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Abstract. Cobalt sulphide/graphene aerogel nanocomposite (CGA) is successfully fabricated via a one-pot
hydrothermal approach aided with ethylenediamine. CoS nanoparticles constructed by nanoplates are uniformly anchored
and well distributed on the loose graphene aerogel framework. Owing to a synergistic effect combining nanosized CoS
with graphene aerogel advantages, CGA as an anode material for lithium energy storage exhibits high reversible capacity,
superior long-cycle property and excellent high-rate capability. Prominently, CGA maintains a high capacity approaching
*1100 mAh g-1 after 200 cycles at 100 mA g-1. Even at 1 A g-1, CGA still delivers a capacity of 460 mAh g-1. This
approach can be readily applicable to prepare other graphene aerogel-based nanocomposites as anode materials.
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Introduction

Lithium-ion batteries (LIBs) have been used in a wide field
for advanced sustainable and alternative energy storage
applications. However, commercial graphite anode owns a
relatively low theoretical capacity (372 mAh g-1) and thus,
cannot meet the requirement of next-generation anode
materials with high capacity and excellent rate capability.
Unlike graphite, transition metal chalcogenides have
potential merits in high reversible capacity and intrinsically
improved safety [1]. Among the available transition metal
chalcogenides, cobalt sulphide with diverse stoichiometric
compositions, like CoS, CoS2, Co3S4, Co8S9, has been
extensively employed as anode materials for LIBs. Especially, CoS represents a promising candidate for anode
materials due to its high reversible redox reaction mechanism and non-toxic [2]. Unfortunately, CoS-based anode
materials are still faced with some drawbacks, such as
limited reversible capacity, severe capacity fading and low
rate performance caused by their poor electrical conductivity and large inherent volume expansion during the
lithium insertion/extraction process [3].
Numerous researchers have devoted to rational design of
desirable materials with novel nanostructure and facile
development of composites at nanoscale to address these
problems [4,5]. Specifically, the introduction of a carbonaceous material matrix has been widely explored to
prepare electrochemically active materials with stable and
fast lithium storage performance [6]. Graphene, a single

layer two-dimensional (2D) nanosheet of graphite, is an
effective buffering carbonaceous material as nanocomposite
substrate thanks to its intriguing advantages, such as
excellent electrical conductivity, good mechanical flexibility and high charge transport mobility. During charge–
discharge process, the flexible graphene sheets tolerate
volume change and also prevent nanoparticles from aggregating. Considerable works have covered the enhanced anode
performances of cobalt sulphide/graphene nanocomposites
as compared to those of their counterparts in absence of
graphene. For instance, CoS2 nanocages anchored in graphene maintain a capacity of 800 mAh g-1 after 150 cycles
[7]. The composite based on graphene and cobalt sulphide
with complex phase, affords a high reversible capacity of
994 mAh g-1 up to 150 cycles [8]. CoS2 interwoven carbon
tubes and graphene can release 212 mAh g-1 at 2 A g-1
[9]. Despite manifold alternative synthesis ways to obtain
cobalt sulphide/graphene nanocomposites as anode materials with reinforced electrochemical lithium storage performance, challenges, such as complex phase composition of
cobalt sulphide, tedious synthetic method, short lifespan,
etc. to be solved. To date, as a general graphene derivative,
graphene aerogel (GA) has been widely utilized to obtain
functional GA-based nanocomposites in many fields, such
as flexible solid-state supercapacitor [10], capacitive
desalination [11], sorbent for determination of phenols [12]
and electrocatalyst for overall water splitting [13]. Therefore, it remains a desire for exploiting a convenient, efficient and economic approach to obtain cobalt sulphide–GA
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(CGA) nanocomposites with improved anode performance
for lithium energy storage.
Herein, we rationally report an easy one-pot hydrothermal strategy to fabricate well-disputed CoS nanoparticles
anchored in graphene aerogel composite assisted by
ethylenediamine. During the process, the reduction of graphene oxide (GO) to GA and in situ embedding CoS
nanoparticles into GA happened simultaneously, resulting
in the formation of CGA. In contrast to pure CoS, integrating a synergistic effect of nanosized CoS intrinsic nature as well as GA features, CGA is endowed with intriguing
anode performance for lithium storage. CGA demonstrates
a high reversible capacity of 1100 mAh g-1 after 200 discharge/charge cycles at 100 mA g-1, remarkable rate
capability and capacity retention, which offer potential
application of GA-based anode material for LIBs.

