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 ABSTRACT 

Lithium–sulfur (Li–S) batteries are receiving increasing attention because of

their high theoretical energy density and the natural abundance of S. However,

their practical applications are impeded by the low areal S loading in the 

cathode and the fatal Li dendrites in the anode of the Li−S cells, which yield an

inferior practical energy density and introduce safety concerns, respectively. In

this review, we focus on an emerging approach—the nanostructured current 

collector—to overcome these two critical challenges for Li−S batteries. We describe

the general attributes of nanostructured current collectors and examine how these

attributes enhance the S utilization with a high S loading and suppress the Li

dendrites by regulating the Li-deposition behavior. We present various assembly

blocks that have been used for the construction of advanced nanostructured

current collectors to build better S cathodes and Li anodes. Finally, we investigate

the current challenges and possible solutions regarding the practical applications

of nanostructured current collectors in Li−S batteries. 

 
 

1 Introduction 

The rapid depletion of fossil fuels and the increasing 

awareness of environmental issues advocate the clean, 

sustainable, and reliable energy sources, as well as 

efficient energy storage and conversion devices [1]. 

As a typical electrical energy-storage device, the 

Li-ion battery (LIB) has emerged as a key technology 

for portable electronics and electric vehicles [2]. The 

rapidly growing market demand for advanced power 

sources has sparked conspicuous efforts to realize 

battery systems with a high energy/power density, a 

long lifespan, an affordable cost, and environmental 

benignity, with the aim of increasing the share of 

electrified transport on the road [3, 4]. To this end, 

seeking high-energy density energy-storage systems 

with great promise to fundamentally accelerate the 

permeation of electrical vehicles into daily life is strongly 

considered [5–7] before and after the artworks. One- 

or two-column format artworks are preferred.  

Lithium–sulfur (Li–S) batteries have gained 

tremendous attention owing to their high theoretical 
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energy density of 2,600 Wh·kg−1 and additional benefits 

such as the affordable cost, natural abundance, and 

environmental benignity of S active materials [8–10]. 

A typical Li–S cell compromises a S cathode, a Li 

metal anode, and a separator immerged in an organic 

electrolyte. In the S cathode, S active materials are 

mixed with an electrical conductor and binder and 

cast on an aluminum (Al) foil as the current collector, 

through which the cathode is connected to an external 

electrical circuit. In the Li metal anode, a copper (Cu) 

foil is a typical anode current collector for the Li 

plating, or more commonly, a piece of Li metal foil is 

applied directly as the anode, but the amount of Li  

is usually larger than that on demand to prevent its 

complete depletion. 

With the sustainable growth of nanoscience and 

nanotechnology, nanomaterials have been introduced 

to enhance the utilization of the active materials in Li–S 

batteries. The rational arrangement and construction 

of various low-dimensional nanomaterials as building 

blocks with two or more levels yield the formation of 

a hierarchical composite electrode and electrolyte 

that can commonly inherit the full benefits of every 

single component. Therefore, the nanocomposite S 

cathode [11–15] and Li metal anode [16] have been 

strongly considered, and Li–S cell systems built on 

nanocomposite electrodes have been widely investigated 

[17–22]. Aiming at the high energy density of a 

packaged Li–S cell, the areal loading of the S and   

Li metal should be increased to contribute an areal 

capacity of >4.0 mAh·cm−2 [23]. The in-demand high 

areal loading electrode is very thick. Enhancing the 

kinetics of the redox reactions and facilitating the 

electron/ion transport on a large length scale are 

great challenges. We should pay attention not only  

to the active materials of the composite but also the 

electrode-scale electronic/ionic pathways that allow 

the efficient transport of feedstock to the active sites. 

The current collector, which is a necessary element in 

a working cell, plays a critical role in determining  

the performance of practical energy-storage devices. 

Nanostructured current collectors that consist of 

three-dimensional (3D) interconnected, conductive 

nanostructured materials can carry electrical power 

from overhead lines or electrode taps to the active 

materials in the electrode. The concept of the use of 

nanostructured current collectors for the outstanding 

manipulation of active materials in a working battery 

has been proposed and explored recently.  

In this review, we summarize the nanostructured 

current collectors that have been constructed via the 

rational integration of low-dimensional nanomaterials 

in the S cathodes and Li anodes of advanced Li–S 

batteries. After a short introduction of the Li–S battery 

system, we organize the review according to the 

material units and functionalities, whereby we hope 

to determine the individual roles of the building 

blocks in nanostructured current collectors for Li–S 

batteries. In addition, we examine the common 

attributes and requirements of the nanostructured 

current collector configuration and components in  

S cathodes and Li anodes and investigate various 

challenges regarding nanostructured current collectors 

for Li–S batteries. 

2 Principle of Li–S batteries 

2.1 General energy chemistry in Li–S batteries 

Li–S batteries are based on the multi-electron redox 

reactions between the S cathode and Li anode. In  

the discharge reaction, Li ions are generated by the 

oxidization of the Li metal anode and reach the S 

cathode through the organic electrolyte and separator, 

while the countercharge electrons arrive in the active 

S via an external electrical circuit and current collectors 

on both sides. The stepwise reduction of S in dis-

charging includes the formation of soluble polysulfide 

intermediates (Li2Sx, 2 < x ≤ 8, LiPS) and insoluble Li 

sulfides (Li2S2/Li2S) [24]. The whole scheme of the 

charge reaction is generally the reverse, i.e., Li2S2/Li2S 

to LiPS to S, but possibly follows different pathways. 

There are many formidable challenges for developing 

a reliable Li–S battery. The highly soluble LiPS in the 

ether-based electrolyte migrates between the S cathode 

and Li anode, causing the notorious “shuttle effect” 

and degrading the electrolyte [8, 25, 26]. In addition, 

the electronic/ionic insulating nature and complex 

electrochemical redox of the S species require appro-

priate host materials for enhancing the interfacial 

charge transfer, withstanding volume variations,  

and regulating the coupled reaction/transport of LiPS 
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[25, 27, 28]. Additionally, the Li metal anode in the 

Li–S battery system encounters Li dendrite formation 

and solid-electrolyte interphase (SEI) instability, which 

lead to serious safety concerns and a low Coulombic 

efficiency, respectively [29–31]. The problems of Li–S 

batteries are schematically illustrated in Fig. 1(a). 

