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of 2600 W h kg−1.[2] However, the develop-
ment of Li–S battery is plagued by several 
challenges that must be addressed. First of 
all, sulfur is both electrically and ionically 
insulating, as well as its lithiated product 
Li2S, which necessitates the incorporation 
of sulfur into a conductive matrix.[3] In 
addition, quite different from traditional 
Li intercalation compounds, sulfur suffers 
electrochemical dissolution and deposi-
tion reactions and generates a series of 
polysulfide (PSn) species, of which high-
order PSn (4 ≤ n ≤ 8) are soluble in ether-
based electrolyte and prone to diffuse to 
the anode side for reducing deeply to the 
insoluble Li2S2 and Li2S. Correspondingly, 
Li2S2 and Li2S could migrate back to the 
cathode and be oxidized.[4] The so-called 
“shuttle effect” leads to an irreversible loss 
of active sulfur and a fast degradation of 
cycle stability. Consequently, during the 
redox reaction, the repetitive dissolution 
and deposition reactions of the PSn pas-
sivate both cathode and anode gradually, 
resulting in a considerable increase of the 
electrode impedance.[5] Moreover, the den-

sity difference between sulfur (2.07 g cm−3) and Li2S (1.66 g cm−3) 
leads to a significant volume expansion, which is adverse to 
the mechanical strength of sulfur cathode.[2c,6] All of these fac-
tors restrict severely the electrochemical performance of sulfur 
cathode.

To date, upsurge of attention has been paid in fabricating 
high-efficiency and stable sulfur cathode, the vital component of 
the Li–S battery. These efforts focus on developing novel nano-
composites by incorporating sulfur into various host materials, 
such as carbonaceous materials (including porous carbon,[7] 
hollow carbon spheres,[8] carbon nanotube/fibers,[9] graphene 
and its derivatives,[10] or hybrid carbon hosts,[11]) conducting 
polymers,[12] metal oxides,[13] and metal or covalent organic 
frameworks.[14] These host materials are expected to promote 
the electron transfer, accommodate the volumetric expansion, 
and trap the soluble PSn. In this respect, carbonaceous mate-
rials are proven to be a promising option owing to their excel-
lent electrical conductivity, outstanding mechanical strength, 
and multiple architectures. Typically, the members with higher-
dimensional contrast structure are endowed with exclusive supe-
riority in compositing with sulfur. In detail, carbon nanotubes 
(CNTs) possess classic 1D structure and exhibit a self-weaving 

Carbon materials have attracted extensive attention as the host materials 
of sulfur for lithium–sulfur battery, especially those with 3D architectural 
structure. Here, a novel 3D graphene nanosheet–carbon nanotube (GN–CNT) 
matrix is obtained through a simple one-pot pyrolysis process. The length 
and density of CNTs can be readily tuned by altering the additive amount 
of carbon source (urea). Specifically, CNTs are in situ introduced onto 
the surface of the graphene nanosheets (GN) and show a stable covalent 
interaction with GN. Besides, in the GN–CNT matrix, cobalt nanoparticles 
with different diameters exist as being wrapped in the top of CNTs or 
scattering on the GN surface, and abundant heteroatoms (N, O) are detected, 
both of which can help in immobilizing sulfur species. Such a rationally 
designed 3D GN–CNT matrix makes much more sense in enhancing the 
electrochemical performance of the sulfur cathode for rapid charge transfer 
and favorable electrolyte infiltration. Moreover, the presence of dispersed 
cobalt nanoparticles is beneficial for trapping lithium polysulfides by strong 
chemical interaction, and facilitating the mutual transformation between 
the high-order polysulfides and low-order ones. As a result, the S/GN–CNT 
composite presents a high sulfur utilization and large capacity on the basis of 
the S/GN–CNT composite as active material.

1. Introduction

Elemental sulfur, as a promising candidate for cathodes, offers 
a high theoretical specific capacity of 1675 mA h g−1, and also 
is naturally abundant, low-cost, and produced in quantity.[1] 
Since with the metallic Li as the anode, the lithium–sulfur 
(Li–S) battery enables an ultrahigh gravimetric energy density 
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behavior to construct an interwoven conductive network for fast 
transfer of electrons.[8d,9a] Meanwhile, the graphene nanosheet 
(GN), a typical 2D material, can be easily modified with oxygen-
containing functional groups and by doping heteroatoms, which 
makes it an amazing matrix to fabricate sulfur/graphene com-
posite with large capacity. It is known that sulfur can be filled 
in the abundant pores of micro/mesoporous carbon materials. 
As for CNTs or graphene and its derivatives, sulfur species pre-
cipitate mainly on the outer surface since the sulfur content is 
expected to be higher than 70 wt%,[6b] resulting in fast diffusion 
into the electrolyte owing to the direct contact with the electro-
lyte. In response, the design concept combining 1D CNTs with 
2D graphene to form 3D structural GN–CNT matrix becomes 
well-reasoned. Apart from making full use of the merits of the 
two components, the resultant open, porous, and 3D conduc-
tive network in the designed matrix is also believed to transfer 
electrons rapidly, store sulfur species, and trap soluble PSn well. 
As a result, sulfur cathode based on the GN–CNT matrix shows 
superior electrochemical performance.[15]

