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ABSTRACT 
The commercialization of lithium-sulfur (Li-S) battery could be accelerated by designing advanced sulfur cathode with high sulfur 
utilization and stable cycle life at a high sulfur loading. To allow the energy density of Li-S batteries comparable to that of 
commercial Li-ion batteries, the areal capacity of sulfur cathode should be above 4 mA·h·cm−2. In general, a high sulfur loading 
often causes rapid capacity fading by slowing electron/ion transport kinetics, catastrophic shuttle effect and even cracking the 
electrodes. To address this issue, herein, a multilevel structured carbon film is built by covering highly conductive CNTs and hollow 
carbon nanofiber together with carbon layer via chemical vapor deposition. The self-standing carbon film exhibits well-interweaved 
conductive network, hollow fibrous structure and abundant N, O co-doped active sites, which combine the merits of high electronic 
conductivity (1,200 S·m−1), high porosity and polar characteristic in one host. Benefiting from this attractive multilevel structure, the 
obtained sulfur cathode based on the carbon film host shows an ultra-high areal capacity of 8.9 mA·h·cm−2 at 0.2 C with outstanding 
cyclability over 60 cycles. This work shed light on designing advanced sulfur host for Li-S batteries with high areal capacity and 
high cycle stability, and might make a contribution to the commercialization of Li-S batteries. 
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1 Introduction 
Lithium-sulfur (Li-S) batteries have been emerging as one of the 
most promising energy storage systems due to their ultrahigh 
theoretical energy density, cost effectiveness, and environmental 
compatibility compared with conventional lithium-ion batteries 
(LIBs) [1–4]. However, the commercialization of Li-S batteries 
is still hindered by several technical issues, including low active 
material utilization, poor cycling life, and low coulombic 
efficiencies, owing to the insulating nature of sulfur and the 
dissolution of intermediate lithium polysulfides (LiPS) into 
the organic electrolyte [5–8]. In the past decades, much efforts 
have been expended to solve these problems by utilizing novel 
host materials [9–11], constructing LiPS blocking interlayers 

[12–14], developing new electrolytes [15, 16] and applying 
functional binders [17, 18]. Regarding the fabrication of sulfur 
electrode with a sulfur loading of < 2.0 mg·cm−2, Li-S batteries 
can so far exhibit high sulfur utilization and long cycle life 

[19–21]. Nevertheless, one of the remained practical issues is 
that the low sulfur loading in the sulfur cathode reduces the 
mass ratio of active materials to inactive materials (e.g., current 
collectors, binders, additives, electrolyte and packaging). As a 
consequence, the fabricated cells have considerably low energy 
density, thus less competitive capability [22]. 

To allow the energy density of Li-S batteries comparable to 
that of commercial Li-ion batteries, the areal capacity of sulfur 
cathode should be above 4 mA·h·cm−2. It means that high sulfur 
loadings (≥ 4 mg·cm−2) together with high sulfur utilization 
(≥ 60%) are essential for a sulfur cathode [23]. Nevertheless, 

efforts to simultaneously improve the sulfur loadings and the 
utilization degree of sulfur are quite challenging, since these 
two factors are in contradiction [24]. As the sulfur loading 
increasing, the electrode becomes thicker, resulting in ultra- 
long transport pathway and high resistance for the diffusion of 
Li-ions. Consequently, the kinetics of both Li-ions and electrons 
were limited, thus dramatically lowering the utilization degree 
of sulfur [25]. Moreover, thick electrodes usually suffer from 
cracking due to the significant volume expansion of sulfur 
during charge/discharge process, worsening the cycle stability 
of Li-S batteries [26]. Another critical issue for the high sulfur 
loading cathode is that large amounts of LiPS dissolution are 
generated, leading to a much worse cycle stability [27]. These 
dissolved LiPS may additionally convert to solid sulfur species 
(S8, Li2S, and Li2S2) and precipitate on the electrode/electrolyte 
interfaces, blocking the Li-ion transportation channels. 