2.
2.1

Experimental
Synthesis of CGA

GO was prepared with the modified Hummers’ method, as
reported elsewhere previously [14,15]. A GO aqueous dispersion (3 mg ml-1) was obtained by 1 h intense ultrasonication of the as-synthesized GO sheets in water. For the
preparation of CGA, Co(CH3COO)24H2O (0.12 g) and
thiourea (0.073 g) were dispersed into 20 ml GO aqueous
dispersion (3 mg ml-1). After homogeneous stirring for
30 min, 300 ll ethylenediamine was then added to above
solution. Followed by 1 h of vigorous stirring, the mixture
was transferred to a 25 ml Teflon-lined autoclave and kept
at 180°C for 12 h. After cooling naturally, the product was
taken out, immersed into water and washed with water to
remove the residues. Finally, CGA was harvested after
freeze-dried for 12 h. For comparison, pure CoS was produced via the same hydrothermal treatment except that no
GO was added.

2.2

Structural characterization

Microstructure and morphology of the products were
investigated by scanning electron microscopy (SEM, JEOL
7800f) and transmission electron microscopy (TEM, JEOL
2010) at an accelerating voltage of 200 kV. The crystal
structure was obtained via powder X-ray diffraction with
CuKa radiation (XRD, Rigaku Dmax 2500 PC). The
specific surface area based on the Brunauer–Emmett–Teller
(BET) method was carried out on N2 adsorption–desorption
analyzer (ASAP 2020) at 77 K. Raman spectroscopy was
performed at 532 nm on a Thermo Fisher DXR Raman
spectrometer. The binding characteristics of CGA were
performed by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250Xi) with 1486.6 eV X-ray
from AlKa line. Thermogravimetric analysis (TGA, Perkin
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Elmer Pyris Diamond) was recorded at a heating rate of
10°C min-1 under air atmosphere.

2.3

Electrochemical measurements

Electrochemical lithium storage performance was assessed
with CR2032 coin-type cells, and they were assembled in an
argon-filled glove box. The working electrode was typically
made by mixing 80 wt% CGA, 10 wt% carbon black with
10 wt% polyvinylidene fluorides (PVDF) in N-methyl-2pyrrolidinone solvent into a uniform slurry. The slurry was
subsequently pasted onto a copper foil, and dried at 80°C
for 12 h in a vacuum oven. A lithium sheet and a Clegard
2250 membrane served as counter electrode and separator,
respectively. 1 M LiPF6 dissolved in a mixed solution of
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1
vol%) was used for electrolyte. Cyclic voltammetry (CV) in
the voltage range of 0.01–3.0 V vs. Li?/Li was recorded on
CHI660E electrochemical workstation (Shanghai, China).
The cells were galvanostatically discharged and charged at
different rates on a CT 2001A battery test system (Wuhan,
China). Electrochemical impedance spectroscopy (EIS) in a
frequency range from 0.01 Hz to 100 kHz with an AC signal
amplitude of 10 mV was measured on an Autolab PGSTAT
302N electrochemical workstation.

3.

Results and discussion

The phase structure and purity of CGA and CoS were
characterized by XRD. As the XRD patterns revealed in
figure 1a, four dominant diffraction peaks at 2h = 30.6, 35.3,
46.9 and 54.4° are apparently assigned to the respective
(100), (101), (102) and (110) phase planes of CoS. All
diffraction peaks coincide with hexagonal CoS with the
lattice data of a = b = 3.368 Å and c = 5.17 Å (JCPDS no.
65-3418). No diffraction peaks from raw materials or
impurities are detected, suggesting high purity of both
products. Moreover, a featured broad diffraction peak at 2h
= 25° belonging to (002) plane of GA is barely observable
in the XRD pattern of CGA. Assumedly, the weak
diffraction intensity of GA constituent is responsible for this
phenomenon [16].
The weight composition of carbon in CGA is quantified
through a TGA test. Stages of weight loss, consistent with
those reported in previous studies [9], are observed in figure. 1b. Weight loss stage at temperatures \430°C can be
assigned to the conversion of CoS to cobalt oxide. At
*480°C, a significant weight loss occurs, testifying the
burning of graphene sheets. As a result, the weight content
of carbon in CGA is estimated to be about 16%.
XPS tests were performed to elucidate the chemical
composition of CGA. As the survey spectra shown in figure 2a, C, S, O, Co and N are the dominant elements in
CGA. The N peak at 399.5 eV results from thiourea
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(a) XRD patterns of CoS and CGA; and (b) TG curve of CGA.