In fact, the key issue is how to obtain an effective combina-
tion between CNTs with graphene experimentally to ensure the 
significant improvement of the electrochemical performance 
for sulfur cathode. Fortunately, fabricating 3D GN–CNT matrix 
from self-assembly is adopted with the promotion of electro-
static interaction.[15b] The RGO@MWCNT–W/S composite 
exhibits an initial discharge capacity of 1164.5 mA h g−1

(sulfur), 
and remains a large capacity of 891.5 mA h g−1

(sulfur) after 
200 cycles at 1 C, when 68.93 wt% of sulfur is incorporated into 
the RGO@MWCNT–W matrix. Another strategy is chemical 
vapor deposition method. Typically, in these matrices, CNTs 
are covalently anchored on graphene sheets, resulting in an 
extraordinary conductivity. In this respect, a variety of works 
on the incorporation of CNTs and graphene are done by Zhang 
and co-workers.[16] Noticeably, it is the producing covalent CC 
bond between CNTs and graphene sheets that makes the matrix 
very promising in fabricating desirable sulfur cathode.

However, the two methods reported are still limited by the 
involved uncontrollable and intricate processes. Thus, an inno-
vative, feasible, and controllable strategy 
should be explored. As to this aspect, Sun 
and co-workers reported a one-pot pyrolysis 
method to controllably grow CNTs on GN 
surface to obtain GN–CNT matrix with 3D 
interpenetrating structure.[17] When used as 
an electrode material for supercapacitor, the 
resultant matrix shows good electrochemical 
performance. Considering that such a unique 
nanostructure exactly suits for immobilizing 
sulfur, in this contribution, 3D GN–CNT 
matrix is prepared with urea as the carbon 
source and metallic cobalt reduced from Co2+ 
as the catalyst, and then sulfur is incorporated 
into the GN–CNT matrix via a chemical dep-
osition method to obtain S/GN–CNT com-
posite. As a comparison, S/GN composite is 
also prepared. Here, GN is obtained in the 
same way with that of the GN–CNT matrix, 
but without the addition of urea and Co2+. 
As expected, the as-prepared S/GN–CNT 

composite exhibits excellent utilization of active sulfur, superior 
cycle stability, and outstanding high rate capability, which obvi-
ously exceed that of S/GN composite.

2. Results and Discussion

The GN–CNT matrix is obtained via a simple one-pot pyrolysis 
process, as reported previously.[17] In the beginning, cobalt 
nitrate is added into the graphene oxide (GO) solution under 
stirring to promote the adsorption of Co2+ on GO surface 
through an electrostatic interaction between Co2+ and the 
oxygen-containing functional groups. After that, urea (6.0 g) is 
added, and the mixture is stirred until complete dissolution of 
urea. Thus, the hydrophilic urea could form stable coordination 
compound with Co2+, which is assumed to prevent the restack 
of GO sheets during the following evaporating and high-tem-
perature processes. Besides, urea serves as a carbon source for 
the growth of CNTs during the high-temperature decomposi-
tion, where urea is pyrolyzed into various CN gases (C2N2

+, 
C3N2

+, and C3N3
+)[18] and Co2+ is reduced to metallic cobalt by 

those reducing gases. As a result, these CN gases tend to form 
CNTs in situ on the GN surface at the aid of cobalt catalyst. It 
should be noticed that these CN gases are believed to loosen 
GN layers to create pores, resulting in a porous structure with 
large surface area. Finally, the as-prepared GN–CNT matrix is 
adopted to combine with sulfur to fabricate S/GN–CNT com-
posite via a reaction of sodium thiosulfate with dilute hydro-
chloric acid.

In the GN–CNT matrix, the metallic cobalt produced is 
confirmed by the three typical peaks at 44.2°, 51.6°, and 75.9°, 
respectively, consistent with (111), (200), and (220) planes of 
Co (PDF#89-4307), as seen in X-ray diffraction (XRD) patterns 
in Figure 1. It is believed that in the pyrolysis process of urea, 
Co2+ is reduced to metallic cobalt and the latter promotes the in 
situ growth of CNTs on the GN surface. As to the S/GN–CNT 
composite, sulfur exists in a crystalline state with typical sharp 
peaks. On the other hand, since such a growth of CNTs might 
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Figure 1.  XRD patterns of GN, GN–CNT matrix (after being rinsed by hydrochloric acid, 
marked as GN–CNT–H) and S/GN–CNT composite. (The inset shows XRD patterns with the 
2θ range from 40° to 80°.)
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follow the principle of tip growth mechanism,[19] the produced 
metallic cobalt nanoparticles are likely to be wrapped in the top 
of CNTs. Some Co nanoparticles survive from the invasion of 
excess H+ during its reaction with S2O3

2− in the preparation pro-
cess of S/GN–CNT composite since the surface of the GN–CNT 
matrix is covered by quickly deposited sulfur to prevent the 
further corrosion of inner Co nanoparticles with acid. Thus, as 
shown in the XRD pattern, the typical peaks of metallic cobalt 
still remain but become weaker for the S/GN–CNT composite. 
Of course, when the GN–CNT sample is rinsed by diluted 
hydrochloric acid, the diffraction peaks of metallic cobalt disap-
pear almost in the sample (GN–CNT–H) owing to the adequate 
reaction of metallic cobalt with hydrochloric acid.

