
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of 

Materials Chemistry A RSCPublishing 

ARTICLE 

This journal is ©  The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 00, x-x | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2014, 

Accepted 00th January 2014 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Flexible all-carbon interlinked nanoarchitectures as 

cathode scaffolds for high-rate lithium-sulfur 

batteries 

Jia-Qi Huang, Hong-Jie Peng, Xin-Yan Liu, Jing-Qi Nie, Xin-Bing Cheng, 
Qiang Zhang, Fei Wei 

With the development of flexible electronics, great attentions have been drawn by flexible 

batteries as a promising power source in the emerging field of flexible and wearable electronic 

devices. Considering the limitation of lithium ion batteries in the energy density, lithium-sulfur 

batteries hold the promising to be next generation high energy density battery systems. Despite 

the great effort devoted to explore the cathode building block units based on nanocarbon 

materials, the rational design of the flexible cathode scaffold is still a challenge. Herein, we 

demonstrated the rational design of sulfur cathode based on the interlinked all-carbon scaffolds. 

Long carbon nanotubes (CNTs) were employed to form highly efficient conductive networks and 

MgO-templated carbon nanocage was used as building blocks for sulfur accommodation. The 

graphene-based carbon nanocages were directly generated and welded in the CNT networks.  

The electrochemical evaluation indicates the rationally-designed structure endows the sulfur 

cathode with high specific capacity and rate performance. The initial discharge capacity of the 

electrode reaches up to 1354 mAh g -1 at 0.34 A g-1. Even at current density of 8.35 A g-1, a 

reversible capacity of 750 mAh g -1 can still be preserved, which is 70% of that at 0.84 A g -1. Such 

versatile method for the construction of electrode scaffold is potential as flexible electrodes for 

high performance lithium ion batteries and supercapacitors. 

 

 

1. Introduction 

Battery technology has been significantly driven by portable 

devices, especially flexible electronics, which have been 

demonstrated for a wide range of applications including digital 

memory, rolled-up displays, implantable devices, touch screens, 

conformable active radio-frequency identification tags, 

wearable sensors, and so on.1, 2, 3, 4 It is predicted that the 

market of flexible electronics will grow both rapidly and 

continuously.2, 3, 5 In the past few years, flexible lithium ion 

batteries have attracted great interests as candidate battery 

system in flexible electronics,1 while the intrinsic 

electrochemical characteristics based on intercalation chemistry 

limits the fabrication of high energy density flexible batteries 

and an alternative high energy system is highly demanded. 

Lithium-sulfur system is with a high theoretical energy density 

of 2600 Wh kg-1, which is 3-5 times that of the theoretical value 

for lithium ion batteries.6 The energy density of the lithium-

sulfur battery is expected to reach over 500 Wh kg-1 in the 

future, and the abundant resources of sulfur and facile 

procedure for cathode fabrication bring lithium-sulfur cells 

towards practical applications in flexible electronics. 

 However, lithium-sulfur system still faces several main 

obstacles due to its electrochemical nature, such as the insulate 

nature of sulfur and Li2S, relatively low density of active 

materials, the volume fluctuation during cycling, and the shuttle 

mechanism caused by the dissolution and diffusion of reaction 

intermediates. These hindrances cause the relatively low sulfur 

loading amount of the cathode materials, the low cycling 

stability, and limit the overall performance. Up till now, main 

concerns have been paid on the cathode side of lithium-sulfur 

batteries, and nanocomposites have been widely used as sulfur 

cathode to solve the problems in the conductivity and the 

volume changes of the electrodes.7 Different building blocks 

including porous carbon,8, 9 carbon fiber cloth,10 carbon 

nanotubes (CNTs),11, 12, 13 carbon spheres,14 carbide-derived 

carbon,15 graphene,16, 17 have been applied as the scaffolds for 

sulfur materials. The introduction of nanocarbon into sulfur 

cathodes showed remarkable improvement in the 

electrochemical performance. Nevertheless, the further 
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improvement beyond the scale of the building block is still 

highly required, which calls for rational design of the 

hierarchical nanostructures of the flexible electrode scaffolds. 