Figure 2. (a) The survey and the corresponding high-resolution XPS spectra; (b) C 1s; (c) Co 2p and
(d) S 2p of CGA.

decomposition [17]. Figure 2b demonstrates the high resolution C 1s XPS spectra. Four deconvoluted peaks of C 1s at
284, 285.3, 286.5 and 289 eV can be indexed to C=C, C–
OH, C–O–C, and O–C=O, respectively [18]. Most sp2
hybridized state carbon atoms are present, and very low
intensity of the peaks for oxygenated functional groups (C–
OH, C–O–C and O–C=O) unambiguously confirm that the
deoxygenation of GO occurred after the hydrothermal
process. In the Co 2p spectrum (see figure 2c), the main
peak centred at 782.1 eV and a shoulder peak at 798 eV are

associated with Co 2p1/2 and Co 2p3/2 spin–orbit couple of
CoS [19]. The S 2p spectrum in figure 2d displays the
binding energies located at 162 and 169 eV, which are
corresponding to spin–orbit peaks of S 2p3/2 and S 2p1/2,
respectively. The S 2p signal at 162 eV manifests the
existence of S2- in CGA and the binding energy of Co–S
[20].
The morphology characteristics of CoS and CGA were
investigated by SEM. Typical magnified SEM images
reflected in figure 3a and b disclose that CGA exhibits an
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interconnected network with micrometer porous architecture, a result from the combination of hydrophobic nature
and p–-p interaction of graphene nanosheets [21]. Furthermore, CoS nanoparticles with a broad size distribution of
30–100 nm are uniformly embedded and dispersed on the
surface of graphene sheets. When carefully observed in
figure 3c, CoS nanoplates interlace and connect each other
to constitute the CoS nanoparticles in CGA. In strong
contrast, it can be easily noted from figure 3d that pure CoS
product is actually made up of quasi flower-like microspheres, which are constructed by two-dimensional crosslinked and stacked CoS nanopedals. Interestingly, the
morphology of pure CoS is strikingly different from that of
CoS nanoparticle in CGA. The large particle size, condensed microstructure and poor dispersity of CoS product
imply that GA as a supporting matrix in CGA mitigates the
severe aggregation of CoS particles effectively, thus
boosting the formation of CoS nanoparticles and loose
porous microstructure of CGA.
To further specify the detailed structure, typical TEM
images under different scale bars of CGA are illustrated in
figure 4. Under careful observation of figure 4a, CoS
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nanoparticles are uniformly anchored on the surface and
edge of graphene sheets. After ultrasonication in ethanol to
prepare TEM sample, CoS nanoparticles are still firmly
attached to graphene sheets, indicating the strong adhesion
between CoS nanoparticles and graphene sheets. By contrast, CoS free particles in micrometer are rarely found. In
good agreement with SEM results, the CoS nanoparticles
with a broad size of 30–100 nm present non-uniform and
irregular morphology as shown in figure 4b. It is also clearly
noticed that GA displays layer-by-layer folding and
restacking nature with rumpled sheets at the edges of CGA.
Figure 5a shows the N2 adsorption–desorption isotherms
of CoS sample and CGA. Both the plots display a representative IV isotherm with an obvious hysteresis loop at
relative pressure (P/P0). As for CGA, the IV isotherm
presents an H3-type hysteresis loop when the pressure of
P/P0 [0.4 based on the IUPAC classification, clarifying the
mesoporous structure of CGA [22]. The BET surface areas
of CGA and pure CoS reach 231.11 and 0.176 m2 g-1.
The inset of figure 5a is the pore-size distribution of
CGA calculated by Barrett–Joyner–Halenda (BJH) method
from the desorption branch of N2 adsorption–desorption

SEM images at different magnifications of (a, b, c) CGA and (d) CoS.
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(a, b) TEM images of CGA obtained at two magnifications.

Figure 5. (a) N2 absorption–desorption isotherms of CoS and CGA (inset: pore-size distribution of CGA);
(b) Raman spectra of GO, GA and CGA.

measurements at 77 K. The average pore size of CGA is
found to be 1.9 nm. The pore volumes of CGA and pure
CoS are determined to be 3.28 and 0.03 cm3 g-1, respectively. Compared with pure CoS, the larger BET surface
area and pore volume of CGA verify that CGA has
enhanced specific surface area, lots of mesopores and loose
structure, which offer good electrolyte flooding for anode
performance [23].
Raman spectroscopy of GO, GA and CGA are illustrated
in figure 5b. Two peaks around 1346 and 1583 cm-1 are
indexed to D band (related to the vibrations of sp3-bonded
carbon atoms of defects and disorders) and G band (caused
by the stretching of sp2-bonded carbon atoms of graphitic),
respectively [24]. It is common that after GO having been
reduced to GA, the peak of each band will move slightly to
lower Raman shift. The D/G peak intensity ratio (ID/IG) of
CGA can be calculated to 1.17, which is higher than the
value of GO (0.93) and GA (1.15). This is indicative of
lower disorders and defects of graphene sheets in CGA and
the reduction of GO to some extent during the hydrothermal
procedure of CGA. The increasing ID/IG of CGA compared