Raman spectroscopy is performed to identify the introduc-
tion of CNTs onto GN surface, as shown in Figure 2. It can be 

seen that no difference is observed for the peaks of D band and 
G band, identified at 1355.5 and 1598.6 cm−1, respectively. How-
ever, the intensity ratio (ID/IG) of D band and G band of GN 
is ≈1.01, inferior to that (ID/IG = 1.14) of GN–CNT matrix, indi-
cating that the GN–CNT matrix possesses a more disordered 
structure owing to the introduction of CNTs. In addition, now 
that various CN gases are produced to form CNTs, the intro-
duction of CNTs onto GN not only modifies its structure and 
morphology, but also increases the specific surface area (SSA). 
Thus, the Brunauer–Emmett–Teller surface area analyzer is 
used to measure the SSA (Figure S1, Supporting Informa-
tion). It comes as no surprise that the SSA of GN–CNT matrix 
is measured as 917.8 m2 g−1, which is nearly threefold greater 
than that of GN (334.8 m2 g−1). Such an enhancement in SSA 
can be ascribed to the generation of abundant pores by the 
release of CN gases and the effective intercalation and distri-
bution of CNTs between graphene layers. In addition, thermo-
gravimetric analysis (TGA) profiles are provided in Figure  S2 
(Supporting Information) to confirm the sulfur content. As 
seen, all of the composites possess high sulfur content based 
on the TGA profiles.

Scanning electron microscopy (SEM) images of the obtained 
GN–CNT matrix and S/GN–CNT composite are given in 
Figure  3. The GN–CNT matrix has a loose and porous pres-
entation with well-defined CNTs adhering on the surface of 
GN, where CNTs show a diameter range of 20–75 nm and a 
length range of 120–400 nm (Figure 3a). In particular, CNTs are 
grown on both sides of GN as shown from the side view of the 
matrix (Figure 3b). It should be noticeable that the loose and 
porous structure, created by the abundant CN gases during the 
pyrolysis process of urea, is beneficial for immobilizing sulfur 
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Figure 2.  Raman spectra of GN and GN–CNT matrix.

Figure 3.  SEM images of a,b) GN–CNT matrix and c,d) S/GN–CNT composite.
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species. The as-prepared S/GN–CNT composite presents more 
smooth and dense morphology, where the diameter of CNTs 
becomes larger owing to the deposition of massive sulfur on the 
outer surface of the matrix. Apart from succeeding in growing 
CNTs on the GN surface, the length and density of CNTs are 
readily tuned by altering the amount of additive urea in the pro-
cess. Here, both the length and density of CNTs are increased  
with increasing the amount of additive urea, as shown in 
Figure  S3 (Supporting Information). The structure of the 
resultant matrix is easily controllable, and the performance of 
the corresponding sulfur/carbon (S/C) composite can be opti-
mized consequently. In addition, the chemical composition 
of the as-prepared GN-CNT is measured by energy dispersive 
spectometer (EDS) (Figure S4, Supporting Information). The 
Co content is measured to be 36.51 wt% in the GN–CNT matrix. 
Meanwhile, the doped N and O atoms can also be detected. 
Here, the coexistent Co and heteroatoms in the GN–CNT 
matrix are beneficial for entrapping sulfur species.[14d]

Furthermore, to identify the interaction between CNTs and 
GN, the GN–CNT matrix is powerfully ultrasonicated for half 
an hour in absolute ethanol. As shown in Figure 4a, CNTs still 
adhere well to GN after ultrasonic treatment, implying a stable 
covalent linkage with GN, rather than being physically adsorbed 
on the GN surface. Besides, the cobalt catalysts appear as nano-
particles with a diameter ranging from 20 to 75 nm, wrapped in 
the top of CNTs or distributed randomly on the GN surface. It 
is noticeable that the diameter of cobalt nanoparticles matches 
well with that of the resultant CNTs, which makes it clear that 
the formation of CNTs follows the top growth mechanism. 

Typically, the produced CNT has an external diameter of 38 nm 
and inner diameter of 32 nm as seen in Figure 4b. Here, CNTs 
exist as multiwalled with the wall thickness of 6 nm (Figure 4c). 
As to the S/GN–CNT composite (Figure 4d), the structure 
incorporating CNTs with GN is clearly seen even after the dep-
osition of massive sulfur, and various cobalt nanoparticles as 
black dots are dispersed in the composite. The scanning-trans-
mission electron microscopy (STEM) image and EDS maps 
of selected region are shown in Figure 4e–k. Those black dots 
are identified as metallic cobalt according to mass-thickness 
contrast, which is consistent with XRD analysis, and sulfur is 
uniformly distributed. Moreover, it is indicated from the abun-
dant distribution of element N and O that the pyrolysis of urea 
can effectively lead to the nitridation and oxidation of C atoms, 
which is beneficial for trapping and confining polysulfides. In 
particular, the distribution of sulfur is highly matched with that 
of Co in the S/GN–CNT composite (Figure 4h–j), implying 
the strong chemical interaction between sulfur and cobalt.