To resolve these issues, nanoscale strategies provide 

various advantages for elucidating the fundamental 

chemistry and designing effective configurations of 

Li–S batteries [32–34]: 

(1) Enhancing electronic conductivity and utilization of 

S active materials. When the S material is confined in 

carbon (C) with nanopores, the electron-transfer and 

Li-diffusion barriers can be significantly alleviated, 

improving the S utilization. In a pioneering demons-

tration of the S/C nanocomposite [35], Nazar et al. 

employed highly ordered mesoporous C as a conductive 

framework to significantly enhance the discharge 

capacity from approximately 460 to 1,000 mAh·g−1.  

 

Figure 1 Schematic illustration of Li–S batteries with (a) 2D planar 
current collectors and (b) 3D nanostructured current collectors. 

(2) Immobilizing LiPS to mitigate shuttle effect. The host 

materials of S with tailored nanoarchitectures not only 

capture LiPS via strong capillary effects but, more 

importantly, also handle LiPS through abundant active 

sites that exhibit lithiophilic and sulfiphilic interactions. 

An abundance of lithiophilic and sulfiphilic sites 

incorporated into the nanocarbon simultaneously solves 

the issues of the insulation of S and the diffusion of 

LiPS [36–39]. 

(3) Regulating Li deposition to prevent Li-dendrite growth 

and stabilize SEI [40–43]. The Li-ion deposition behavior 

can be significantly altered via nanostructured design, 

such as an artificial SEI [44–46], a nanoscale substrate 

[47, 48], or interfacial engineering [49, 50], all of which 

can change the Li nucleation and growth, govern the 

Li ion transportation in the bulk electrolyte, and 

allow the electrode to withstand detrimental volume 

fluctuations. 

2.2 Importance of nanostructured current collectors 

in Li–S batteries with high S loading 

Owing to intensive research, key progress has been 

achieved in both the underlying knowledge and 

innovative nanoarchitectures of Li–S batteries, with 

the goal of targeting at practical realization of Li–S 

batteries [51, 52]. To meet this demand, high S loading 

cathode and efficient Li metal anode are urgently 

required [30, 53, 54]. Generally, slurry was coated  

on planar Al current collectors to build S cathode. 

Although the nanostructured host materials can improve 

the electrochemical performance, the conventional 

cathode based on the planar Al current collector  

faces the challenge of enhancing the S loading over 

6.0 mg·cm−2 [55].  

To overcome the issue of a low S loading, nano-

structured current collectors for S cathodes provide 

an alternative method for considerably boosting the S 

utilization. The advantages of nanostructured current 

collectors for high-S loading cathodes are as follows. 

(1) Maintaining integrity of cathode structure by 

alleviating volume variation. The volume expansion/ 

constriction and LiPS migration in the battery redox 

result in unstable electrode structures in planar current 

collectors. The stable interfacial contact between the 

cathode components and the current collector cannot 
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always be guaranteed during the repeated volume 

variation, which induces the irreversible degradation 

of cathode/current collector interfaces [56, 57]. The 

nanostructured current collectors with superb structural 

flexibility and hierarchical pores provide abundant 

free space to buffer the volume fluctuation and  

thus prevent the structural collapse of electrode upon 

cycling. 

(2) Facilitating redox kinetics via long-range electron- 

transport pathways and unimpeded ion channels of an 

interconnected network. In the typical fabrication of a 

planar electrode, disjunctive electrical conductors such 

as carbon black are mixed with S, commonly causing 

failures in maintaining continuous 3D conductive 

pathways and therefore markedly increasing the 

contact resistance. Nanostructured current collectors 

normally comprise long-range electrically conductive 

backbones, through which rapid electron transport 

can be achieved with a low resistance across the 

entire electrode. On the other hand, for thick planar 

electrodes, interconnected channels for electrolyte 

permeation and ion transportation cannot be built 

throughout the electrode. The migration, redistribution, 

and deposition of dissolved LiPS in these limited ion 

channels are worsened by pore blocking [58]. Unlike 

in planar electrodes, the continuous ion channels in 

nanostructured current collectors provide the active 

materials with sufficient accessibility to the electrolyte. 

These favorable features for electron/ion transport  

in nanostructured current collectors fundamentally 

accelerate the transport kinetics, especially in the 

operation under high current densities. 

(3) Increasing overall energy density of battery attributed 

to lightweight of nanostructured current collectors. The 

Al current collector on the cathode side is usually 

approximately 10 μm thick, with an areal density of 

4.2 mg·cm−2. This Al sheet is a heavy component in 

cathode, which accounts for ~35 wt.% of the total 

cathode, assuming an S loading of 4.0 mg·cm−2 in the 

cathode. Additional inactive components (e.g., binder 

and conductive agent) further reduce the actual fraction 

of the active materials in the electrode. In contrast, 

carbonaceous current collectors have a very low areal 

density compared with Al metal sheets, and most 

nanostructured current collector electrodes avoid the 

use of a large fraction of inactive components. Therefore, 

these merits can further increase the energy density 

of a Li–S battery. 

(4) Mediating LiPS by spatial barrier and chemical 

binding. The electrode based on the planar Al current 

collector with a relatively high S loading cannot provide 

sufficient active sites for binding with LiPS. Accordingly, 

the flood of dissolved LiPS cannot completely return 

to the original conductive sites of the framework in 

the re-deposition process. The accumulation of solid 

insulating products far from the conductive framework 

eventually develops into “dead S”, leading to con-

siderable performance deterioration. Benefiting from 

the hierarchical pores, the nanostructured current 

collectors exhibit unique spatial confinement on  

LiPS and diminish the “dead S” with the aid of the 

surrounding highly conductive network. By being 

elaborately decorated with strong LiPS binding sites 

such as doped heteroatoms, the nanostructured currents 

collectors provide additional accessible sites on the S 

host and are thus capable of anchoring the flood of 

LiPS through chemical binding [59]. 

