
Regular Article

Sulphur and nitrogen dual-doped mesoporous carbon hybrid coupling
with graphite coated cobalt and cobalt sulfide nanoparticles: Rational
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a b s t r a c t

Doping-type carbon matrixes not only play a vital role on their electrochemical properties, but also are
capable of suppressing the crush and aggregation phenomenon in the electrode reaction process for pris-
tine metallic compound. Herein, graphite coated cobalt and cobalt sulfide nanoparticles decorating on
sulphur and nitrogen dual-doped mesoporous carbon (Co@Co9S8/S-N-C) was fabricated by a combined
hydrothermal reaction with pyrolysis method. Benefited from g-C3N4 template and original synthetic
route, as-obtained Co@Co9S8/S-N-C possessed high specific surface area (751.7 m2 g�1), large pore volume
(1.304 cm3 g�1), S and N dual-doped component and relative integrated graphite skeleton, as results it
was developed as decent oxygen reduction electro-catalyst and ultra-long-life Li-ion battery anode.
Surprisingly, compared with commercial Pt/C, it displayed a higher half-wave potential (0.015 V positive)
and lower Tafel slop (66 mV s�1), indicating its superior ORR activities. Moreover, the ultra-long-life cyc-
lic performances were revealed for lithium ion battery, exhibiting the retention capacities of
652.1 mAh g�1 after 610 cycles at 0.2 A g�1, 432.1 and 405.7 mAh g�1 at 5 and 10 A g�1 after 1000 cycles,
respectively. We propose that the synergistic effect of structure and chemical component superiorities
should be responsible for the remarkable electrochemical behaviors of the Co@Co9S8/S-N-C.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Energy conversion and storage systems, including regenerative
fuel cells (FC) and rechargeable lithium ion battery (LIB) [1–6],
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are recognized as promising options to deal with the worldwide
energy and environment crises issues resulting from the excessive
consumption of traditional fossil fuels. Unfortunately, there are
some bottlenecks, which appeal to us for exploring new-type
nanostructures as satisfactory substitutes for LIB and FC [7,8].
For example, conventional graphite anode, with a theoretical
capacity of 372 mAh g�1 [9], has achieved great success in com-
mercialization during the past few decades, but it can’t meet
the satisfaction of next-generation high capacities and acceptable
stabilities [10]. On the other hand, electrochemical oxygen reduc-
tion reaction (ORR) is a key process for FC [11]. In present state of
art, Pt and Pt-based materials still represent the most effective
ORR catalysts on account of their positive onset potential and
large current density. Nevertheless, the large-scale commercial-
ization is still limited by its natural scarcity and easy agglomera-
tion in alkaline media [12–16]. On the basis of above problems, it
absolutely challenges us to develop novel alternatives as ORR cat-
alysts and LIB anode materials.

In recent years, transition metallic chalcogenides, especially
Co9S8, have drawn great attention owing to its high lithium
theoretical storage capacity and the similar electro-catalytic
activities with Pt determined by the quantum chemistry calcu-
lations [12,13,17–20]. However, the intrinsic poor electrical con-
ductivities and easy corrosion in alkaline electrolyte of pristine
Co9S8 limit severely its practical application. To overcome these
obstacles, a variety of efforts have been devoted [21,22]. Nota-
bly, coupling Co9S8 nanoparticles with other heteroatom-doped
porous carbon matrixes walks in the forefront [23,24]. Recently,
nitrogen and sulphur dual-doped porous carbon has been con-
firmed as an efficient oxygen electro-reduction catalyst because
the introduction of heteroatoms into carbon skeletons would
change the electron spin density and electronegativity of carbon
matrixes [17,25–28], which is beneficial for the ORR electrode
reactions. Like other carbonaceous materials, S and N co-
doped carbon could improve the conductivity and mitigate the
volume variation in electrode reaction processes, therefore, it
is expected to be a promising conductive supporting material
for LIB as well [10,28–30]. As we know, there were some
attempts to synthesize Co9S8 nanoparticles immobilized on S
and N doped graphite for enhanced ORR overall performances
[12,17,31–33], but few reports about such materials used as
LIB anodes. Moreover, as pointed out by Liming Dai et al. [34]
investigation on synthesis-structure-activity correlations is of
great significance. Hence, it is critical and meaningful to fabri-
cate novel structural materials for outstanding electrochemical
performances, such as heteroatom-doped carbon accompanied
with metal chalcogenide compound. In our design concept, gra-
phitic carbon wrapped metallic Co and Co9S8 nanoparticles
immobilized on S, N co-doped carbon matrixes could effectively
improve the durability of as-prepared Co@Co9S8/S-N-C. The syn-
ergistic effect of Co, Co9S8 and porous S, N co-doped carbon
would be favorable to its outstanding ORR performances
[1,12,31].