Deep understanding of the chemical composition in the 
GN–CNT matrix and corresponding S/GN–CNT composite is 
revealed by X-ray photoelectron spectra (XPS; Figure 5). In the 
case of the GN–CNT matrix, the fitted C 1s core level (Figure 5a) 
shows three peaks at 284.7, 285.5, and 286.8 eV, which can 
be identified as CC, CN, and CN species, respectively. 
Besides, the N 1s core level can be fitted into three typical peaks 
at the binding energy of 398.6, 400.0, and 401.3 eV, consistent 
with pyridinic, pyrrolic, and graphitic nitrogen, respectively, 
as seen in Figure 5b. Therefore, the formation of CN bonds 
can be confirmed in the pyrolysis process of urea. Owing to the 
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Figure 4.  TEM images of a–c) GN–CNT matrix, d) S/GN–CNT composite. e) STEM image recorded by the high angle annular dark field detector, and 
EDS mapping of f) C, g) N, h) O, i) S, and j) Co of the selected region.
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main pyridinic N chemical composition that offers two p-elec-
trons, the GN–CNT matrix is believed to exhibit outstanding 
performance as a conductive Lewis base substrate for sulfur-
based cathode.[20] Moreover, the Co 2p3/2 core level shows two 
characteristic peaks at 778.5 and 780.6 eV (Figure 5d), respec-
tively. Typically, the binding energy at 778.5 eV is assigned to 
the metallic cobalt, while the higher binding energy at 780.6 eV 
is identified as the divalent cobalt (CoN), possibly resulting 
by the incorporation of cobalt with the nitrogen species in the 
matrix.[21] Besides, the existence of O element is attributed to 
abundant oxygen-containing functional groups (Figure 5c), 
which are beneficial for confining sulfur species by chem-
ical interaction. After introducing sulfur into the matrix, the 
metallic cobalt nanoparticles exhibit strong chemical inter-
action with sulfur species, as proved by the XPS spectra of 
S/GN–CNT composite. Apart from the typical peaks of the 
divalent cobalt (CoN) and metallic cobalt, an extra peak at the 
higher binding energy of 783.5 eV is also observed (Figure 5e), 
which can be attributed to the higher oxidation state of cobalt. 
In the S 2p core level (Figure 5f), the peaks at 163.7 and 
164.8 eV are assigned to S 2p3/2 and S 2p1/2, respectively, while 

the appearance of higher energy peak at 168.5 eV is attrib-
uted to the chemical bonding between cobalt and sulfur. 
Overall, the strong chemical bonding between cobalt nanopar-
ticles and sulfur species can facilitate trapping and confining 
polysulfides in the discharge/charge processes, as well as the 
abundant doping elements of N and O. In addition, with the 
3D connected structure, the GN–CNT matrix is believed to be a 
high-efficiency and stable substrate of sulfur for improving the 
performance of Li–S battery.

To get an insight into the electrochemical performance of the 
as-prepared S/C composites, typical cyclic voltammograms (CVs) 
at a scan rate of 0.1 mV s−1 with the potential range of 1.7–2.8 V 
are presented in Figure 6a. There are two cathodic peaks, asso-
ciated with the formation of high-order PSn (4 ≤ n ≤ 8) and 
insoluble Li2S2/Li2S. Accordingly, in the subsequent anodic 
scan, two oxidation peaks are observed, corresponding to the 
oxidation of insoluble Li2S2/Li2S to soluble polysulfides and 
polysulfides to sulfur element. While comparing with the 
contrast composites (Figure S5, Supporting Information), the 
S/GN–CNT composite possesses larger and stable current den-
sity of redox peaks in CVs, implying a low polarization, good 
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Figure 5.  XPS spectra: a) C 1s, b) N 1s, c) O 1s, and d) Co 2p3/2 of the GN–CNT matrix. e) Co 2p3/2 and f) S 2p of the S/GN–CNT composite.
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reversibility, and promising cycle stability. Thus, the electro-
chemical performance of the S/C composites can be enhanced 
by introducing CNTs on the GN surface. The superiority in dis-
charge capacity of S/GN–CNT composite can be proved obvi-
ously in the initial three discharge/charge curves (Figure 6b). 
The S/GN–CNT composite exhibits discharge capacities of 
1049.6, 987.6, and 949.2 mA h g−1

composite in initial three cycles, 
much larger than that of the S/GN composite based on the 
composite as the cathode-active material (Figure S6, Supporting 
Information).

The cycle tests are carried out at various C rates to investi-
gate the cycle stability and the rate capability of the S/GN–CNT 
composite. As shown in Figure 7a, the composite delivers a 
large discharge capacity of 1049.6 mA h g−1

composite in the initial 
cycle, and the capacity remains at 639.1 mA h g−1

composite even 
after 200 cycles. Actually, there is more information available 

when the S/C composite is used as active 
material, including the sulfur content in the 
composite, which is more valuable for the 
application of the composite in future battery 
system. Correspondingly, when calculated 
by the weight of sulfur, the initial discharge 
capacity is as high as 1373.8 mA h g−1

-sulfur, 
implying a high sulfur utilization of 82%, and 
the capacity remains at 836.5 mA h g−1

-sulfur at 
200th cycle. In contrast, the S/GN composite 
presents low discharge capacity and inferior 
capacity retention (Figure S7, Supporting 
Information). The enhancement in discharge 
capacity and cycle stability can be ascribed 
to effective intercalation and distribution of 
CNTs between graphene sheets with a strong 
covalent interaction, thus forming a unique 
3D architectural structure for rapid electron 
transfer and favorable electrolyte infiltration. 