Recently, researchers have demonstrated that the synthesis 
of three-dimensional (3D) materials as sulfur hosts by con-
structing 3D interlinked electron and ion channels within 
the electrode could promote the intimate electrolyte/electrode 
contact and the high-rate charge transfer, being preferable for 
improving sulfur utilization at high sulfur loadings [28–31]. For 
example, Ren and co-workers reported 3D graphene foam/ 
reduced graphene oxide as sulfur host, such integrated electrode 
exhibited fast ion and electron transportation, delivering a high 
areal capacity of 10.3 mA·h·cm−2 at 0.2 C [32]. Hu developed 
a 3D aligned porous carbon matrix by using carbonized wood 
with reduced graphene oxide (RGO) filled inside the micro-
channels for high sulfur mass loading. In this cathode, RGO 
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serves as an electronically conductive network to enhance the 
electron transport, and the low-tortuosity and open micro-
channels can allow better electrolyte permeation. Consequently, 
the fabricated sulfur electrodes with a sulfur loading of 
7.8 mg·cm−2 showed a high areal capacity of 6.7 mA·h·cm−2 [33]. 
However, only relying on physical confinement and weak 
chemisorption by these host materials was not sufficient to 
suppress diffusion of the polar LiPS over a long lifespan, 
especially for the high-loading cell design. Therefore, we are 
still on the way to look for new structured sulfur cathode that 
possess high sulfur loading, high sulfur utilization, and good 
cycle stability without sacrificing the areal energy density. 

In this study, we prepared a multilevel structured carbon 
film consisting of well-interweaved carbon nanotubes (CNTs) 
and hollow carbon nanofibers (HCFs). They were chemically 
“welded” together using a conformal carbon coating layer 
with high graphitization degree via chemical vapor deposition 
(CVD). This multilevel structured carbon film exhibits an 
exceptionally high conductivity of 1,200 S·m−1, hollow structure 
for encapsulation of sulfur and oxygen and nitrogen co-doped 
active sites strongly binding LiPS. Such designed carbon film was 
directly used as a working electrode for sulfur electrodeposition 
via electrolysis approach. The sulfur loading can be tuned from 
4.7 to 10.2 mg·cm−2 by varying the electrolysis time and the 
thickness of the electrode. As a result, the cathode with sulfur 
loading as high as 10.2 mg·cm−2 retains a high areal capacity 
of 8.9 mA·h·cm−2 after 60 cycles. Our results indicate that the 
rational design of carbon host with multilevel structure indeed 
makes it possible to fabricate high performance sulfur cathode 
even with a very high sulfur loading. 

2  Experimental 

2.1  Chemicals 

All chemicals were used as received without any further purifi-
cation. MnSO4·H2O, KClO3, CH3COOK, CH3COOH, and sulfur 
were purchased from Sinopharm Chemical Reagent Co. Ltd. 
CNTs were purchased from Chengdu Organic Chemicals Co. 
Ltd.. Deionized water was used in all experiments. 

2.2  Synthesis of multilevel structured CNT/HCF thin 

film 

The CNT/HCF carbon film is prepared via templating and 
chemical vapor deposition method. MnO2 nanowires with 
lengths larger than 50 μm (Fig. S1(a) in the Electronic 
Supplementary Material (ESM)) synthesized according to 
previous literature [34] were selected as the starting template. 
Subsequently, the ultralong MnO2 nanowires and CNTs (length: 
< 10 μm, outer diameter: 30–80 nm, electric conductivity:   
> 10,000 S·m−1) with a ratio of 17:1 were dispersed in water 
and stirred for 2 h to form stable dispersion. The dispersion 
was filtered by vacuum filtration with common filter paper, 
washed several times with distilled water and absolute ethanol, 
respectively, and dried at 60 °C for 12 h. Then, the self- 
standing CNT/MnO2 hybrid thin film can be prepared (Fig. S1(a) 
in the ESM). The content of CNTs in the CNT/MnO2 film is  
~ 5.5 wt.%. The CNTs and MnO2 nanowires are interwoven 
together to form abundant macropores (Fig. S1(b) in the 
ESM), allowing easy diffusion of carbon source molecules 
for CVD. Then, the carbon layers were coated on the MnO2 
nanowires through CVD method at 800 °C for 1 h, by using 
aniline as carbon source to yield the CNT/MnO@C thin film. 
During the CVD process, MnO2 was reduced to MnO, confirmed 
by the XRD analysis in Fig. S2 in the ESM. After carbon coating, 