(5) Enhancing chemical stability of electrode by suppressing 

side reactions. The commonly used organic electrolyte 

in Li–S batteries contains corrosive bis(trifluorome-

thanesulfonyl) imide (TFSI) anions that can react with 

Al: Al + 3TFSI− = Al(TFSI)3 + 3e− [60, 61]. This reaction 

may be serious at high S loading because of the 

demand for an adequate electrolyte to achieve an 

acceptable capacity. The chemical instability of Al in 

the electrolyte causes the structural degradation    

of electrodes and introduces safety issues owing    

to the vigorous exothermic reaction between Al and  

S. Nanostructured current collectors with an inert 

nature to electrolyte exhibit long-term cyclability 

without the pulverization that commonly occurs in 

Al-based electrodes undergoing continuous corrosion. 

2.3 Concept of nanostructured current collectors 

in dendrite-free Li metal anode 

The Li metal anode is indispensable for Li–S batteries, 

and it is currently considered as the bottleneck    

for the development of high-energy Li–S batteries, 

exceeding the performance of state-of-the-art LIBs  

[54, 62]. The primary issues of Li metal anodes are the 

instability of the SEI and the parasitic formation of Li 
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dendrites, which are responsible for a low Coulombic 

efficiency and safety concerns, respectively [63].  

Generally, the Li dendrite formation is attributed  

to the uneven distribution of Li plating induced by 

the inhomogeneity of the electric field. The pristine 

protrusions on the surface of Li metal initially induce 

a significantly higher electric field at their tips than  

in nearby areas, which is known as the “tip effect”. 

Therefore, the tips of the protrusions attract Li ions 

from the bulk electrolyte. The accumulation of Li along 

the axial direction finally develops into Li dendrites, 

which may impale the separator of the cell and cause 

short circuits or even flaming. In addition, the unstable 

SEI generated from the side reactions between the Li 

metal and the electrolyte continuously expose fresh 

Li to the electrolyte and thus consume and etch the  

Li metal foil, which accounts for the low cycling 

efficiency of the Li metal anode [64, 65].  

To realize high-energy and high-safety battery 

systems, the inhibition of Li dendrites and the 

stabilization of the SEI are strongly considered. Nano-

structured current collectors have attracted tremendous 

attention because of their unique hierarchical structures 

and tunable interfacial properties, which have promise 

for manipulating the Li deposition behavior. The 

principles of controlling the Li deposition via engineered 

nanostructured current collectors are summarized as 

follows. 

(1) Reducing local current density by providing large 

surface area. Sand’s time model can be employed to 

predict the start of the Li-dendrite growth [66–68]. 

According to this model, reducing the local current 

density increases the Sand’s time and postpones   

the Li dendrite growth. For nanostructured current 

collectors with a large specific surface area and 

conductive nature, the local current density can be 

reduced by several orders of magnitude compared 

with that of a flat Li anode. The considerable reduction 

of the local current density significantly extends the 

Sand’s time and suppresses the Li-dendrite growth. 

(2) Guiding Li ion-deposition sites through lithiophilic 

sites or electric field. As previously discussed, the origin 

of the Li-dendrite growth is the protrusions that 

cause the inhomogeneous electric field near the Li 

metal surface. If the surface of nanostructured current 

collectors is deliberately engineered with a lithiophilic  

nature, the Li ions tend to deposit uniformly rather 

than dendritically [42, 69]. The electric field can    

be altered by introducing numerous protrusions on 

nanostructured current collectors [70], which creates 

abundant charged centers for Li nucleation. A 

homogenously distributed electric field can be generated, 

yielding a dendrite-free Li metal anode. 

(3) Accommodating volume fluctuation through free 

space. The Li metal anode virtually undergoes infinite 

volume variation during Li plating/stripping [41, 71]. 

Such a large volume change leads to the continuous 

formation and breaking of SEI, which is the main 

cause of the low Coulombic efficiency. The free space 

in nanostructured current collectors serves as Li ion 

reservoirs and then alleviates the volume change, 

protecting the vulnerable SEI from damage. 

Owing to their intriguing hierarchical structure, 

unique electron/ion transport pathways, effective LiPS 

modulation, and efficient Li-ion deposition direction, 

nanostructured current collectors have emerged as 

critical components for addressing the problems of both 

cathodes and anodes, paving a new way to explore 

and realize high-energy density Li–S batteries. The 

advantages of nanostructured current collectors are 

schematically depicted in Fig. 1(b). In the following 

section, we provide detailed examples to illustrate the 

rational design of nanostructured current collectors 

in S cathodes and Li metal anodes.  

3 Nanostructured current collectors for S 

cathode 

Nanostructured current collectors assembled from 

diverse building blocks—such as one-dimensional (1D) 

C nanotubes (CNTs) [72–74], two-dimensional (2D) 

graphene [53, 75–78], CNTs integrated with graphene 

[79], carbon nanofibers (CNFs) [73, 80–85], conductive 

polymers [86], and metal/metal oxides [87–89] are 

attractive for achieving high S loading in advanced 

Li–S batteries, and their application may extend to 

other areas, such as flexible and wearable devices [90]. 

The predominant attributes of nanostructured current 

collectors arise from their impressive long/short 

mixed electron/ion transport pathways in hierarchical 

structures, high electrolyte permeation for active- 

material accessibility, and mechanical robustness  
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without the assistance of a binder, all of which 

comprehensively ensure good “3H” characteristics, 

i.e., high areal S loading, high S content, and high S 

utilization. High S loading is commonly achieved by 

increasing the thickness of the electrode, whereby 

the areal capacity and the total energy density of the 

cell are appreciably enhanced. Using nanostructured 

current collectors, a thick electrode can be constructed 

without sacrificing kinetic features, and the absence of 

electrode ingredients (e.g., binder, conductor, Al foil) 

contribute to the areal S loading. The high S content 

is another important parameter for assessing the S 

electrode, as a high S content means a low amount 

of non-active materials, which can decrease the 

production cost. Nanostructured current collectors 

normally contain hierarchical pore structures that 

provide favorable and sufficient space to absorb a 

large amount of S, yielding a high S content for   

the electrode and preserving the rapid electron/ 

ion-conducting pathway. An urgent issue for the S 

cathode is the low S active-material utilization. This 

problem is serious for designing S cathodes with  

the 3H characteristics. The hierarchical pores in 

nanostructured current collectors provide abundant 

multi-level S reservoirs for the dispersal of S on the 

nanoscale and thus expose adequate reaction interfaces. 