to that of GO could be ascribed to the decreased disordered
restacking degrees of graphene sheets emerging from the
partial insertion of CoS nanoparticles into porous structure
of graphene aerogel [25].
Motivated by the specific structural features, CGA is
evaluated as an anode material for lithium energy storage.
The representative cyclic voltammograms (CV) for the first
3 cycles of CGA are revealed in figure 6a. In the first scan,
three reduction peaks at *0.6, *0.89 and *1.62 V and
two main oxidation peaks at *1.35 and *2.34 V are visible. Two reduction peaks at *0.89 and *1.62 V are
determined by the formation of LixCoS originating from the
intercalation of lithium into the CoS lattice [26]. The other
reduction peak at *0.6 V is assigned to the following
conversion process of LixCoS to Co and Li2S, the electrolyte decomposition and the formation of a solid electrolyte interface (SEI) layer [7–9]. Two main oxidation
peaks at *1.35 and *2.34 V correspond to the oxidation of
Co to CoS in the delithiation process. Nevertheless, CV
curves of the subsequent cycles reveal different features
from the first cycle. The reduction peaks shift significantly
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Figure 6. CV curves for (a) CGA and (c) CoS measured at a scanning rate of 0.05 mV s-1; GCD voltage profiles of
(b) CGA and (d) CoS at 100 mA g-1.

to values of *0.63, *1.33 and *1.62 V. Meanwhile, two
main oxidation potentials peaks remain almost invariable,
which commonly occurs in most anode materials for lithium
energy storage [6,7,9,27]. The reversible reaction in the
process can be accounted for the equation as follows: CoS
? 2Li?
Co ? Li2S. From the second scan, the CV
curves nearly overlap together, further reflecting the
reversible electrochemical reactions of CGA.
Figure 6b depicts typical galvanostatic charge/discharge
(GCD) curves for the initial three cycles of CGA at a current density of 100 mA g-1. In the charge–discharge curves,
the corresponding voltage plateaus are in good accordance
with the results in CV curves. Obviously, the discharge
capacity of the second and third cycles is significantly lower
than that of the initial cycle. CGA delivers the initial discharge and charge capacities of 1727 and 834 mAh g-1,
respectively, yielding a first-cycle Columbic efficiency of
48.3%. An irreversible capacity loss of 51.7% mainly rest
with the irreversible discharge process including the electrolyte decomposition and inevitable SEI layer formation,
which is a common phenomenon in most anode materials.
Fortunately, in the second cycle, the discharge capacity
decreases to 901 mAh g-1 and the corresponding charge
capacity offers 761 mAh g-1, i.e., a substantially higher