the sample CNT/MnO@C is well maintained self-standing 
structure (Fig. S3(a) in the ESM) with pod-like nanowires 
interwoven together (Fig. S3(b) in the ESM), which offers enough 
interconnected and continuous macropores. Moreover, the 
pod-like nanowires are chemically “welded” together (Fig. S3(c) 
in the ESM). The MnO2 nanowires were reduce by carbon source 
during the CVD process, in which the MnO2 nanowires will 
shrink to form MnO particles, meanwhile, these MnO particles 
are wrapped by carbon layers. As a result, the peapod-like 
architecture is observed. The TEM images in Figs. S3(d)–S3(f) 
in the ESM show that the carbon layers act as a welding 
reagent to chemically connect the pod-like nanowires together. 
Subsequently, the obtained black thin film CNT/MnO@C was 
immersed in 6 M HCl aqueous solution to remove the MnO 
nanofibers templates, and then washed with deionized water 
to obtain the CNT/HCF hybrid thin film. Before carbon coating, 
the weight of CNT in CNT/MnO2 is ~ 0.0066 g. After CVD  
and removing the templates, the weight of CNT/HCF film is  
~ 0.045 g. Thus, the content of CNTs in the CNT/HCF film is 
~ 15 wt.%. The control sample HCF was prepared with the same 
procedures without adding CNTs. 

2.3  Synthesis of CNT/HCF-S cathode 

Sulfur was incorporated into the self-standing CNT/HCF via 
the electrolysis approach according to our previous work [10]. 
Typically, electrolysis was carried out in a two-electrode 
system, with the CNT/HCF as the working electrode. The 
working solution was 300 ml 0.15 M Na2S aqueous solution, 
containing 1.016 g KH2PO4 and 1.060 g Na2HPO4 as well as 
300 mg sulfur. The sulfur-carbon composite obtained was 
washed by distilled water and dried at 50 °C for 24 h and was 
denoted CNT/HCF-S. The electrodes CNT/HCF-S-1, CNT/ 
HCF-S-2, and CNT/HCF-S-3 were prepared with sulfur loadings 
of around 4.7, 7.3, and 10.2 mg·cm−2, respectively by changing 
the electrodeposition time and the thickness of the CNT/HCF 
film. The weight of the electrode CNT/HCF-S-1 is ~ 9 mg·cm−2 
and the thickness of the electrodes CNT/HCF-S-1 is ~ 0.22 mm.  

Commercial carbon nanofiber paper (Toray; c-CF) treated 
with concentrated nitric acid for 2 h was used as a working 
electrode for sulfur electrodeposition using the same method 
to prepare c-CF-S cathode. HCF film was directly used as a 
working electrode for sulfur electrodeposition to prepare HCF-S 
cathode. The sulfur loading in the c-CF-S and HCF-S is about 
4.0 and 4.3 mg·cm−2, respectively. The thickness of the electrodes 
c-CF-S and HCF-S is about 0.19 and 0.2 mm, respectively. 