 For the development of flexible electrodes, one of the major 

challenges is to achieve a mechanically robust, lightweight 

system without the compromise of electrochemical 

characteristics. This also requires the innovation on the 

structural design of flexible electrode and the choice of the 

scaffold materials. Beneficial from their high chemical stability 

and electrical conductivity, carbon nanomaterials have been 

widely applied in electrochemical applications.18 For instance, 

one-dimensional CNTs possess outstanding performance when 

serving as conducting additives or electrode materials itself 

because of the high efficiency in forming conducting networks 

in electrodes.3, 19 Wrinkled graphene materials are also 

candidates as building blocks for lithium-sulfur batteries due to 

its high conducting nature and the ability to accommodate 

active materials.11, 17, 20 The rational design of the three-

dimensional (3D) electrode based on the intrinsic properties of 

different building blocks offers even better electrode materials 

for superior batteries with high energy density and good 

stability.7, 21-24 For instance, Kaskel group reported 

mechanically stable and highly flexible freestanding multi-

walled CNT/DUT-19 carbide-derived carbon/sulfur composite 

cathode foils with tunable sulfur loading, high in-plane 

conductivity, and enhanced cycling stability;25 Wang, Abruna, 

and co-workers proposed a novel hierarchical architectured 

multi-walled CNT@meso C core-shell nanostructures as a 

carbon matrix for effective trapping of sulfur/polysulfides as a 

cathode material for lithium-sulfur batteries;22 Wang’s group 

explored a micro-sized spherical porous carbon/CNT/sulfur 

composites with high tap density and high sulfur content to 

decrease resistance of the composite, and allow for improved 

high-current-density performance for lithium-sulfur batteries;23 

We reported the hybrids of graphene and single-walled CNTs26 

as well as graphene/CNT/porous carbon as 3D conductive 

scaffolds for high-rate lithium-sulfur batteries. Generally, the 

combination of different building blocks is commonly realized 

by direct mechanical mixing. Although this is the most facile 

method to achieve the composite materials, the interfaces 

between building blocks are weak; therefore, both the 

mechanical strength and the electric conductivity of the 

composite electrodes are not satisfying. Other methods are 

employed to introduce weak chemistry such as hydrogen bond 

or electrostatic interaction to assist the formation of composite 

materials,27 which similarly limit the full utilization of the 

conductivity of the building blocks. According to the demand 

for a high performance sulfur cathode towards flexible lithium-

sulfur batteries, the carbon scaffolds are required with 

following characteristics: 1) high electrical conductivity 

throughout the whole cathode scaffolds; 2) the high 

accommodation capability for sulfur active materials; 3) high 

mechanical strength to withstand the volume change during 

reduplicative charge/discharge process. The rational design of 

the flexible cathode materials for high performance lithium-

sulfur batteries is still highly demanded. 

 In this contribution, we explore the idea to fabricate the 

flexible electrodes with rational pore structures and conducting 

networks by the incorporation of CNTs and mesoporous 

graphene-based materials. Such two building blocks are 

integrated through carbon deposition via high temperature 

chemical vapour deposition (CVD), which ensures the high 

electrical conductivity throughout the whole electrodes as well 

as the extraordinary mechanical stability. In the as-obtained all-

carbon flexible cathode scaffold, long CNTs are intercrossed in 

the whole cathode and interlinked with other building blocks to 

form the highly efficient 3D conductive network as rapidly 

long-range electron highways. The graphene-based carbon 

nanocages derived from MgO templates were with high 

intrinsic electrical conductivity and sufficient meso-scale space 

to accommodate sulfur, which is expected to restrain the 

polysulfide shuttle. Such a binder-free binary-CNT/graphene-

based flexible nanoarchitecture demonstrates the capability for 

high-rate lithium-sulfur batteries, avoiding the undesirable 

blockage of electron pathways by insulative polymeric binders 

and electrochemical corrosion of metal current collectors. High 

sulfur loading amount of 2.3 mg cm-2 can be achieved by 

incorporate sulfur into the 3D scaffold, which is much higher 

than the sulfur loading on conventional electrodes with metal 

foil current collectors through the slurry strategy. Moreover, the 

flexibility of such 3D cathodes will also meet the increasing 

demands for flexible electronic devices.  