The crosslinked ion channels and electron backbones 

of the nanostructured current collector, via coupling 

with the nanoscale S and sufficient reaction interfaces, 

can provide the active S material with excellent 

ion/electron access, enhancing the participation of the 

S reaction. Moreover, with the finely engineered surface 

affinity to LiPS, nanostructured current collectors 

have great promise for confining LiPS, allowing the 

long-term cycling of Li–S batteries. 

3.1 CNTs 

The most widely employed building blocks of nano-

structured current collectors for Li–S batteries are  

1D CNTs. The properties of CNTs—including their 

extraordinary electrical conductivity, high aspect ratio, 

and mechanical strength—endow them with ease of 

assembly, superb flexibility, and electron transport 

channels satisfying the critical multi-demands of S 

cathodes. CNT-based nanostructured current collectors 

with various arrangements and combinations—such as 

vertically aligned CNTs (VACNTs) [74, 91, 92], CNT/ 

graphene [32, 79, 93, 94], and CNT/porous C [34]—have 

been fabricated for application in Li–S batteries, 

demonstrating their flexibility and effectiveness as 

efficient 3D current collectors satisfying the 3H 

requirements of S cathodes. 

Nanostructured current collectors constructed using 

VACNTs were first used for an S cathode by Barchasz 

et al. (Fig. 2(a)) [73]. Owing to their large surface area, 

excellent electrical and mechanical properties, and 

highly anisotropic and tunable characteristics, the 

VACNTs were expected to increase the available surface 

area of the S electrode and mitigate the morphological 

deformation during cycling. The initial discharge 

capacity of the fabricated electrode was increased to 

1,300 mAh·g−1. However, as clearly shown in Fig. 2(a), 

the cell polarization of the VACNT-based S cathode 

was as large as 0.2–0.5 V during the discharge process 

and 0.7 V during the charge, with respect to the 

reference S cathode. Such large polarization was 

attributed to the sluggish electrolyte permeation, which 

was slowed by the dense VACNT “forest”. This  

result highlights the importance of engineering the 

distribution and surface properties of CNTs for fully 

exploiting these materials. 

According to this direction, the rational design of 

nanostructured current collectors based on CNTs was 

performed in our recent study by considering the 

origin of the enhanced cycling stability for high-S 

loading Li–S batteries [95]. This work demonstrated 

the essential role of the chemical resistivity to    

the electrolyte and macroscopic porosity of current 

collectors in the cycling stability of Li–S batteries  

(Fig. 2(b)). The innovative results revealed that the 2D, 

flat Al foil lacked macroporosity and suffered from 

severe corrosion in the ether-based electrolyte. The 

side reactions among Al, LiPS, and the electrolyte 

induced the formation of a passivation layer between 

the cathode and the separator. After cycling, the Al foil 

was pulverized, and the cathode was easily delaminated 

from the Al current collectors. The replacement of  

the Al foil with 2D graphene foam (GF) guaranteed 

no corrosive behavior, owing to the high chemical 

stability and good surface adhesion. However, a 

passivation layer still formed, as a result of the 2D 

nonporous feature of GF. Interestingly, a 3D CNT 
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film with abundant macropores exhibited no corrosion 

and considerably alleviated the passivation of the 

cathode. By using CNT nanostructured current 

collectors, corrosion and passivation issues can be 

simultaneously addressed without other configurational 

modifications, such as inserting an interlayer between 

the cathode and the separator. The maximum cycling 

performance was achieved after 950 cycles with a 

very low decay rate of 0.029% and high S loading of 

>3.7 mAh·cm−2. 

Embedding S into CNT-assembled nanostructured 

current collectors yields a mechanically robust high-S 

loading electrode. However, balancing the high areal 

S loading capability and the high utilization efficiency 

of the active materials in a hierarchical architecture 

remains a major challenge in the design of high- 

performance Li–S batteries. To this end, the integration 

of short CNTs into a super-long CNT matrix is 

another method for designing nanostructured current 

collectors for high S loading and utilization efficiency 

[96]. In this 3D electrode, short multi-walled CNTs were 

employed as the short-range electrical conductive 

framework for S accommodation, and the super-long 

CNTs served as both the long-range conductive 

network and the intercrossed mechanical scaffold. 

The diverse levels of the CNT scaffold united the 

conductive scaffold and well-dispersed active materials, 

providing multiple benefits: good electrical contact, 

highly efficient electron pathway, interconnected ion 

channels, abundant space to accommodate a large 

amount of active mass, and favorable mechanical 

durability.  

 

Figure 2 Engineered CNTs as nanostructured current collectors for the S cathode. (a) Left: VACNT structure; right: galvanostatic profiles
of the VACNT-based and S composite-based cells, showing that the VACNT-based cathode has a higher specific capacity. (Reproduced with 
permission from Ref. [73], © Elsevier 2012.) (b) Left: 2D flat Al foil suffers from electrolyte corrosion and a lack of macroporosity, 
which consequently lead to passivation, the pulverization of the electrode, and the delamination of the cathode. Middle: 2D GF exhibits
high chemical stability to the electrolyte but still forms a passivation layer. Right: 3D CNT film suppresses the electrolyte corrosion and
inhibits the passivation. (Reproduced with permission from Ref. [95], © Wiley-VCH 2016.) 
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Porous graphene exhibits a high capability to 

accommodate active S and offers an increased contact 

interface between S and the conductive framework. 