2.4  Characterization methods 

The sample morphology was investigated by field-emission 
scanning electron microscopy (SEM) using a Hitachi S-4800 
instrument at 10 kV. Nitrogen adsorption isotherm was measured 
at 77 K with an ASAP 3000 adsorption analyzer (Micromeritics). 
Before the measurements, the sample CNT/HCF was degassed 
under vacuum at 200 °C for 4 h and CNT/HCF-S-1 was 
degassed under vacuum at 50 °C for 12 h until the pressure was 
less than 5 Pa. The Brunauer–Emmett–Teller (BET) method 
was used to calculate the specific surface areas (SBET). Total pore 
volumes were calculated from the amount adsorbed at a relative 
pressure, P/P0 of 0.99. X-ray diffraction (XRD) patterns were 
obtained with a Rigaku D/MAX-2400 diffractometer using Cu Kα 
radiation (40 kV, 100 mA, λ = 1.54056 Å). Transmission electron 
microscopy (TEM) analyses were carried out with a Tecnai 
G220S-Twin instrument operating at 200 kV. Samples for 
TEM analysis was prepared by dropping an ethanol droplet 
of the products on carbon-coated copper grids and drying  
at room temperature. Thermogravimetric (TG) analysis was  
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measured from 40 to 800 °C with a heating rate of 10 °C·min−1 
under an air flow, using a STA449 F3 Jupiter thermogravimetric 
analyzer (NETZSCH). X-ray photoelectron spectroscopy (XPS) 
data were obtained with a PHI 5000 Versaprobe spectrometer 
equipped with an Al Kα X-ray source. The conductivity of 
CNT/HCF was tested by four-tip probes method. The Raman 
spectrum of CNT/HCF was collected on a homemade DL-2 
microscopic Raman spectrometer, using the 532 nm line of a 
KIMMON laser. 

2.5  Electrochemical tests 

CR2025 coin cells were assembled to evaluate the electrochemical 
performance of the electrode materials using the CNT/HCF-S 
thin film directly as cathode material, lithium metal as an 
anode, and Celgard 2400 as a separator. 1.0 M LiTFSI in 
dimethoxyethane (DME)/1,3-dioxolane (DOL) (1:1, by volume) 
and 0.02 M Li2S6 containing 2 wt.% LiNO3 was used as the 
electrolyte. The electrolyte addition with the electrolyte/sulfur 
(E/S) ratio of ~ 15:1. The electrolyte amount is 55 μl for 
CNT/HCF-S-1. The thickness and the diameter of the Li foil is 
~ 1 and ~ 15.6 mm, respectively. The current and capacities 
were calculated based on the mass of element sulfur. Discharge/ 
charge measurements were conducted at a voltage interval of 
1.7 to 2.8 V using a Land CT2001A (LAND, Wuhan China) 
battery test system. Cyclic voltammetry (CV) measurements 
were performed on CHI660D electrochemical work station 
at a scan rate of 0.05 mV·s−1 after activation at 0.1 C for 
three cycles. Electrochemical impedance spectroscopy (EIS) 
measurements were carried out in the frequency range 100 kHz 
to 0.01 Hz on CHI660D. 

3  Results and discussion 
The CNT/HCF carbon film is prepared via templating and 
chemical vapor deposition method, as schematically illustrated in 
Fig. 1(a) (for experimental details see the experimental section). 
The fabricated multilevel structured CNT/HCF carbon film shows 
the well-retained self-standing architecture (Fig. 1(b)), which 
is essentially a copy of the morphology of the CNT/MnO@C 
thin film (Fig. S3(a) in the ESM). The SEM image in Fig. 1(c) 
shows that the CNT/HCF film consists of interwoven pod-like 
carbon nanofibers and CNTs. Such structure creates abundant 
macropores in the carbon framework, allowing easy diffusion 
of electrolyte. The lengths of the carbon nanofibers are generally 
larger than 50 μm (Fig. S4(a) in the ESM), which are beneficial 
to the long-range charge transfer [29]. Moreover, the pod-like 

 
Figure 1  (a) Schematic synthesis approach, (b) photograph, (c) and (d) 
SEM images and (e)–(g) TEM images of CNT/HCF carbon film. 

carbon nanofibers interwove together (Fig. 1(d)) to build the 
robust and highly conductive carbon skeleton. 