 

2. Results and discussion 

To realize the rational design of the flexible scaffolds for sulfur 

cathode, an efficient electronic pathway, a robust mechanical 

structural network, together with a building block with high 

sulfur accommodation are highly required. Two typical 

nanostructures were employed to demonstrate this rational 

design concept, namely, ultra-long CNTs were applied to form 

high conductive network and contributed the structural strength, 

and MgO-templated mesoporous graphene based carbon 

nanocage with ultra-high surface area, few-layered graphene 

walls, and mesopore volume served as a bifunctional building 

block to accommodate active sulfur materials and afforded 

superiorly short-range conductivity. The morphologies of the 

two building blocks were illustrated as Figure S1a and S1b. On 

one hand, the ultra-long CNTs applied herein were dispersed 

from 2.0 mm long vertically aligned CNTs. They were with the 

length of 300-700 μm after dispersion. Such ultra-long CNTs 

can be interlinked into a 3D network with both robust 

mechanical strength and high electronic conductivity.3 On the 

other hand, the carbon nanocages grown on MgO nanoparticles 

through high-temperature CVD of methane were with abundant 

mesopores, and the walls of the nanocages are composed with 

few-layered graphene. As indicated by the N2 isothermal 

adsorption/desorption test, the carbon nanocages exhibited an 

ultrahigh pore volume of 5.5 mL g-1 originated from mesopores 

at 5-10 nm. Such 3D building blocks with high surface area and 

interconnected mesopores are in favour of sulfur storage with 

extraordinary contact as composite cathode materials. 
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 In order to rationally integrate the building blocks of CNTs 

and carbon nanocages, an in-situ CVD strategy was applied to 

form highly-conductive and highly-interlinked conductive 3D 

networks. As shown in Figure 1, the MgO nanoflakes were 

uniformly distributed among the flexible CNT network through 

filtration method. The graphene based nanocages were on the 

  

 

Figure 1. The fabrication of all-carbon flexible film through an 

in-situ facile template strategy: (a) Schematic of CNT/MgO 

composite; (b) and (c) SEM images of CNT/MgO composite; 

(d) schematic of CNT/carbon nanocage deposited on MgO 

(MgO@C) composite; (e) and (f) SEM images of 

CNT/MgO@C composite; (g) Schematic of CNT/Carbon 

nanocage composite; (h) and (i) SEM images of CNT/carbon 

nanocage composite. 

 

were removed by facile acid leaching. As indicated in Figure 

1a-c, the ultra-long CNTs were intercrossed among the MgO 

nanoflakes. Benefiting from the ultrahigh aspect ratio of the 

ultra-long CNTs, they served as skeleton and afforded the 

CNTs/MgO composite as a free-standing flexible film when the 

CNT content was as low as 5 wt %. Such structure was similar 

as the flexible CNT/activated carbon film for supercapacitors.28  

Herein the hexagonal-like MgO flakes were with a diameter of 

1-5 μm and a thickness of less than 80 nm. The areal densities 

of CNTs and MgO in the freestanding film were 0.53 and 16.0 

mg cm-2, respectively. The free-standing film was then 

subjected to 950 oC high temperature CVD with methane as the 

carbon source to obtain the CNT/MgO@C hybrid structure. 

During nanocarbon deposition, the methane was 

dehydrogenated on the surface of MgO template to form 3D 

nanocage, which is also welded to the long CNT network to 

form an interconnected robust 3D scaffold (Figure 1d-f, and 2). 

Such intercrossed nanostructures were well preserved even 

after the removal of the MgO templates (Figure 1g-i), and the 

as-derived all-carbon film were free-standing and flexible. 