The assembly of CNTs and graphene to construct 

nanostructured current collectors for an advanced  

3D S electrode may bring about the significant 

enhancement of the areal capacity owing to the 

synergistic merits of CNTs and graphene. The optimal 

combination of CNTs and porous graphene nano-

spheres for high-efficiency nanostructured current 

collectors was reported [79]. It was found that the 

porous graphene nanospheres in 3D flexible paper 

functioned as effective nano-reservoirs with regard to 

LiPS because of their high accommodation capability 

to S and tunable surface properties, while the super- 

long CNTs served as a conductive backbone, facilitating 

long-range electron transport, electrolyte penetration, 

and mechanical robustness, which allowed the con-

struction of an advanced flexible paper cathode for 

Li–S batteries with a high areal capacity. The obtained 

flexible cathode had an ultra-low decay rate of 0.022% 

over 500 cycles and a high Coulombic efficiency 

above 99%. 

CNT-based scaffolds that combine high electron 

conductivity and LiPS chemisorptivity provide another 

effective route for obtaining satisfactory S utilization 

and impeding the notorious LiPS. Heteroatom doping 

and the integration of metal oxides have proven 

fruitful for this purpose [27, 97, 98] because of the 

sufficient anchoring sites for LiPS. The hybrid cathode 

consisting of CNTs and hollow TiO2 recently reported 

by Sun et al. exhibited high performance because of 

the containment of S in the TiO2 and the improved 

Li–ion and electron transport. TiO2 has been widely 

studied as a LiPS-adsorption agent because of its strong 

chemical binding [27, 99]. Owing to the functionalities 

of the units in the hybrid cathode and the unique cell 

configuration, the Li–S cell exhibited a long cycle life, 

high efficiency, and high rate capability. 

The remarkable improvement of the electrochemical 

performance of the S cathode by employing the CNT 

current collector is ascribed to (1) the hierarchical 

pores constructed by self-assembly, which accommodate 

a large amount of S; (2) the rapid charge transfer across 

the whole electrode caused by reducing interfacial 

joints, which are inevitable in networks consisting  

of carbon black; (3) the extraordinary ion-transport 

channels owing to the meso/macroporosity of the 

self-woven morphology; (4) the ease of ion accessibility 

due to the large contact area between the electrolyte 

and the S active materials; (5) the high chemical 

inertness to the electrolyte during operation, which 

prevents side reactions; (6) the excellent mechanical 

strength, which prohibits mechanical degradation; 

and (7) the light weight, which improves the specific 

energy of the whole electrode/cell. The use of CNT 

nanostructured current collectors represents a typical 

binder-free S cathode with high areal S loading and 

exhibits remarkable electrochemical performance over 

a S electrode based on 2D Al foil. However, the limited 

accessibility to the inner space of the CNTs for active 

S cannot fully demonstrate the superiority of CNTs. 

Therefore, integration architectures combining long 

CNTs and other types of carbonaceous materials such 

as carbon black and porous graphene allow all the 

advantages of the functional units of nanostructured 

current collectors to be feasibly exploited.  

Despite their high electrical conductivity, the exclusive 

adoption of CNTs as a host material results in an 

inferior interfacial affinity to polar LiPS because of the 

nonpolar nature of CNTs, whereas the suppression of 

the LiPS migration heavily relies on the chemical 

bonding, which often occurs in the interface between 

the host materials and the LiPS. Accordingly, the 

surface modification of CNTs and the rational integration 

of CNTs with other anchoring sites (e.g., heteroatoms 

[97, 98], TiO2 [99], carbides [100], or polypyrrole [101]) 

are effective to retard the shuttle of LiPS in operating 

Li–S batteries. A typical example of the surface 

modification of CNTs is the incorporation of N atoms 

into the CNT surface, which enhances the chemisor-

ptivity of LiPS via a dipole–dipole electrostatic 

interaction and is a fruitful route to mitigate LiPS 

migration [98]. In addition to the structure and surface 

modification of CNTs, the ratio of the electrolyte to S 

should be optimized to obtain a high S utilization 

[102]. If the energy-density goal of a Li–S cell is set  

as 350 Wh·kg−1, the ratio of the electrolyte to S is 

recommended to be <3.5 in most cases [103]. 

3.2 Graphene 

Owing to its unique characteristics—such as its high 
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conductivity, large specific surface area, excellent 

chemical stability, super mechanical strength, and 

tunable heterogeneous surface—2D graphene with 

atomic-scale thickness is gaining attention for Li–S 

batteries. To build nanostructured current collectors, 

graphene is processed into macroscopic forms with 

acceptable mechanical strength to disperse S, allow 

electrolyte penetration, and achieve high electrical 

conductivity. Various graphene assembly structures 

have been reported, such as sponges [75], aerogels 

[104], papers [77], frameworks [105], and porous foams 

[53, 76]. Cheng et al. designed a novel sandwich 

structure of pure S between two graphene membranes 

[78]. One graphene membrane was used as a current 

collector, with S coated on it as the active material, 

and the other graphene membrane was coated on   

a commercial polymer separator (G-separator). The 

unique sandwich structure could accommodate the 

large volume fluctuation during cycling and provide 

S reservoirs to mitigate the LiPS transport. The multiple 

functions of the graphene sandwich electrode yielded 

good cyclic performance, with capacity retention of 

680 mAh·g−1, a Coulombic efficiency of >97%, and 

capacity decay of 0.1% per cycle after 300 cycles. 

To further mitigate the LiPS diffusion towards  

the anode, the interfacial properties of graphene can 

be elegantly tuned by using heteroatom dopants to 

induce strong chemical binding with LiPS through 

“lithiophilic” and “sulfiphilic” interactions [36, 106]. 