The TEM images (Figs. 1(e)–1(g)) show that the pod-like 
carbon nanofibers contain hollow spaces, generating sufficient 
internal cavities larger than 50 nm for accommodating a high 
sulfur loading. The thickness of the carbon shell is estimated 
to be about 10 nm. The TEM image in Fig. 1(f) shows that the 
carbon layers act as a welding reagent to chemically connect the 
HCFs together, which is consistent with the SEM observation 
in Fig. 1(d). It is noted that the welded HCFs can improve 
electrical conductivity by reduce the contact resistance. 
Additionally, the HCFs are partially graphitized (Fig. 1(g)), 
which can further enhance the conductivity of the CNT/HCF 
carbon film. The Raman spectrum of CNT/HCF in Fig. S5 in 
the ESM shows two intense bands located at 1,357 and 1,587 cm−1, 
assigned to the D and G bands of carbon materials, respectively. 
The intensity ratio of the D-band to the G-band (ID/IG) is 
0.97, suggesting that the carbon component in CNT/HCF is 
semi-crystalline. The peak at ~ 2,900 cm−1 is called D+G bands, 
which correspond to the second-order of Raman spectrum 
in combination modes [9]. The determined conductivity  
of CNT/HCF is 1,200 S·m−1, which is an order of magnitude 
higher than those of carbon black such as Vulcan XC-72 carbon 
(150 S·m−1) [35]. 

The XRD pattern of CNT/HCF is depicted in Fig. S2 in the 
ESM. The diffraction peak of the carbon element is observed 
at 25.6°. Several weak diffraction peaks corresponding to 
MnO in the XRD pattern of CNT/HCF indicated that most of the 
MnO templates were removed by acid treatment. Abundant 
cavities and only a few particles were observed in the CNT/HCF 
thin film (Fig. S4(b) in the ESM), further supporting that most 
of the MnO templates were removed. TG analysis reveals 
that the residual MnO content in the CNT/HCF is ~ 30 wt.%, 
as shown in Fig. S6 in the ESM. The textural properties of 
the CNT/HCF were assessed by nitrogen sorption isotherm, 
as shown in Fig. S7 in the ESM. The specific surface area 
and total pore volume of the CNT/HCF film were evaluated to 
be 68 m2·g−1 and 0.16 cm3·g−1, respectively. On the basis of the 
above mentioned results, the self-standing carbon film exhibits 
multilevel structure with well-interweaved conductive network 
and hollow fibrous structure, which combines the merits of high 
electronic conductivity (1,200 S·m−1), sufficient internal cavities 
to confine sulfur species, and continuous open channels to 
facilitate fast electrolyte ion transportation in one host. These 
advantages can simultaneously meet the demands of a sulfur 
host material for Li-S batteries with high areal capacity and 
long cycle lives. 

The CNT/HCF carbon film is self-standing, with a continuous 
conductive carbon framework, an open pore system and good 
mechanical strength, allowing it act as a working electrode 
directly for sulfur electrodeposition. The corresponding sulfur 
electrodes (CNT/HCF-S) were prepared via an electrolysis 
approach according to our previous report [10]. For comparative 
study, the electrodes CNT/HCF-S-1, CNT/HCF-S-2, and CNT/ 
HCF-S-3 were prepared with sulfur loadings of around 4.7, 7.3, 
and 10.2 mg·cm−2, respectively. 

For the representative structure analysis, we take CNT/ 
HCF-S-1 as one sample. As seen in Fig. S8 in the ESM, the 
sulfur exists in a crystalline state (JCPDS No. 08-0247) with 
typical sharp diffraction peaks, which confirms that sulfur is 
incorporated into CNT/HCF by an electrolysis approach. The 
SEM image of cross section in Fig. S9(a) in the ESM shows 
that CNT/HCF-S-1 exhibits layer-by-layer stacking structure. 
As seen in Fig. 2(a), the CNT/HCF-S-1 shows abundant open 
channels constructed by interweaved HCFs, favoring the 
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Figure 2  (a) SEM image and (b)–(d) STEM images and linear EDX 
element distributions of CNT/HCF-S-1. 