 According to the Raman spectra (Figure 3a), the 

CNT/MgO composites present typical spectra of CNTs with a 

low ID/IG ratio of 0.42. The CNT/MgO@C composite possessed 

a larger ID/IG ratio of 0.96, which was attributed to the 

deposition of carbon nanocages with smaller graphene domain 

size and more edges. After the facile removal of the MgO 

template by diluted hydrochloric acid, an all-carbon interlinked 

nanoarchitecture for flexible cathode scaffold can be available. 

The interlinked networks were well preserved (Figure 1h). The 

nanocage replicated the hexagonal structure of the MgO 

template and the subtle structure exhibited a sponge/foam like 

morphology, which was in good accordance with the highly 

mesoporous nature (Figure 1i). The TEM images (Figure 2a 

and 2b) of the composite showed that the CNTs were in good 

contact with the carbon nanocage flakes. There were mainly 5-

10 nm mesopores in the carbon nanocages. To confirm whether 

the in-situ CVD realized the welding CNTs and carbon 

nanocages together and enhanced the electrical conductivity, 

the conductivities of CNT/carbon nanocage composite film 

fabricated by in-situ CVD or direct mixing/filtration were 

compared. The conductivities measured by four-probe method 

indicated that the CNT/carbon nanocage flexible scaffold 

fabricated by in-situ CVD exhibited a conductivity of 62.9 S 

cm-1, much higher than 18.7 S cm-1 for the mechanical mixing 

one. The improvement for three folds was attributed to the  

 

 

Figure 2. (a) The TEM image of CNT/carbon nanocage 

composite; (b) the high-resolution TEM image showing the 

welded CNT and carbon nanocage composite. 
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Figure 3. (a) The Raman spectra of the CNT/MgO composite and 

CNT/MgO@C composite; (b) the TG and differential TG curves of 

the CNT/carbon nanocage composite. 
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carbon deposition during CVD, which linked long-range 

conducting CNTs and the carbon nanocage building blocks.  

 The thermal gravimetric analysis (TGA) was conducted to 

determine the mass ratio of carbon nanocage to CNT network 

in the flexible scaffold. As shown in Figure 3b, the thermal 

gravimetric (TG) profile indicated a two-step weight loss 

behaviour. These two weight loss periods were assigned to the 

oxidation of carbon nanocages with lower thermal stability 

(peak at 545 oC) and the oxidation of CNTs with higher thermal 

stability (peak at 621 oC). Consequently, the areal densities of 

CNTs and carbon nanocages were determined to be 0.52 and 

1.04 mg cm-2, respectively.  

 

 

Figure 4. (a) The typical stress-strain curves of CNT/carbon 

nanocage composite film; (b) SEM image of the fracture 

interface for CNT/carbon nanocage composite. 

 

 Towards the applications in flexible energy storage devices, 

the mechanical property for flexible electrodes is of great 

importance. As shown in Figure 4a, at low strain (I), the 

interaction between CNTs and nanocages was limited due to 

the loose packing of the building blocks in the flexible 

membrane; as deformation increased, the soft CNTs stretched 

to accommodate the deformation (II); therefore, the 

CNT/nanocage nanocomposites turned stiffer, which improved 

the load bearing capability in the axial direction. Based on good 

interfacial bonding with CNTs, the nanocomposite strength 

improved with increasing deformation. Such a phenomenon 

was pronounced for ultra-long CNTs, which provided a large 

number of anchoring sites for stress transfer.29 High 

deformation was also detected (Figure 4a). Thus, at high 

deformation (III), the CNTs were highly stretched and aligned 

along the stretching direction. In order to further confirm the 

reinforcement mechanism, the structure and morphology of the 

all-carbon composites after stretching were characterized by 

electron microscopy. SEM images shown as Figure 4b shows 

entire cross-sections of the long-CNT-reinforced 

nanocomposites were rough and many ruptured CNTs rather 

than the pulled out CNTs were visually presented on the 

fracture edges. This is a clear evidence of the strong interfacial 

adhesion between the CNTs and carbon nanocages. The 

CNT/carbon nanocage film is with a tensile strength of 2.75 

MPa and an elongation-at-break of 7.30 %. Active sulfur 

materials showed a volume change of over 70 % in lithiated 

and delithiated state. The elastic property of the all carbon 

scaffold may sustain this huge volume change during 

charge/discharge cycles and benefits the overall 

electrochemical performance of this cathode. 