Besides, the presence of both cobalt nanoparticles and abun-
dant heteroatoms (N, O) is also contributed to the improved per-
formance owing to the strong chemical interaction with sulfur 
species. Particularly, although no CNTs but some particles are 
obtained in the matrix when urea is insufficient, the electro-
chemical performance of the corresponding S/C composite is 
still superior to that of S/GN. It can be easily understood by 
the contribution of the resultant porous structure, the pro-
duced Co nanoparticles, and doping elements created during 
the pyrolysis process of urea. On the contrary, GN suffers from 
the unavoidable restacking during the same heat treatment pro-
cess, thus inducing a sharp decrease in SSA. Both the low SSA 
and poor conductivity undermine the electrochemical perfor-
mance of the S/GN composite. On the other hand, it should be 
noted that the S/GN–CNT composite achieves the largest dis-
charge capacity and the best cycle stability. It was reported that 

the presence of shorter CNTs on GN would 
make the matrix prone to exhibit higher 
capacitive behavior owing to the shorter Li+ 
diffusion distance.[22] Thus, it is reasonable 
for the improved electrochemical perfor-
mance for the S/C composite based on the 
GN–CNT matrix. While comparing with the 
S/A-MC11 hybrid composite in our previous 
work,[11d] the S/GN–CNT composite is still 
superior, owing to the advantage of graphene 
sheet in fabricating 3D structural matrix with 
CNTs than porous carbon spheres. Anyway, 
the sulfur-based composite, fabricated on the 
GN–CNT matrix, shows outstanding perfor-
mance in discharge capacity and cycle stability 
at low C rate.

Moreover, the S/GN–CNT composite is 
expected to possess promising high rate 
capability owing to the unique 3D conductive 
structure. As indicated in Figure 7b, a large 
discharge capacity of 758.4 mA h g−1

composite 
is obtained at 0.5 C in the initial cycle, and 
remains at 463.7 mA h g−1

composite in the 
500th cycle, indicating a low capacity decay 
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rate (CDR) of 0.08% per cycle. While the S/GN composite shows 
a rapid capacity decay from 598.0 mA h g−1

composite in the initial 
cycle to 186.9 mA h g−1

composite in the 300th cycle (CDR = 0.23% 
per cycle; Figure S7, Supporting Information). Furthermore, 
the S/GN–CNT composite delivers a discharge capacity of 
363.5 mA h g−1

composite at 1 C in the 500th cycle with the CDR 
of 0.09% per cycle. On the other hand, as shown in Figure 8a, 
the S/GN–CNT composite offers the large discharge capaci-
ties of 1045.0, 821.1, 695.3, 598.0, and 408.6 mA h g−1

composite 
at various C rates from 0.1 to 2 C, which are more desirable 
than that of the S/GN composite (Figure S8a, Supporting 

Information). As to the discharge/charge 
curves, the shrinkage of both the high and 
low potential plateaus is observed in the two 
composites. However, the S/GN composite 
suffers more serious shrinkage simultane-
ously along with increasing the C rate. The 
low potential plateau disappears almost 
when the C rate is set at 1 C, which could be 
resulted from the poor conductivity and low 
diffusion of Li ions in the S/GN composite. 
Furthermore, the GN–CNT matrix is used 
to fabricate sulfur-based cathode with high 
sulfur loading (Figure S9, Supporting Infor-
mation). The S/GN–CNT electrode (LS = 
2.5 mg cm−2) exhibits a reversible discharge 
capacity of 478.8 mA h g−1

composite at 0.1 C in 
the 200th cycle, and the discharge capacity 
remains at 335.7 mA h g−1

composite when the 
sulfur loading is increased to 4.7 mg cm−2. 
Both the two cells suffer a slow activation  
process within several initial cycles, owing to 
the progressive penetration of electrolyte in 
the thick sulfur cathode, but show good cycle 
stability with high sulfur loading. Overall, 
it is demonstrated from the satisfying elec-
trochemical performance of S/GN–CNT 
composite that the 3D GN–CNT matrix 