penetration of the electrolyte for the high-sulfur-loading 
electrodes. Moreover, no sulfur particles are visible in the 
composite in Fig. 2(a) and Figs. S9(b) and S9(c) in the ESM. 
TEM observation (Fig. 2(b)) shows that sulfur is incorporated 
into the cavities of the carbon nanofibers and attached to the 
carbon inner wall. The EDX linear scan across one CNT/HCF 
fiber demonstrates that there is a high content of S around  
the carbon wall (Figs. 2(c) and 2(d)), further proving that sulfur 
is attached to the carbon wall. Nitrogen sorption isotherms 
of CNT/HCF-S-1 in Fig. S7 in the ESM show that it has almost 
no specific surface area and no pore volume after sulfur in-
corporation. The elemental mappings of CNT/HCF-S-1 (Fig. S10 
in the ESM) show that sulfur and carbon are distributed 
uniformly in the hybrid film. These results are consistent with 
our previous report [10], in which the electrodeposition 
method can ensure the sulfur highly dispersed and electrically 
connected to the carbon host in nature, leading to improved 
sulfur utilization. 

A CV test was conducted to evaluate the electrochemical 
performance of the CNT/HCF-S-1 electrode (Fig. 3(a)). During 
the discharge process, the reduction peaks at the cathodic 
scans of 2.23 and 1.82 V present a typical two-step reduction 
of sulfur into high-order LiPS and Li2S/Li2S2, respectively. 
While in the anodic scan, the oxidation peaks at 2.37 and 
2.53 V correspond to the transformation of Li2S into high- 
order LiPS and eventually to elemental sulfur, respectively 
[36, 37]. In subsequent scans, the overlapping cathodic and 
anodic peaks maintain their shape and display no obvious 
intensity changes and potential shifts, suggesting superior cyclic 
stability and highly reversible redox reactions. It is noted that 
the CV curves is a bit distorted from the regular shape, which  
is mainly caused by overpotential, especially under high sulfur 
loading conditions [38, 39]. 

The galvanostatic charge-discharge curves of the CNT/HCF- 
S-1 (Fig. 3(b)) display a typical two-plateau behavior of Li-S 
battery, which are consistent with the results of CV. Moreover, 
the CNT/HCF-S-1 electrode delivers a high initial discharge 
capacity of 1,362 mA·h·g−1, corresponding to specific areal 
capacity of 6.4 mA·h·g−1 and 81.5% of the theoretical capacity of 
sulfur (1,675 mA·h·g−1), indicating a high sulfur utilization. The 
gravimetric and volumetric energy densities are ~ 1,500 Wh·kg−1 
and ~ 610 Wh·l−1 for CNT/HCF-S-1 cathode at 0.1 C based 
on the discharge voltage of 2.1 V. Next, the CNT/HCF-S-1 
electrode was subjected to cycle at various current densities 
from 0.1 to 0.5 C for evaluating the rate capability. As shown in 
Fig. 3(c), the discharge capacities decrease gradually with increasing 

 

 
Figure 3  (a) Cyclic voltammetry measured between 1.7 and 2.8 V.    
(b) Discharge/charge voltage profiles at various rates from 0.1 to 0.5 C.   
(c) Discharge/charge capacity cycled at various rates from 0.1 to 0.5 C.  
(d) Capacity retention of material cycled at 0.2 C, in comparison with 
HCF-S and c-CF-S material. (e) Long-term cyclability and Coulombic 
efficiency of CNT/HCF-S-1 at 0.2 C. The insets are static adsorption test of 
CNT/HCF and c-CF with Li2S6 solution, and the photographs of CNT/HCF 
and c-CF films before and after subjected to vertical pressures. 

current density and stabilize at around 939 and 876 mA·h·g−1 when 
cycled at 0.2 and 0.5 C, respectively. When the current density 
was returned to 0.1 C after cycling at different rates, the specific 
capacity recovered to 1,232 mA·h·g−1, indicating the good stability 
of the CNT/HCF-S-1 during testing at various rates. 