 After the sulfur incorporation through heat infiltration, a 

free-standing sulfur film cathode was maintained (Figure 5). 

The morphology of the film was well preserved during sulfur 

incorporation, and the thickness of the film was determined to 

be ca. 50 μm. The sulfur content in the electrode reached 60 

wt % with an areal density of 2.3 mg cm-2, which was much 

higher than the routine doctor blade method.9, 13, 26, 30, 31 Despite 

the high-areal sulfur loading, the all-carbon interlinked 

structure ensured the mechanical strength of the sulfur-

containing film, which was still bendable (Figure 5d). 

Although the thickness of the as-obtained electrode film 

reached 50 μm, it was expected superior electrochemical 

performance was available on the rational designed 

nanostructures with CNTs as highly efficient conducting 

networks and carbon nanocages as bi-functional sulfur 

reservoirs. 

 

 

Figure 5. (a) Schematic of sulfur cathode with CNT/carbon 

nanocage as scaffold; (b) SEM image of sulfur/CNT/carbon 

nanocage composites; (c) side view SEM image of the flexible 

sulfur/CNT/carbon nanocage electrode; (d) optical image of the 

flexible sulfur cathode membrane. 

 

 The cyclic voltammetry (CV) was employed to investigate 

the electrochemical behaviour (Figure 6a). The cathodic scan 

presented a typical two-step reduction of sulfur to high-order 

polysulfide and Li2S/Li2S2, respectively. While in the anodic 

scan, the oxidation peak at 2.36 V corresponded to the 

transformation of sulfides to high-order polysulfides, and 

eventually to elemental sulfur.26, 31 The profiles overlapped well 

within the CV cycles, suggesting a good electrochemical 

reversibility of the flexible electrodes. Figure 6b described the 

galvanostatic cycling performance of the sulfur electrode, 

including 4 cycles at 0.34 A g-1 and subsequently 50 cycles at 

Page 4 of 7Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is ©  The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 00, x-x | 5 

1.67 A g-1. The initial discharge capacity of the electrode 

reached up to 1354 mAh g-1. With an elevated current density 

of 1.67 A g-1, the discharge capacity decreased to 953 mAh g-1 

while maintaining well as 892 mAh g-1 after 50 cycles.  Owing 

to the interconnected porous nanostructures and hybrid short-

/long-range conductive scaffolds, the flexible cathodes also 

exhibited outstanding high rate capability. The rate 

performances of sulfur cathode with the scaffolds of CNTs, 

carbon nanocage, and CNT/carbon nanocage composite were 

compared in Figure 6c with similar sulfur loading amount and 

areal density. When CNTs were applied in sulfur cathode, 

CNTs provided well-constructed 3D architectures with both  

 

 

Figure 6. (a) The CV curve of the flexible sulfur electrode on 

CNT/carbon nanocage scaffold; (b) The galvanostatic cycling 

performance of the flexible sulfur electrode at a 

charge/discharge current density of 0.34 and 1.67 A g-1; (c) the 

rate performance of sulfur electrode based on pure CNT 

scaffold, carbon nanocage scaffold, and CNT/carbon nanocage 

hybrid scaffold. 

