure CoS with the hexagonal structures
and the lines match well with the value reported by JCPDS (No.
75-0605, a=0.338 nm and ¢=0.515 nm).

Intensity (a. u.)
)
g
(10
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(102)
(110)

T T T
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Fig.2. XRD patterns of GO, CoS and GO/CoS composites
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Fig.3a and 3b show the typical SEM images of CoS and
RGO/CoS composites, respectively. The size of the as-
synthesized CoS nanoparticles was ca. 30~50 nm, and the RGO
sheets and the nanostructures of CoS particles can be observed,
signifying the successful incorporation of CoS nanoparticles onto
RGO sheets for a composite. Fig.3c and 3d show the EDS spectra
of CoS and RGO/CoS composites, respectively. The pattern
indicates that CoS crystals only contain elements of Co and S,
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without any other impurities, and the as-synthesized RGO/CoS
composites only contain elements of C, Co, S and O. Fig.3e and
3f show the typical TEM images of GO and RGO/CoS
composites, respectively. The binding between RGO and CoS
surfaces was tight enough to resist repeated rinsing and
ultrasonication.

S
Co Co o
0 Co
Co o
lllAl e
1 2 3 4 5 6 7 8 9 10 9 4 2 3 4 5 6 7 8 9 10
KeV KeV

F1g 3. SEM images of (a) CoS and (b) RGO/CoS compos1tes EDS
spectra of (¢) CoS and (d) RGO/CoS composites and TEM images of (e)
GO and (f) RGO/CoS composites

The XPS spectrum including signals for Cls, Co2p, Ols and S2p
of RGO/CoS composites to probe the chemical environment of
the elements in the near surface range has shown in Fig.4a. As
indicated in Fig.4b, the asymmetrical and broad features of the
observed Cls peaks suggest the co-existence of distinguishable
models. Deconvolution core level spectra at about 284.82, 286.88
and 288.72 eV have been giving. The sharp peak located at
284.82 eV is attributed to sp>-hybridized carbons (C-C).”> While
the peak at 286.88 eV is ascribed to the existence of C-OH
bonds,?® and the relatively weak peak at 288.72 eV is ascribed to
the existence of C-OOH bonds.”’ Figdc shows the high-
resolution spectra of Ols. the case of RGO/CoS
nanocomposite, the curve fitting of Ols spectrum basically
indicates two components centered at 529.44 and 531.42 eV,
which are commonly ascribed to the the surface oxygen
complexes of carbon phase.”® Fig.4d shows the high-resolution
spectra of Co2p, the peaks at 794.24 and 779.16 eV correspond to
the Co2pl/2 and Co2p3/2 spin-orbit peaks of CoS,” and a
broadened peak at 800.26 eV can be attributed to satellite signal.
As indicated in Fig.4e, the peak centered at 162.1 eV corresponds
with the binding energies of Co-S.*

In

This journal is © The Royal Society of Chemistry [year]
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Fig.4. The overview(a) and the corresponding high-resolution XPS
5 spectra (b) Cls, (c¢) Ols, (d) Co2p and (e) S2p of RGO/CoS composites

To enhance the utilization of EC material for achieving high
capacitance, it is vital to design material structures with large
surface areas for efficient access of electrolyte ions. Fig.5 shows

10 the N, adsorption-desorption isotherms for CoS and RGO/CoS
nanocomposites at 77 K. The data of BET surface area, pore
specific volume of samples are listed in Table. 1. The N, sorption
isotherm for the RGO/CoS sample displays hysteresis loops at
relative pressures (P/Pg) close to unity, indicating the presence of

15 large mesopores and macropores. Table.1 shows that RGO/CoS
composite samples have much larger specific surface areas than
pure CoS. This is due to the presence of RGO in the composites,
which has an extremely high surface area.
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20 Fig.5. Isotherms for Nitrogen adsorption-desorption of CoS and
RGO/CoS composites (Inset: pore size distribution of RGO/CoS)
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Table.1 BET surface area and pore volume data of as-prepared
samples

Samples BET surface area (m>.g™") Total pore volume (cn’.g™")

CoS 1.4 0.009

0.143

RGO/CoS 92.6
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Fig.6a and 6b present the cyclic voltammetry (CV) curves of CoS
and RGO/CoS electrodes within the electrochemical window
from -0.1 to 0.6 V under the scan rate of different potential scan
rates ranging from 1 to 50 mV s\ The two anodic peaks are
likely due to the oxidations of CoS to CoSOH and CoSOH to
CoSO0, separately:*'

CoS+OH T——=CoSOH + HO +e”

(5)
(6)

The two oxidized peaks of the as-prepared CoS nanomaterial
and RGO/CoS composite occur separately at range of 0.1-0.2 V
and 0.4-0.5 V. Scan rate and the shape and the structure of
electrode material will influence the redox peaks.?”** The current
CV density of CoS-based materials gradually increased with the
increase of scan rate, RGO/CoS electrode yields the largest
current and results in much higher capacitance. The reasons can
be explained as the follows: (a) the synergistic effects from RGO
and CoS nanoparticle of composite electrodes that further boosts
the electrical conductivity and contributes the redox-based
pseudocapacitance; (b) the charge-discharge process of RGO/CoS
composite in the KOH aqueous electrolyte was mainly governed
by the insertion of ions from the electrolyte into almost all
available area of the electrode and its release to the electrolyte,
which can be facilitated by the special 2-dimensional structure.