For example, a 3D graphene architecture assisted 

with favorable interfacial properties toward LiPS was 

anticipated to display additional functions, yielding 

high-performance Li–S batteries. Additionally, a 3D 

graphene aerogel with different heteroatoms was 

fabricated via a facile hydrothermal method and served 

as an interconnected scaffold for loading Li2S through 

a liquid infiltration–evaporation coating technique 

owing to its high liquid-absorption ability (Fig. 3(a)) 

[104]. A 3D Li2S/N-doped graphene electrode exhibited 

stable cycling performance with a discharge capacity 

of 657 mAh·g−1 in the initial cycle and a capacity of 

403 mAh·g−1 after 300 cycles, with an average capacity  

 

Figure 3 Graphene with a 3D structure for the S cathode. (a) Right: fabrication of a Li2S/graphene composite; top-right: photos of 
graphene hydrogels; bottom-right: cycling performances at 0.3 C. (Reproduced with permission from Ref. [104], © Wiley-VCH 2016.)
(b) Left: fabrication of 3D GF–rGO hybrids; top-right: SEM image of the 3D GF–rGO hybrid macrostructure, revealing a hierarchical 
network structure with good contact between the GF framework and the nested rGO aerogels; bottom-right: the areal capacity of the 
GF–rGO/S cathode with 9.8 mg·cm−2 S loading and 83 wt.% S content and the areal capacity of the LIB cathodes. (Reproduced with 
permission from Ref. [76], © Wiley-VCH 2016.) 
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decay of 0.129% per cycle. The enhanced cyclability 

was attributed to the (1) strong interactions between the 

doped graphene and Li2S/Li2Sx intermediate species, 

which reduced the LiPS dissolution; (2) the unique 

cross-linking of the porous structure, which facilitated 

rapid electron and ion transport; and (3) the complete 

Li2S coating on the flexible graphene, which accom-

modated any stress or volume change during the 

cycling and reduced the initial potential barrier of 

Li2S. Ren et al. synthesized a 3D hybrid hierarchical 

network containing highly conductive chemical vapor 

deposition-grown GF nested with a reduced graphene 

oxide aerogel (GF–rGO) as a current collector (Fig. 3(b)) 

[76]. This nanocarbon hybrid combined the merits  

of graphene, rGO, porous materials, and a 3D inter-

connected network structure for Li–S batteries. 

GF–rGO/S cathodes with an S loading of 9.8 mg·cm–2 

and S content of 83 wt.% exhibited a very high areal 

capacity of 10.3 mAh·cm−2 at 0.2 C. The combination 

of 3D graphene with other polar substrates (e.g., 

metal–organic frameworks [107], carbides [108, 109], 

sulfides [110], and nitrides [111]) and porous interlayers 

[112–116] can provide anchoring sites to fix the  

LiPS intermediates in Li–S cells, yielding the high 

utilization of the S cathode. 

The 3D graphene framework is a promising nano-

structured current collector for Li–S batteries. However, 

the accurate handling of the desired functional groups 

on the graphene sheet is very challenging. There are 

many bottlenecks for the large-scale production of 

3D graphene frameworks at a low cost. 

3.3 CNFs 

CNFs are another type of 1D nanomaterials. They 

attract particular attention for energy-storage devices 

because they are inexpensive and widely available 

compared with CNTs and offer extraordinary mechanical 

strength and good electrical/thermal conductivity.  

In addition, the surface decoration and porosity 

engineering of CNFs endow them with novel charac-

teristics, such as a large surface area, hetero-doping- 

induced properties, and a unique core–shell structure. 

Because of these fascinating properties, CNFs have 

great potential for S 3D electrodes.  

Chung and Manthiram [117] proposed the use of 

interwoven carbon fibers with carbon nanofoam as  

a nano-cellular C-based current collector in Li–S 

batteries. The nanofoam was employed as a reservoir 

to accommodate S and LiPS for stabilizing the redox 

reaction in the cathode region. The direct infiltration 

of S into CNF scaffolds is a straightforward method 

for constructing a 3D S electrode. The good conduc-

tivity and crosslinked pores of CNFs yield high S 

loading and a high S utilization efficiency. Miao et al. 

[80] synthesized a carbon fiber cloth–S (CFC–S) com-

posite with a high capacity per area (>7 mAh·cm−2) 

and high S loading (6.7 mg·cm−2). The carbon fibers 

were constructed using hollow fibers, and the active 

S material embedded inside and outside of the 

carbon fibers (Fig. 4(a)) ensured high S loading. 

To enhance the conductivity of the S-CNF electrode 

and obstruct LiPS diffusion, porous carbon was 

employed to facilitate interfacial charge transfer and 

localize LiPS through special confinement. Manthiram 

et al. [84] prepared a porous carbon current collector 

by mixing porous carbon with CNFs to achieve     

a high-performance Li–S battery in a cost-effective 

manner (Fig. 4(b)). The intimate contact between  

the coalescing carbon fibers and the active material, 

which was also wrapped by the nanocarbon particles, 

resulted in a high discharge capacity. In addition,  

the high electrolyte absorptivity kept the dissolved 

polysulfides within the cathode structure, yielding a 

high cycle stability. Consequently, the nanostructured 

current collectors with S contents of 70% exhibited  

a longer cycle life with a higher discharge capacity 

(900 mAh·g−1) and Coulombic efficiency (>94%) com-

pared with the Al foil current collect system, which 

suffered from severe capacity fading. A similar strategy 

was reported by Li et al. [82]. In this study, instead  

of uniting the carbon black and the CNF matrix, a 

carbon black nanoparticle film was added on top of 

the CNF matrix, which not only reduced the LiPS 

migration from the cathode to the anode but also 

enhanced the integrity of the whole cathode structure. 

A reversible capacity of 302 mAh·g−1 over 1,000 cycles 

was achieved at 1.5 C with high S loading of      

6.7 mg·cm−2. 

The assembly of CNFs with sp2 graphene offers  

the possibility to further demonstrate the benefits of 

nanostructured current collectors for high-S loading 

cathodes owing to their excellent affinity to LiPS 
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through the handling surface properties of graphene. 

Lou et al. proposed a “pie”-structured electrode 

comprising a lotus root-like multichannel CNF “filling” 

and an amino-functionalized graphene “crust” to 

balance the gravimetric and areal energy densities of 

Li–S batteries [81].  