long-range conductive pathway for rapid electron transportation 

and abundant macropores while few mesoporous confined 

space for sulfur accommodation. Therefore, high capacity 

retention with relatively low specific discharge capacity was 

available with an initial discharge capacity of 690 mAh g-1 at 

0.84 A g-1 and a capacity retention of 69 % at the current 

density of 8.35 A g-1. In comparison, carbon nanocages 

provided adequate mesopores to accommodate sulfur. The 

combination of porous carbon (e.g. mesoporous carbon,22, 23, 32 

microporous carbon24, 33) with sp2 nanocarbon (e.g. CNTs,22, 23, 

33 graphene,32 and their hybrids24) is an efficient and effective 

route to improve the whole electrode for high utilization of 

sulfur. Herein, carbon nanocages, instead of porous carbon, 

were with high pore volume, large graphene domain, excellent 

electrical conductivity, as well as the confined space to 

guarantee good stability even with high loading amount of 

sulfur. However, when the carbon nanocages were simply 

mixed with short CNT conductive additives, the as-obtained 

scaffold showed high discharge capacity only at low 

charge/discharge current densities, which suffered from a 

severe capacity drop at high current density. The discharge 

capacity was 978 mAh g-1 at 0.84 A g-1 in the first cycle, with a 

retention of 25 and 1 % at 3.34 and 8.35 A g-1, respectively, 

suggesting the poor ability of carbon nanocages to form 

interlinked conducting network within the whole electrode. 

CNT/carbon nanocage hybrid scaffolds delivered an 

exceptional rate performance due to the rational combination of 

the conducting networks and sulfur accommodation building 

blocks into multifunctional electrode architectures. A high 

discharge capacity of over 1000 mAh g-1 can be achieved at a 

rate of 0.84 A g-1. Even at current density of 8.35 A g-1, a 

reversible capacity of 750 mAh g-1 can still be preserved, which 

is 70 % of that at 0.84 A g-1. When compared with CNT/sulfur 

cathode and carbon nanocage/sulfur cathode, a remarkable 

improvement in high-rate lithium ion storage capability was 

achieved. Moreover, unlike commercial electrode needs 

polymer binders and metal foil current collectors, this all-

carbon flexible electrode can stand on its own and is free of 

binder or metal current collector. As the binder and metal foil 

current collector add a redundant weight to the electrode (over 

15 wt% for cathode), they ultimately reduce the specific 

capacity of the electrode.34 The swelling of polymer binders 

and detachment of active materials from the metal current 

collector also induce significant degradation of batteries. By the 

construction of 3D conducting network, this all carbon flexible 

cathode serves as current collector itself and get rid of the 

problem of polymer swelling and material detachment, which is 

beneficial for its structural stability and electrochemical 

performance. This flexible cathode may combine with other 

flexible anode materials for the combination of flexible battery. 

Flexible anode electrodes with metal oxides,35 silicon,36 and 

graphitic materials34, 37 are suitable candidates, and a pre-

lithiation process is needed. If the construction of reliable 

flexible metal lithium anodes is well addressed, the energy 

density of the flexible lithium-sulfur batteries may be greatly 

improved. 
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 With the rational design of flexible electrode based on 

nanocarbon building blocks, a high performance sulfur 

electrode was fabricated with both the robust mechanical 

properties and outstanding electrochemical properties. By 

introducing the in-situ CVD growth, the long-range conducting 

ultra-long CNTs and the short-term conducting carbon 

nanocages as sulfur accommodation units welded together and 

formed a highly efficient all-carbon scaffold to fulfil the 

hierarchical demands in charge transfer and mechanical 

framework.  

 

3. Conclusions 

The rational design of flexible sulfur cathodes free of binder 

and metal current collectors based on the interlinked all-carbon 

nanoarchitectures was demonstrated. Ultra-long CNTs were 

employed to form high efficient conductive networks and 

MgO-templated carbon nanocages served as sulfur 

accommodation blocks. The carbon nanocage were directly 

generated and welded in the CNT networks to ensure the 

highly-efficient electron transfer throughout the whole 

electrode. The electrochemical evaluation indicated the 

rationally-designed structure endowed the sulfur cathode with 

high specific capacity and rate performance. The initial 

discharge capacity of the electrode reached up to 1354 mAh g-1 

at 0.34 C. Even at a current density of 8.35 A g-1, a reversible 

capacity of 750 mAh g-1 can be preserved, which was 70 % of 

that at 0.84 A g-1. This versatile method for the construction of 

flexible electrode scaffold may also find applications in other 

high performance electrochemical systems, such as lithium ion 

battery, supercapacitor, lithium air battery, etc. 