is superior in incorporating with sulfur for fabricating high 
performance sulfur-based cathode. Here, the stable covalent 
linkage of CNTs and GN makes much more sense in improving 
the electrochemical performance of the S/GN–CNT composite. 
As shown in Figure 9, with the intercalation and distribution of 
CNTs between graphene layers, the GN–CNT matrix not only 
possesses relatively high specific surface area, but also presents 
an open and porous structure for good electron conduction, 
sufficient electrolyte penetration, and low diffusion imped-
ance of Li ions. In addition, as shown in transmission electron 
microscopy (TEM) images, Co nanoparticles are wrapped in 
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Figure 9.  Schematic illustration of the preparation and structure for the GN–CNT matrix and the multipath rapid electron transfer for highly efficient 
redox reaction of the S/C composite.
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the top of CNTs or distributed randomly among CNTs in the 
GN–CNT matrix and S/GN–CNT composite. The remaining 
metallic cobalt nanoparticles not only enhance the conduc-
tivity of sulfur cathodes, but show the strong chemical interac-
tion with sulfur as indicated in the XPS analysis and elemental 
mapping. The metallic cobalt could be subsequently oxidized to 
form insoluble cobalt polysulfides or sulfides in the charge/dis-
charge processes between 1.7 and 2.8 V (vs Li/Li+).[23] It means 
that the strong immobilization of sulfur species by the existent 
cobalt could further suppress the polysulfide dissolution and 
facilitate the transformation between high-order and low-order 
polysulfides.[14d] The strategy involving metallic nanoparticles 
to enhance performance of sulfur cathodes is reported previ-
ously, such as copper nanoparticles[7e] and cobalt nanoparticles 
derived from cobalt-based organic framework materials.[14de] 
In the meantime, the GN–CNT matrix shows a good adsorp-
tion for polysulfides, which is measured by UV–vis adsorption 
spectra at 415 nm.[11g] As shown in Figure 10, GN shows the 
poor adsorption of polysulfides, while GN–CNT–H without Co 
nanoparticles presents the improved adsorption of polysulfides 
due to the porous structure and existence of heteroatoms 
(N, O). In particular, the strong adsorption of polysulfides can 
be obtained for the GN–CNT matrix, which is mainly attrib-
uted to the strong chemical interaction of polysulfides with Co 
and heteroatoms (N, O). All of these contributions make the 
S/GN–CNT composite showing outstanding electrochemical 
performance.

On the foundation of the analysis above, some essential 
measurements are employed to characterize the S/GN–CNT 
composite after 200 cycles. First, as clearly seen in XRD pat-
terns (Figure 11), the cycled cathode shows typical peaks of 
orthorhombic sulfur and metallic cobalt, as compared with 
that of the blank C-coated Al foil. Noting the stronger peaks of 
orthorhombic sulfur than that of the S/A-MC11 composite in 
our previous work,[11d] it suggests better redox reversibility for 
S/GN–CNT cathode. TEM image of the cycled cathode mate-
rial is given in Figure 12. Although carbon particles (Super P) 
cover completely the GN surface, and CNT with a diameter 

of ≈70 nm is clearly observed adhering on the GN surface, 
implying the stable covalent interaction. Sulfur is still well-
embedded in the GN–CNT matrix, as revealed by EDS mapping 
of the cathode material after 200 cycles. In addition, as seen in 
the Co mapping, much more teeny nanoparticles appear, sug-
gesting regeneration during the long-term cycling. It seems 
that the chemical bonding between cobalt with sulfur species 
is broken and reformed repeatedly during the electrochemical 
reaction. Thus, the metallic cobalt not only serves as the cata-
lyst for the growth of CNTs, but also helps to increase the spe-
cific capacity and rate capability by confining sulfur species 
with stable chemical interaction and facilitating the mutual 
transformation between high-order polysulfides and low-order 
ones. For the Li anodes shown in Figure 13, after long-term 
cycles, the surface cracks appear for both anodes in the cells 
based on S/GN and S/GN–CNT composites, compared with 
the fresh metallic Li (Figure S10, Supporting Information). In 
the cell with S/GN composite as cathode, the Li anode suffers 
severe damage, and large cracks are observed on the surface. 
Differently, in the cell with S/GN–CNT composite as cathode, 
Li anode shows a relatively smooth surface after 200 cycles. 
Meanwhile, the unavoidable deposition of insoluble Li2S2/Li2S 
on the Li surface is weaker here, as shown in the S mapping 
on Li anode. It means that the GN–CNT matrix shows much 
more superior ability in capturing polysulfides than GN. Conse-
quently, more polysulfides are mainly confined on the cathode 
side rather than travelling to the anode side, where the corro-
sion of metallic Li anode happens. Therefore, the rationally 
designed 3D GN–CNT matrix shows the desirable ability for 
capturing polysulfides, and subsequently protects the surface 
morphology of Li anode during the long-term cycles.

To get a further understanding with the contribution of the 
designed 3D structure on the performance, electrochemical 
impedance spectra (EIS) are measured as shown in Figure 14a. 
At full charged state, two depressed semicircles in the high-
frequency (HF) region and a sloped line in the low-frequency 
(LF) region can be observed in all the impedance plots. Specifi-
cally, the former semicircle in the HF region is considered as 
the contribution of the resistance (RL) and capacitance (CPE1) 
on electrolyte and electrode interface resulting from the depo-
sition of the insoluble Li2S2/Li2S layer within the discharge/
charge cycles. The latter semicircle is mainly consisted of the 
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Figure 10.  UV–vis adsorption spectra of Li2S6 solution. Inset: Digital 
photos of Li2S8 solution before and after contact with different absor-
bents. 0.01 m Li2S6 dissolved in DME/DOL (v/v, 1:1) and diluted to 
0.002 m for the adsorption test. All the absorbents (10 mg) are dried in 
vacuum oven before adding into the Li2S6 solution. The sealed vials were 
kept in glove box overnight, and then the liquid supernatants were used 
for the UV–vis test.
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charge-transfer resistance (Rct) and relative capacitance (CPE2). 
The sloped line in the LF region is ascribed to the semi-infinite 
Warburg diffusion process of Li ions in the electrode.[24,25] The 
impedance plots before discharge are consisted of a depressed 
semicircle and a sloped line, and the equivalent circuit used to 
fit the values of the involved resistance at full charged state is 
presented in Figure S11 (Supporting Information), and the sim-
ulated values are given in Table S1 (Supporting Information). 
Taking a visual focus on Figure 14b, the electrolyte resistances 