To achieve CNFs with a high-efficiency S host, it  

is highly desirable to modify the pore structures to 

fully exploit the advantages of nanostructured current 

collectors with CNF units [118]. Recently, CNFs 

combining hydroxyl functional groups and parallel 

mesoporous channels connected with micropores 

(Fig. 4(c)) were prepared for solving the critical 

problems of Li–S batteries, such as the rapid capacity 

fading and low S utilization [119]. In this architecture, 

a mesoporous multichannel enhanced the active- 

material utilization and S loading, while the micropores 

acted as a reaction chamber for the S component and 

trap sites for LiPS with the assistance of the functional 

groups that enhanced the interaction between S   

and C. The construction of nanostructured current 

collectors with CNFs resulted in a remarkable rate 

 

Figure 4 CNFs with various arrangements for S cathode. (a) SEM images and EDX mapping of the cross-section of CFC–S 
composite (S is yellow, and C is red), with S loading of 6.7 mg·cm−2. (Reproduced with permission from Ref. [80], © Royal Society of 
Chemistry 2014.) (b) Porous C current collector to achieve a highly conductive CNF-based S electrode. (Reproduced with permission 
from Ref. [84]. © Elsevier 2014.) (c) Left: scheme of the fabrication steps for the S embedded CNFs with activated multichannels;
top-right: N2 isotherm curves for CNFs; bottom-right: TEM images of the activated multichannel CNFs. (Reproduced with permission 
from Ref. [119], © Wiley-VCH 2017.) 
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capability (847 mAh·g−1 at 5 C) and long cyclability 

(920 mAh·g−1 after 300 cycles at 0.2 C, decay of 0.07% 

per cycle) at S loading of 2.2 mg·cm−2. Recently, Cao 

et al. [120] fabricated a flexible elastic carbon current 

collector via the direct carbonization/pyrolysis of 

polyurethane foam, exhibiting a large reversible capacity 

of 1,124 mAh·g−1 at 0.5 C. Another chemically bonding 

the LiPS to both S, N-doped carbon paper/porous 

carbon current collector was proposed by Wang et al. 

[121] to suppress the shuttling of LiPS intermediates 

and maintain the seamless electronic/ionic connection 

during repeated cycling. Additionally, 3D activated 

carbon fiber with continuous conductive scaffolds and 

abundant internal space was employed as a current 

collector in a foldable S cathode [122].  

Owing to the bulk production of CNFs, CNF nano-

structured current collectors have potential for achieving 

high S loading cost-effectively. Similar to 1D CNT 

scaffolds, CNF-assembled nanostructured current 

collectors faces the problem of the poor utilization of 

inner channels. Consequently, post-engineering con-

siderations are recommended for increasing the S 

accessibility. Research on the connecting lugs may 

extend the applicability of CNF nanostructured current 

collectors for S cathodes. 

3.4 Metals 

The 3D metal current collector and its composites have 

been regarded as critical substrates for the fabrication 

of high-S loading electrodes. Porous metal current 

collectors have intrinsic advantages, such as high 

conductivity, good flexibility, and unique processability. 

To date, engineered porous Ni [87] and Al [89] foams 

have been successfully employed to enhance the areal 

S loading while achieving acceptable integration to 

avoid the severe detachment of the active material from 

the current collector. When S was directly loaded on 

the Ni foam (Fig. 5(a)) [87], the conducting network 

was expected to improve the electrical conductivity 

of the cathode, and macroscopic pores served as 

containers to accommodate the active material, retaining 

the polysulfides in the cathode region during the 

charge/discharge process. With these Ni foam nano-

structured current collectors, the 3D S electrode exhibited 

an average discharge capacity of >810 mAh·g−1 for  

50 cycles and maintained 85% of its initial capacity 

after two months of resting. 

The combination of porous metal and 1D CNTs is a 

promising method for building better Li–S batteries, 

with respect to the S loading, electrical conductivity, 

and battery design. Huang et al. proposed 3D Al 

foam/CNT scaffolds as long- and short-range electron 

pathways with improved S loading for high-energy 

density Li–S batteries (Fig. 5(b)) [89]. In the hybrid 

architecture of the 3D Al foam and the CNT framework, 

long-/short-range scaffolds provided electron pathways 

through the hierarchical point-line-plate contact, and 

the vast void space created by the Al foam and 

curved CNTs accommodated a large amount of active 

materials. This unique electrode configuration facilitated 

the redox kinetics of the S cathode by shortening the 

Li+ diffusion pathways and reducing the chemical 

resistances through interconnected channels. Thus, 

the S loading amount on the novel nanostructured 

current collectors can be as large as 12.5 mg·cm−2, 

and a high initial discharge capacity of 6.02 mAh·cm−2 

(860 mAh·g−1) was achieved on an electrode with 

improved S loading of 7.0 mg·cm−2. 

Direct adhesion of S to the metal substrate is an 

effective method for shortening the time-consuming 

manufacturing process of the S cathode and increasing 

the contact area between the S and the matrix. Chen 

et al. [123] proposed an electrodeposition method for 

obtaining S nanodots on flexible Ni foam (Fig. 5(c)). 

The S nanodots, which had an average size of   

2 nm, electrodeposited on the Ni foam were easily 

transformed into Li2S nanodots 3.7 nm in size. The 

well-preserved nanomorphology was believed to 

give rise to a similar conversion mechanism between 

electrodeposition and the discharge−charge process. 

An electrochemical test revealed that the prepared S/Ni 

foam electrode had a high rate capability (521 mAh·g−1 

at 10 C) and long-term cycling stability (895 mAh·g−1 

after 300 cycles at 0.5 C). The distributed and well- 

preserved nanodots contributed to these excellent 

electrochemical properties. 

The designed pores in metal nanostructured current 

collectors introduce several additional merits: (1) They 

use the free space in the nanostructured current 

collectors to increase the S loading; (2) they increase 

the adhesion of S to the nanostructured current 

collectors via friction among the contact interfaces;  



 

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

13 Nano Res. 

(3) they reduce the heavy-metal usage to enhance the 

total energy density of the Li–S batteries; and (4) they 

connect the lug to the external circuit, which plays a 

vital role in the design of practical Li–S batteries. 

Recent investigations revealed that metals and metal 

sulfides exhibit catalytic activity to mediate LiPS 

and mitigate their shuttle effect [88, 124, 125]. This 

two-in-one strategy provides new insight for designing 

effective nanostructured current collectors for efficient 

S cathodes. As previously discussed, metal current 

collectors suffer from corrosion in ether-based 

electrolytes because of side reactions, which are 

especially severe under high S loading conduction. 