 

4. Experimental 

Fabrication of CNT and carbon nanocage building blocks 

The all-carbon flexible film was fabricated by the in-situ CVD 

growth on the CNT/MgO composite to ensure the 

interconnected nanostructures. The CNTs were synthesized 

through a floating catalyst CVD.38 CNTs were then directly 

used to form suspension by gaseous/liquid shearing. The porous 

MgO flakes were synthesized by hydrothermal process of MgO 

and poly(ethylene glycol) at 200 oC, following by the filtration 

and high temperature annealing at 500 oC for 3.0 hr. The porous 

MgO flakes and ultra-long CNTs were dispersed in N-methyl 

pyrrolidone solvent under vigorous liquid phase shearing. 

Afterwards, the co-dispersed solution was filtrated through a 

Nylon membrane (0.45 μm pore size) to achieve the CNT/MgO 

film. After drying, the as-obtained film was used as template 

for methane CVD at 950 oC to obtain CNT/MgO@C composite. 

The CNT/carbon nanocage interconnected film was fabricated 

after the removal of MgO template by soaking in 1.0 M HCl at 

a moderate temperature of 60 oC.  

Fabrication of flexible CNT/nanocage/sulfur cathode 

The electrochemical-active material of sulfur was impregnated 

into the CNT/carbon nanocage scaffold through a facile liquid 

sulfur infiltration. The CNT/graphene scaffold films were set 

on a hot plate at 70 oC, and the solvent of sulfur in toluene was 

added onto the film drop wise to reach the expected sulfur 

content. Then the sulfur-containing films were heated to 155 oC 

under Ar atmosphere to ensure the uniform impregnation of 

sulfur. After being pouched into disks with the diameter of 13 

mm, the flexible sulfur cathode was available for the 

electrochemical test. 

Characterizations 

The morphology of the samples were characterized by a JEM 

2010 (JEOL Ltd, Tokyo, Japan) TEM operated at 120.0 kV and 

a JSM 7401F (JEOL Ltd., Tokyo, Japan) SEM operated at 3.0 

kV and. The Raman spectra of the nanocarbon based samples 

were recorded with He-Ne laser excitation at 633 nm using 

Horiba Jobin Yvon LabRAM HR800 Raman Spectrometer. The 

sorption isotherms were measured by N2 adsorption/desorption 

using Autosorb-IQ2-MP-C system. The specified surface areas 

were determined by the Brunauer–Emmett–Teller method. The 

pore size distribution and pore volume of the nanocarbon 

samples were calculated by the quenched solid state functional 

theory method. The TGA was carried out on the samples using 

TGA/DSC1 STARe system under O2 and/or N2 atmosphere, 

respectively. The resistance measurements of the samples were 

performed using the KDY-1 four-probe technique.  

Electrochemical evaluation 

Two-electrode cells using standard 2025 coil-type cells were 

constructed to evaluate the electrochemical performance of the 

all-carbon flexible cathode material for lithium-sulfur batteries. 

A mixed solution of 1,3-dioxlane : dimethyl ether (v/v = 1:1) 

with 1.0 mol L-1 lithium bis(trifluoromethanesulfonyl)imide 

solution was used for electrochemical evaluation. Lithium 

metal foil was used as the anode and the polypropylene 

membranes from Celgard Inc. were used as the separators. The 

electrolyte used for the assembly of cell is adjusted with the 

amount of sulfur at 20 μL per milligram of sulfur. The areal 

density of lithium disk used as anode is 30 mg cm-2. The coin 

cells were tested in galvanostatic mode at various currents 

within a voltage range of 1.5 - 3.0 V using Neware multi-

channel battery cycler. The CV measurements were performed 

on Solartron 1470E electrochemical workstation at a scan rate 

of 0.1 mV s-1. The capacities were calculated based on the mass 

of sulfur. 
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