Columbic efficiency of 84.5% than that of the first cycle.
Within the third cycle, CGA offers discharge and charge
capacities of 815 and 758 mAh g-1, giving a Columbic
efficiency of 92.6%.
Figure 6c is CV plots for the initial three cycles of CoS.
During the first scan, three reduction peaks are located at
*1.12, *1.67 and *1.85 V, and two main oxidation peaks
are detected at *2.08 and *2.41 V. The peaks at *1.67
and *1.85 V are assigned to insertion of a small amount of
lithium. The peak at *1.12 V is a result of the conversion
reaction of CoS into Co and Li2S. Two peaks at *2.08 and
*2.41 V represent the delithiation process. After the first
cycle, reduction peaks shift to values of *1.29 and *1.77 V.
Oxidation potentials peaks shift to value of *1.98 V as
well.
Figure 6d gives GCD curves for the first three cycles of
CoS at 100 mA g-1. The first discharge and charge capacity
of 1187 and 948 mAh g-1 correspond to a first-cycle
Columbic efficiency of 79.9%. A large capacity loss of
20.1% should be attributed to the formation of SEI film.
Subsequently, the respective Columbic efficiency of the
second cycle and third cycle are estimated to be 88.2 and
84.3%, respectively, which is higher than first-cycle
Columbic efficiency.
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Figure 7a illustrates the cyclic properties of CGA and
pure CoS at 100 mA g-1 for 200 cycles. It can be noted that
CGA delivers the first respective discharge and charge
capacities 1727 and 834 mAh. g-1, corresponding to a firstcycle Columbic efficiency of 48.3%. Starting from the third
cycle, CGA presents remarkable capacity retention as
function of the cycle number and Columbic efficiency keeps
stable at *96%. In particular, for the initial *20 cycles,
the discharge capacity of CGA falls down to *711 mAh g-1.
From the 20th cycle, the capacity then increases gradually
and remains steady as high as *1100 mAh g-1 after being
cycled for 200 times. Contrarily, the counterpart of CGA,
CoS undergoes a continuous and sharp capacity decaying in
the first 20 cycles and maintains at *245 mAh g-1 after
repeated 200 cycles. Thus, CGA is superior to pure CoS
(*245 mAh g-1) in discharge capacity and the value of
1100 mAh g-1 is also significantly higher than the theoretical capacity of CoS (590 mAh g-1). This anode behaviour containing initial capacity fading and capacity
increase upon cycling has been reported for carbon-based
metal compound composites, and generally depends on the
improved evolution of lithium ion diffusion and storage
characteristics, which derive from a kinetically activated
process and reversible reaction between metal particles and
electrolyte [6,7,9,28].
To gain further understanding on the improved anode
property for lithium storage, EIS of CGA and pure CoS
were studied. As EIS spectra shown in figure 7b, each
Nyquist plot is composed of a depressed semicircle in high
frequency range and a straight line in low frequency range.
The diameter of the semicircle represents charge–transfer
resistance (Rct), which reflects the charge–transfer reaction
at electrode/electrolyte interface and SEI film contact
resistance [29]. The slope of the linear part is attributed to
Warburg resistance (W) relating to lithium ion diffusion
process in anode materials [30]. Clearly, the smaller
diameter of CGA ascertains that conductive GA support has
reduced the contact resistance and charge–transfer resistance of CGA [5]. The slope of the linear part belonging to
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CGA is much higher as compared to CoS, which indicates
more rapid lithium ion diffusion rate. In a word, based on
EIS results, one can conclude that CGA as an anode
material is endowed with improved lithium insertion/
extraction electrochemical kinetics, thus performing
enhanced capacity with excellent cycling stability and rate
capability [31].
To estimate the rate capability, CGA and CoS were
cycled at the varying rates from 0.1 to 2 A g-1. From the
rate tests depicted in figure 8, the average reversible
capacities of CGA are *653, *501, *400, *314 and
*249 mAh g-1 when tested at 0.1, 0.2, 0.5, 1 and 2 A g-1,
respectively. After the current density changing from 2 to
0.1 A g-1, the discharge capacity recovers to *738 mAh
g-1, demonstrating its good reversibility. An increase in
discharge capacity of CGA occurs after being cycled for
rate capability, which agrees well with the data of long
cycling performance (200 cycles). In strong contrast, as
current density turns back to 0.1 A g-1, CoS affords only
*209 mAh g-1, behaving with lower capacity and worst
rate capability. Therefore, the above results suggest that
CGA exhibits outstanding rate capability with a common
rise in the reversible capacity after the current density
returns from 2 to 0.1 A g-1. Additionally, CGA is further
charge–discharged at 1 A g-1 for 40 cycles. The discharge
capacity increases slowly and retains *460 mAh g-1 during the whole process, revealing its excellent cycling
performance.
The enhanced anode performance for lithium energy
storage, consisting of high reversible discharge capacity,
long cycling performance and excellent high rate property,
arises from the following advantages. First, CoS nanoparticles shorten lithium diffusion distance efficiently, which
greatly hasten insertion/extraction rates during charge/discharge process. Second, the loosely porous particle-sheet
architecture is beneficial to easy wetting and penetration by
the electrolyte into anode material, making the fast lithium
ion and electron transport across the interface. Third, the
highly conductive GA acts as a support to guarantee the

Figure 7. (a) Cycling performance of CoS and CGA and columbic efficiency of CGA at 100 mA g-1; (b) Nyquist
plots of CoS and CGA after 200 cycles.
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Figure 8. Rate capabilities of CoS and CGA at various current
densities from 0.1 to 2 A g-1.

integral structure, thus tolerate the volume variations caused
by insertion/extraction of lithium ions, and reduces the
particle-to-particle interface resistance [32].

4.

Conclusions

In summary, we have developed a facile strategy for onepot hydrothermal method to synthesize CGA. CoS
nanoparticles are uniformly anchored on porous GA
framework network. Benefiting from the synergistic
advantages of CoS nanoparticle feature, loosely porous
structure and flexible conductive GA matrix, CGA-based
anode material exhibits improved anode performance for
lithium energy storage, such as a higher reversible capacity,
better rate capability and superior cyclic stability over pure
CoS. It is envisaged that such hydrothermal strategy presented here may be adopted for other graphene aerogelbased nanocomposites as anode materials for lithium energy
storage as well as other power source device.
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