At the present work, utilizing porous g-C3N4 as template
and N-source, we synthesized successfully mesoporous S
and N co-doped carbon matrix coupling with Co@Co9S8
nanoparticles. The morphology, microstructure and chemical
component of the Co@Co9S8/S-N-C were conducted by scan-
ning electron microscope (SEM), transmission electron micro-
scopy (TEM), X-ray diffractometer (XRD), X-ray photoelectron
spectroscopy (XPS), Brunauer-Emmett-Teller (BET) and Raman
spectrometer. Furthermore, the electrochemical properties
towards ORR and LIB of the Co@Co9S8/S-N-C were investi-
gated particularly.

2. Experimental

2.1. Materials preparation

2.1.1. Materials
Urea (AR, 99%) was bought from Aladdin Industrial Corporation

(Shanghai, China). d-glucose (AR) was purchased from Xilong
Chemical Co. Ltd. (Guangzhou, China). Cobalt acetate tetrahydrate
(C4H6CoO4�4H2O 99% metals basis) and sodium sulfide nonahy-
drate (Na2S�9H2O, AR, �98%) were obtained from Aladdin Indus-
trial Corporation. Pt/C catalyst was received from Alfa Aesar.
Deionized water with specific resistance 18.25 MO/cm was avail-
able by a water purification system. All other reagents used in this
study were analytically pure grade and without further
purification.

2.1.2. Preparation of porous g-C3N4

Urea (10 g) was poured into a porcelain crucible (50 mL) with a
lid covered, then maintained 100 �C for 2 h. After that, the crucible
was heated from room temperature to 550 �C at a heating rate of
5 �C/min and kept this temperature for 4 h in a muffle furnace
[35–37]. When the crucible was cooled down to room temperature,
porous g-C3N4 was obtained.

2.1.3. Preparation of g-C3N4@d-glu/Co(OH)2
First, 0.3 g porous g-C3N4 and 1.5 g d-glucose were dispersed

into 30 mL deionized water and stirred for 1 h. The mixed solution
was maintained at 120 �C for 10 h. When it was reduced to room
temperature, the carbonized d-glucose covering g-C3N4 (g-
C3N4@d-glu) was available after filtration with ethanol and deion-
ized water. Second, the g-C3N4@d-glu was re-dispersed into 30 mL
deionized water (named A), followed by added 0.025 g cobalt acet-
ate tetrahydrate into solution A and stirred for 3 h to achieve the
adsorption of Co2+ onto g-C3N4 surface (named B). When it was
accomplished, the pH value of solution B should be adjusted to 8
using ammonium hydroxide solution, then stirred continuously
for 24 h. In order to obtain the g-C3N4@d-glu/Co(OH)2, the freeze
dry need to be accomplished prematurely.

2.1.4. Preparation of the Co@Co9S8/S-N-C
As-prepared g-C3N4@d-glu/Co(OH)2 was re-dispersed into

30 mL 0.0035 M sodium sulfide nonahydrate aqueous solution
(named solution C) under sonication for 6 h. Solution C was freeze
dried to obtain hybrid D. In order to prepare the Co@Co9S8/S-N-C,
the hybrid D should be heated at 900 �C for 1 h (heating rate:
5 �C/min). After cooling down to room temperature, the black pow-
ders (Co@Co9S8/S-N-C) were collected by centrifugation with etha-
nol and deionized water for several times, and dried in a vacuum
oven at 60 �C for 8 h.

2.2. Characterization

The morphologies and structures of as-prepared materials were
explored using a field emission scanning electron microscope
(Nova Nano SEM 230, FEI Co. Ltd.) with an acceleration voltage of
10 kV and transmission electron microscopy (TEM, JEM-2100F
JEOL Ltd. Japan) with an acceleration voltage of 200 kV. X-ray pow-
der diffraction patterns were recorded on an X-ray diffractometer
(XRD; D/max 2550, Rigaku Corporation) with Cu Ka radiation
(k = 0.15405 nm). The surface chemical states were analyzed by
X-ray photoelectron spectroscopy (ESCALAB 250Xi,
ThermoFisher-VG Scientific), and the binding energies of all ele-
ments were calibrated through the C 1s peak (BE = 284.8 eV) as
standard. Brunauer-Emmett-Teller (Quadrasorb SI-3MP) was
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