CoSOH +OH™ ——=CoSO+H,0+e”

e
164 —1mV S_I (a) —ImVs' (b)
2] —SmVs' _ 4] —5mvs’
g —10mVs Teo —10mV s’ L
< °] —20mv s, < 204 —20mV s’
= 4 50mV s =y 50mV s’ / 7
B gy 4
= —— 5 B S/
Q . g 5} \/
-204
-84
4

s

0.0 02 03

0.1
E (Vvs. SCE)

Fig.6. CV curves of (a) CoS and (b) RGO/CoS composite at different
scan rate
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. 04
E (Vvs. SCE)

06 ; 0.4 05 06

Galvanostatic charge-discharge measurements were also carried
out to assess the potential of RGO/CoS composite as electrode
materials for ECs. Fig.7a and 7b show the charge-discharge
curves for the synthesized CoS and RGO/CoS at varied current
densities (from 0.5 A g"' to 5 A g') within a voltage range
between 0.0 and 0.5 V, respectively. According to equation (1),
the corresponding specific capacitances of CoS and RGO/CoS
composites are shown in Fig.7c. The theoretical capacity of CoS
is about 1300 F g!,* but CoS nanoparticles can not deliver ideal
specific capacitance because of the poor electrical conductivity.
RGO/CoS composite exhibits the maximum specific capacitance
of 1130 F g’ at 0.5 A g”', which is 2.4 times that of pure CoS
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nanoparticles (473 F g). The coulombic efficiency (CE) were
calculated by discharge capacity/charge capacity, CE is 92%,
88%, 74% and 64% for CoS at 0.5 Ag', 1Ag' 3 Ag" and5 A
g"l, respectively, and 97%, 92%, 87% and 80% for RGO/CoS at
05Ag" 1 Ag" 3Ag" and 5 A g, respectively. Thus, CoS
effectively attaches to the surfaces of conductive RGO can
effectively make its intrinsic electrochemical capacitance well
embodied. Moreover, RGO supplies sufficient electrochemically
active sites for effective redox reactions on the CoS surfaces and
provided effective channels for the deep intercalation or de-
intercalation of ions, which is beneficial to the fast transfer of
ions throughout the whole electrode, consequently improving
electrochemical performance.*® Thus RGO/CoS composite
exhibits attractive high specific capacitance because of the
synergistic effect of the pseudocapacitive of CoS and high
conductive and large surface area of RGO. To understand the
electrochemical performance characteristics of RGO/CoS
composites, we performed EIS measurements on these samples as
well as CoS nanoparticles sample. Fig.7d shows the Nyquist plots
obtained from the EIS measurements. The EIS data are fitted
based on an equivalent circuit model that consists of a bulk
solution resistance Rg, electrode resistance R, a charge-transfer
resistance R, a capacitive element Cy, and a Warburg element
(W).3 Accordingly, Rg is 0.23 Q, the R, of the CoS and
RGO/CoS is 1.36 and 0.23 Q, respectively, whereas R is 2.12
and 0.22 Q in the same order. As is well known, the
electrochemical capacitor performance is closely related to the
charge-transfer resistance R.. The higher charge-transfer
resistance corresponds to the lower specific capacitance. This
30 clearly shows that the RGO/CoS composite displays much more
favorable charge-transfer kinetics than CoS. Furthermore, the
conducting agent obviously affects the specific capacitance of the
EC in the CoS-based electrode.
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Fig.7. Galvanostatic charge-discharge of (a) CoS, and (b) RGO/CoS at
current densities of 0.5, 1.0, 3.0, and 5.0 A g, respectively, (c) Variation
of specific capacitance against current densities for CoS and RGO/CoS,
and (d) EIS Nyquist plots for RGO/CoS and CoS

40 Fig. 8 shows the electrochemical stability of the RGO/CoS and
CoS electrodes in 6M KOH electrolyte by galvanostatic charging-
discharging at a current density of 0.5 A g within a voltage
range of 0.0 and 0.5 V for 1000 cycles. 92.1% of the initial
capacitance of RGO/CoS is preserved after 1000 charge-
dischange cycles, but CoS nanoparticles only retains 78.2% of
initial capacitance after 1000 cycles. The unique structure of
RGO/CoS nanocomposite effectively prevents the aggregation of

4

o

RGO and CoS and consequently provides high specific surface
area, which is favorable for fast hydrated ion transport in the

so electrolyte to the surfaces of both RGO and CoS nanoparticles.
Furthermore, the superior electrical conductivity of RGO can
significantly decrease the internal resistance of electrode by the
construction of a conductive network. CoS nanoparticles with
small diameters are also helpful for shortening ion diffusion path,

ss which can greatly reduce the charge transfer resistance and ionic
diffusion resistance.*® This kind of relatively low-cost RGO/CoS
nanocomposite combines high capacitance and long cycling life.
Therefore, the present RGO/CoS nanocomposite could be
designed to meet the demand for EC electrodes.
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Fig.8. Cycle performance of RGO/CoS and CoS particles measured at a
current density of 0.5 A g”'

Conclusions

A promising route for easy and large scale synthesis of RGO/CoS
6s nanocomposite is developed. The CoS nanoparticles with a size
of 30~50 nm are uniformly anchored on both sides of the RGO
nanosheets. The as-synthesized RGO/CoS nanocomposite
exhibits attractive specific capacitance as high as 1130 F g at 0.5
A g' and 92.1% maintenance effect after 1,000 cycles of
70 electrochemical charge-discharge. The improvement in cycling
stability is attributed to the introduction of the flexible graphene
that not only buffers the volume changes and but also prevents
CoS nanoparticles from aggregating. The introduced graphene
also offers 2D conductive networks and enhances the charge
75 transfer rate, leading to enhanced rate capability.
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