(Rs) in both cells are quite close, and increase slightly along 
with subsequent cycling, resulting from the higher viscosity 
and lower Li+ mobility caused by the dissolution of polysulfides 
in the electrolyte. In the cell with S/GN–CNT composite, Rct 
decreases rapidly from 31.2 Ω before discharge to the lowest 
value (5.8 Ω) in the 5th cycle, revealing the surface electrochem-
ical activity is initiated along with the charge/discharge pro-
cesses. In the following cycles, it increases gradually to 9.6 Ω 
in the 200th cycle. The extremely low value of Rct implicates 

Figure 12.  a) TEM image of S/GN–CNT composite after 200 cycles at 0.1 C. b) STEM image and EDS mapping of c) C, d) N, e) O, f) S, and g) Co 
elements in the selected region.

Figure 13.  SEM images and the map of elemental S of Li anodes after 200 cycles in the cells based on a–c) S/GN composite and d–f) S/GN–CNT 
composite. The Li anodes are taken out from the cells and soaked in DME for a while to dissolve the remaining Li salt (LiTFSI).
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the superior electrochemical activity due to the highly 3D con-
ductive structure of the GN–CNT matrix, thus leading to a 
high utilization of active sulfur. The same variation tendency 
can be found with RL. A slight decrease of RL within the initial 
five cycles is observed owing to the relocation of sulfur active 
materials in the cathode, which might reduce the tendency of 
forming the passivation layer.[26] Then, it slightly increases in 
the following cycles since the gradual increase in the thickness 
of Li2S2/Li2S layer. As seen in the diffusion process, the War-
burg impedance (Wo) increases from 124.1 Ω in the 1st cycle to 
248.4 Ω in the 200th cycle, which is nearly 30-fold larger than 
that in before-discharge state (9.4 Ω). It is believed that the irre-
versible deposition and aggregation of Li2S2/Li2S layer on the 
surface of the cathode become more serious during cycling.

Notably, the EIS data reveal a much lower value of RL, Rct, 
and Wo of the S/GN–CNT composite than that of the S/GN 
composite. The intercalation and distribution of CNTs between 
graphene sheets promote the surface charge-transfer and ion 
diffusion in the electrode by providing abundant pathways 
and shorter diffusion distances. Such a unique 3D structural 

GN–CNT matrix with dispersion of cobalt nanoparticles and 
abundant doping elements, in which CNTs are covalently 
anchored on graphene nanosheet, enables rapid electronic and 
ionic transport, and increases the electrochemical kinetics of 
the corresponding S/C composite, resulting in the superiority 
of discharge capacity, high rate capability, and cycle stability.

As the desired sulfur cathode, the good electronic conduc-
tivity is indispensable for charge transfer in the electrochemical 
redox reaction of sulfur active material. Meanwhile, the porous 
electrode structure should be fabricated in order to provide 
good mass transfer between electrolyte and electrode interface 
for realizing such redox reaction. Here, the GN–CNT matrix 
shows the excellent electronic conductivity due to the formation 
of 3D interpenetrating conductive network. The electrolyte can 
readily reach the interface of the porous electrode through 3D 
interpenetrating structure of the GN–CNT matrix. Therefore, 
the high utilization of sulfur active material, large discharge 
capacity, and good rate capability of the S/GN–CNT composite 
can be obtained. Moreover, the coexistence of Co nanoparticles 
and heteroatoms (N, O) in the as-prepared 3D GN–CNT matrix 

0

10

20

30

40

0 20 40 60 80 100 120
0

10

20

30

40

S/GN
(a)

S/GN-CNT 1st     3rd
 5th     20th
 50th   100th
 150th  200th

-Z
``

 (
Ω

)

Z`(Ω)

0 1 2 3 4 5 50 100 150 200
0

10

20

30

40

50

100

200

300

400

500

before discharge

R
 (

Ω
)

 R
s

 R
L

 R
ct

 W
o

Cycle number

S/GN

before discharge

0 1 2 3 4 5 50 100 150 200

S/GN-CNT

Cycle number

(b)

Figure 14.  a) EIS after fully charged to 2.8 V at 0.1 C for different cycles and b) the fitted data of the as-prepared S/GN and S/GN–CNT composites. 
(Rs: the resistance of the electrolyte; RL: the resistance of the insoluble Li2S2/Li2S layer; Rct: the charge-transfer resistance; Wo: the semi-infinite Warburg 
diffusion impedance.)



Fu
ll p

a
p
er

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (11 of 12)  1602543wileyonlinelibrary.comAdv. Energy Mater. 2017, 7, 1602543

www.advenergymat.dewww.advancedsciencenews.com

is highly significant to immobilize sulfur species and suppress 
polysulfide dissolution by the strong adsorption and chemical 
interaction, resulting in the good cycle stability of the S/GN–CNT 
composite.