Figure 3(d) shows the cycling performances of CNT/HCF- 
S-1, HCF-S, and c-CF-S. The electrodes are discharged at 0.1 C 
for three cycles to activate the electrode and facilitate the 
wetting of the electrolyte. After activation, the CNT/HCF-S-1 
cathode at 0.2 C shows a relatively good cyclic stability of 
1,101 mA·h·g−1 after 50 cycles. Similarly, the cycling performance 
of HCF-S cathode at 0.2 C shows a good cyclic stability but 
relatively low specific capacity of 899 mA·h·g−1 after 50 cycles 
due to its low conductivity. In contrast, the control sample 
c-CF-S shows a relatively poor cyclic stability of 329 mA·h·g−1 
after 50 cycles. As demonstrated in Fig. 3(e), CNT/HCF-S-1 
cathode showed a high capacity of 1,077 mA·h·g−1 after 100 cycles 
at 0.2 C and a stabilized Coulombic efficiency over 98.5%. 
Such good electrochemical performance of the CNT/HCF-S-1 
electrode could be attributed to the multilevel structure of 
the highly conductive carbon film and highly dispersed sulfur 
that benefits the redox reaction and confinement of sulfur. These 
results are further supported by the electrochemical impedance 
spectroscopy measurements in Fig. S11 in the ESM. The CNTs/ 
HCNF-S-1 shows the lowest charge-transfer resistance com-
pared with HCF-S and c-CF-S, which is very conducive to the 
electrochemical performance. 

Additionally, the CNT/HCF can trap the LiPS effectively 
to inhibit the shuttle reaction and avoid the mass loss of the 
active materials, which is confirmed by the LiPS adsorption 
measurements (the inset in Fig. 3(e)). The Li2S6 solution mixed 
with CNT/HCF carbon film shows much obvious discoloration 
than that mixed with c-CF, indicating that CNT/HCF can 



Nano Res. 2021, 14(5): 1273–1279 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1277 

effectively trap LiPS in the Li-S battery. To figure out the 
high adsorptivity of CNT/HCF toward LiPS, XPS analyses are 
further carried out. The survey spectrum in Fig. 4(a) shows a 
C 1s peak (≈ 284.6 eV), a N 1s peak (≈ 399.0 eV), and an O 1s 
peak (≈ 531.5 eV). The relative atomic contents of C, N, and 
O are calculated to be around 83.24%, 8.22%, and 8.54%, 
respectively. The O element introduced into the CNT/HCF 
can improve the affinity and binding strength of LiPS to the 
carbon film [40]. Besides, the N 1s spectrum is fitted into 
three typical peaks at the binding energy of 398.3, 400.3, and 
402.0 eV (Fig. 4(b)), consistent with pyridinic, pyrrolic, and 
graphitic nitrogen, respectively [41]. Among these nitrogen 
heteroatoms, the pyrrolic-N and pyridinic-N have lone pair 
electron and high electronegativity, which can adsorb positive 
charged Li+ in LiPS by forming LiSnLi+···N binding, thereby 
resulting in an effective trapping of LiPS [42]. 

The CNT/HCF film exhibits robust mechanical properties 
by against the compressive strength up to 2.0 MPa (the inset in 
Fig. 3(e)), therefore it can tolerate the volumetric expansion of 
sulfur during the discharge process. Moreover, the SEM images 
(Figs. 5(a) and 5(b)) of CNT/HCF-S-1 after 50 cycles show 
that CNT/HCF-S-1 retain the original, fibrous, and interconnected 
morphology, indicating the good structural stability of the 

 
Figure 4  (a) X–ray photoelectron spectrum, (b) X–ray photoelectron 
spectrum of N1s for the sample CNT/HCF. 

cathode. The cross-sectional SEM observations of CNT/HCF- 
S-1 after 50 cycles in Figs. S9(d) and S9(e) in the ESM show 
that the electrode becomes denser due to the battery packing 
pressure. Moreover, some sulfur species attached to the HCFs 
(Figs. 5(a) and 5(b) and Figs. S9(e) and S9(f) in the ESM), 
indicating that the active material was kept inside the carbon 
film. The SEM elemental maps of CNT/HCF-S-1 after 50 cycles 
(Figs. 5(d)–5(h)) show that sulfur is still uniformly loaded in 
the carbon film without obvious sulfur-rich area. These results 
indicate the excellent structure stability of the electrode and 
the strong interaction between LiPS with the carbon film. 