3. Conclusion

In summary, 3D architectural GN–CNT matrix can be obtained 
via the pyrolysis of urea on GN surface with the presence of 
Co2+, and the length and density of the grown CNTs can be 
easily tuned by changing the amount of additive urea. Finally, 
the as-prepared S/GN–CNT composite based on the GN–CNT 
matrix exhibits high initial discharge capacity and slow capacity 
decay of 0.08% and 0.09% per cycle, respectively, at 0.5 and 
1.0 C within 500 cycles. It is believed that the enhanced electro-
chemical performance can be ascribed to three reasons: (1) the 
rational designed 3D GN–CNT matrix with open and porous 
structure offers more pathways for rapid transfer of electron 
and accelerates electrolyte penetration; (2) the presence of 
strong chemical interaction between cobalt nanoparticles and 
sulfur species is beneficial for trapping and confining poly-
sulfides, and facilitating the mutual transformation between 
high-order polysulfides and low-order ones; (3) the doping ele-
ment N makes the matrix serve as a conductive Lewis base sub-
strate, which shows strong interaction with polysulfides.

4. Experimental Section
Preparation and Characterization: To obtain the GN–CNT matrix, 

GO was first prepared by oxidizing graphite power via an improved 
method.[27] GO (0.2 g) was dispersed in pure water for 1 h in an 
ultrasonic bath to obtain GO suspension (1 mg mL−1). Then, 1 mmol 
cobalt() nitrate hexahydrate (analytical grade) was added into the 
solution, followed by stirring for 4 h at room temperature. After that, urea 
(6.0 g) was added into the above solution, and then stirred continuously 
at 80 °C to obtain dried powder. Finally, the powder was calcined at 
900 °C for 1 h under argon atmosphere to obtain GN–CNT matrix. The 
S/GN–CNT composite was fabricated via chemical deposition method. 
In a typical procedure, 0.02 mol Na2S2O3⋅5H2O (analytical grade) 
was first dissolved in deionized water (200 mL) containing 1 wt% of 
polyvinylpyrrolidone (PVP, k30). Then, GN–CNT matrix (0.16 g) was 
added and the mixture underwent an ultrasonic treatment to obtain a 
homogeneous suspension. Finally, a certain amount of hydrochloric acid 
solution (5 wt%) was added drop by drop, followed by vigorously stirring 
for about 2 h for complete precipitation of sulfur. The reaction can be 
expressed as S2O3

2− + 2H+ → S↓ + SO2↑ + H2O. The composites were 
centrifuged and washed repeatedly with deionized water and ethanol, 
and dried in a vacuum oven at 50 °C for 24 h. As the contrast samples, 
GN–CNT-x (x = 3, 9, 15) matrices were also prepared in the same 
procedure with the different amount of additive urea, as well as GN, 
which was prepared by directly annealing GO without adding anything 
else. Then, all the contrast S/C composites were prepared in the same 
way. The as-prepared products were characterized by X-ray diffraction 
(Rigaku mini Flex) with the 2θ range from 10° to 80°. The sulfur 
content in the obtained composites was confirmed by thermogravimetric 
analyzer (METTLER TOLEDO, TGA/DSC1) under argon atmosphere. 
The Brunauer–Emmett–Teller measurement using N2 absorption was 
performed on JW-BK112 system. Raman spectroscopy was performed on 
a DXR Microscope system with a 633 nm laser. Li2S6 solutions before 
and after contact with various absorbents were tested by UV–visible 
absorption spectrophotometry (UV–vis, Varian Cary 100 Conc). Surface 
chemistry was analyzed by XPS in PHI-5000 Versa-Probe with 

Mg Kα radiation of 1253.6 eV. The microstructure and morphology of 
the composites were identified by SEM (Supra 55VP) and TEM (FEI, Tecnai 
F20).

Electrochemical Measurement: To prepare the working electrode, a slurry 
was obtained by mixing and stirring the as-prepared S/C composites, 
Super P and polyvinyldifluoride (PVDF) with the mass ratio of 7:2:1 in 
N-methyl-2-pyrrolidone, respectively. Then, the slurry was coated onto 
the C-coated Al foil and dried in vacuum oven at 50 °C for 12 h. Finally, 
the film was punched into disks with a diameter of 12 mm. The sulfur 
loading (LS) of each composite was controlled at 1.3–1.6 mg cm−2. Coin-
type cells (2032) were assembled with metallic Li as the counter and 
reference electrodes and Celgard 2300 as a separator. The electrolyte 
was consisted of 1.0 m lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (v/v, 
1:1) with 0.2 m LiNO3 as the additive. The volume of the electrolyte used 
in each cell was 30–50 µL, and the electrolyte-to-sulfur (E/S) ratio was 
about 15–20 µL mg−1. Discharge/charge tests were carried out between 
1.7 and 2.8 V (vs Li/Li+) at various C rates (1 C = 1675 mA h g−1) with 
LAND-CT2001A instruments (Wuhan Jinnuo, China). The specific 
capacities were calculated based on the S/C composite as the cathode-
active material. CV measurements were performed on electrochemical 
workstation (CHI 600A, Shanghai Chenhua) with a scan rate of 0.1 mV s−1. 
In addition, EIS were performed using electrochemical workstation 
(Zahner IM6ex) in the frequency range of 10 mHz to 100 kHz, while the 
disturbance amplitude was set at 5 mV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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