For practical applications of an electrode, a high sulfur 
loading is necessary in order to obtain a high overall areal 
capacity of sulfur cathodes. We further evaluated the per-
formances of the electrodes CNT/HCF-S-2 and CNT/HCF-S-3 
with high loading of about 7.3 and 10.2 mg·cm−2, respectively, 
and the results are shown in Fig. 5(i). The CNT/HCF-S-2 and 
CNT/HCF-S-3 deliver high initial discharge capacity of 1,260 
and 1,130 mA·h·g−1 at 0.1 C, respectively, corresponding to 
specific areal capacities of 9.2 and 11.5 mA·h·cm−2. After 30 cycles, 
the CNT/HCF-S-2 and CNT/HCF-S-3 show high capacity 
retention with areal capacities of 7.0 and 9.1 mA·h·cm−2 at 0.2 C, 
respectively (Fig. 5(j)). These results are superior to that of 
commercial Li-ion batteries. After 60 cycles, the CNT/HCF- 
S-2 and CNT/HCF-S-3 still show high capacity retention with 
corresponding areal capacity of 6.9 and 8.9 mA·h·cm−2 at 0.2 C, 
indicating a high cyclic stability of these two electrodes. The 
specific capacity and areal capacity value are at a rather high 
level in comparison to the recent publications showing a sulfur 
loading higher than 3.5 mg·cm−2 as summarized in Fig. 5(k) 
[24, 29, 43–54]. The great capability for sulfur loading and 
satisfactory sulfur electrochemistry of the CNT/HCF-S electrode 
can be ascribed to the following factors: (i) The ultralong and 
chemically welded HCFs with high degree of graphitization 
offer significant long-range, high conductivity and low contact  

 
Figure 5  (a)–(c) SEM images of CNT/HCF-S-1 after 50 cycles and the corresponding element mappings of (d) carbon, (e) nitrogen, (f) oxygen, (g) sulfur,
(h) fluorine. (i) Cycling performance of the cathode CNT/HCF-S-2 and CNT/HCF-S-3. (j) Areal capacities of the three electrodes with different sulfur 
loadings at different cycles. (k) Comparison of areal capacity of this work with that of Li-S batteries from recent publications in which the sulfur loadings 
is higher than 3.5 mg·cm−2. 
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resistance. (ii) CNTs contribute great conductivity and weave 
the HCFs into a self-standing electrode, devoid of polymer 
binders, further improves the conductivity of the cathode. 
(iii) The intertwined CNTs and HCFs not only offer enough 
interconnected and continuous open channels to facilitate fast 
electrolyte ion transportation but also build the robust and 
highly conductive skeleton to ensure the electrode integrity 
during the charge/discharge process. (iv) The N/O dual-doped 
porous HCFs with sufficient internal cavities larger than 50 nm 
ensure a uniform sulfur distribution, strong sulfur confinement 
and high LiPS adsorption capability, and abundant electrode/ 
electrolyte interfaces for reaction of LiPS and precipitation of 
S8/Li2S/Li2S2. 

4  Conclusions 
In this study, we prepared a multilevel structured carbon film 
through chemically welded N/O dual-doped, ultralong hollow 
carbon nanofibers with CNTs together as the self-standing 
sulfur host for Li-S batteries. The carbon film with robust 
and highly conductive skeleton, hollow fibrous structure, and 
interconnected and continuous open channels is particularly 
intriguing to the high sulfur loading. At the same time, oxygen 
and nitrogen doped carbon matrix enables physically and chemi-
cally affinity to sulfur and lithium sulfide species. Attributed 
to these merits, outstanding cyclability with an ultra-low capacity 
decay of 0.115% per cycle over 100 cycles and an ultra-high 
specific areal capacity of 6.4 mA·h·cm−2 were achieved for 
the electrode with sulfur loading of 4.7 mg·cm−2. Even with a 
sulfur loading as high as 10.2 mg·cm−2, the cathode can deliver 
an ultra-high areal capacity of 11.5 mA·h·cm−2 at 0.1 C. This 
work presents a simple but effective welded steel frame-inspired 
strategy to develop multilevel structured sulfur host for Li-S 
batteries, which can also be applied in many other energy 
storage and conversion applications. 
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