Under these circumstances, the strategies that protect 

the metal substrate from corrosion become mandatory 

to endow metal nanostructured current collectors 

with potential for high-energy Li–S batteries. 

In summary, nanostructured current collectors com-

prising various building blocks have proven to be 

very fruitful for the design of high-energy density 

Li–S batteries, fulfilling the requirements of the 3H S 

cathode (Table 1). The rational integration of conduc-

tive carbonaceous materials and anchoring additives, 

as well as their modification via heteroatoms, is a 

promising strategy for obtaining Li–S batteries with a 

long cycling life, good rate capability, and high energy 

 

Figure 5 3D metal current collectors for the S cathode. (a) Left: illustration of the 3D S/Ni foam electrode fabrication; top-right: SEM 
image of 3D Ni foam matrices; bottom-right: SEM image of the 3D S/Ni foam electrode. (Reproduced with permission from Ref. [87],
© Elsevier 2013.) (b) Left: SEM images of Al foam current collectors with the CNT/S cathode; right: the electrochemical performance of
S/Al foam/CNT with a S content of 7.0 mg·cm−2. (Reproduced with permission from Ref. [89], © Elsevier 2015.) (c) Fabricating S nanodots 
on Ni foam via electrodeposition. (Reproduced with permission from Ref. [123], © American Chemistry Society 2014.) 
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density. The elucidation of the operating conditions of 

Li–S cells via operando characterization can provide 

insights for the fabrication of efficient S cathode-based 

nanostructured current collectors. 

4 Nanostructured current collectors for 

dendrite-free Li metal anode 

The Li anode is crucial for high-energy density Li–S 

batteries. However, it faces a virtually infinite relative 

volume change during Li plating/stripping owing  

to its non-host characteristic, which results in the  

instability of the SEI layer, the consumption of the 

electrolyte, a low Coulombic efficiency, and a short 

lifespan [126–128]. Moreover, Li dendrites generated 

by the heterogeneous deposition process cause dead 

Li, increase the polarization, and—more severely, 

short the cell and cause fire [79, 129, 130]. In addition 

to optimizing the electrolyte composition [129, 131, 132] 

and slowing the Li metal anode etching by regulating 

the diffusion of polysulfides [133–137], fabricating a 

multifunctional matrix to regulate the Li-ion plating/ 

stripping behavior and mitigating the adverse volume 

fluctuation are considered as essential strategies for  

Table 1 Summary of nanostructured current collectors in S cathodes for Li–S batteries 

Nanostructured current collector 
S loading & S content in 

cathode by weight  
(mg·cm−2) & (%) 

Electrochemical performance 
(initial capacity (mAh·g−1) & cycles)  

& decay rate claimed (per cycle) 
Ref.

VACNT with PEG barrier 2.5 & (= 40%) 945 (62.3% after 100 cycles) at 0.1 C (0.38%) [74]

CNT N/A & (= 69%) 1,300 (46.2% after 40 cycles) at 1/13 C (1.3%) [91]

Porous CNT N/A & (= 70%) 1,109 (68.5% after 100 cycles) at 0.1 C (0.31%) [91]

CNT/graphene 2.3 & (= 60%) 953 (93.4% after 50 cycles) at 1.67 A·g−1 (0.06%) [32]

CNT/graphene nanosphere 1.1 & (= 64%) 829 (89.0% after 500 cycles) at 0.5 C (0.02%) [79]

CNT/graphene N/A & (= 50%) 1,048 (56.7% after 1,000) at 1 C (0.041%) [93]

CNT/graphene 1.0 & (= 50%) 1,070 (62.6% after 80) at 0.2 C (0.48%) [94]

Graphene/CNT@ porous carbon N/A & (= 69.3%) 1,050 (86.8% after 150 cycles) at 1 C (0.088%) [34]

3D CNT film 3.9 & (= 64%) 800 (71.8% after 950 cycles) at 0.5 C (0.029%) [95]

CNT paper 6.3 & (= 63%) 995 (70.4% after 150 cycles) at 0.05 C (0.2%) [96]

CNT/TiO2 0.98 & (= 70%) 1,510 (38.1% after 250 cycles) at 0.5 C (0.24%) [99]

3D N2/S-codoped graphene sponge 4.6 & (= N/A) 925 (72.4% after 500 cycles) at 0.5 C (0.078%) [75]

N2-doped graphene paper 1.06 & (= 66%) 900 (74.4% after 100 cycles) at 0.5 C (0.25%) [77]

Graphene foam 10.1 & (= N/A) 1,000 (44.8% after 1,000) at 1,500 mA·g−1 (0.07%) [53]

3D graphene-foam-reduced-graphene-hybrid 9.8 & (= 83%) 1,000 (64.5% after 350 cycles) at 0.2 C (0.08%) [76]

3D doped graphene aerogel 2 & (= 55%) 657 (61.3% after 300 cycles) at 0.5 C (0.129%) [104]

Nano-cellular CNF 2.2 & (= N/A) 1,314 (84.2% after 50 cycles) at 0.1 C (0.32%) [117]

CNF 6.7 & (= N/A) 1,156.0 (8th cycle) (95.2% after 50 cycles) at  
0.3 mA·cm−2 (0.1 %) 

[80]

Porous carbon  2.3 & (= 80%) 1,200 (75.0% after 100 cycles) at 0.1 C (0.25%) [84]

CNF-porous carbon paper 6.7 & (= 80%) 709 (42.6% after 1,000 cycles) at 1.5 C (0.057%) [82]

CNF 3.6 & (= 80%) 1,215 (78.2% after 200 cycles) at 0.2 C (0.1%) [81]

Activated multichannel CNF 2.2 & (= N/A) 1,351(68.1% after 300 cycles) at 0.5 C (0.07%) [119]

N-doped carbon foam 1.2 & (= N/A) 1,124 (80.3% after 100 cycles) at 0.5 C (0.2%)  [120]

N, S co-doped carbon paper 9.0 & (= 64.8%)  1,013 (77.9% after 300 cycles) at 0.25 C (0.074%)  [121]

3D nickel foam N/A & (= 70%) 782 (92% after 50 cycles) at 0.2 C (0.16%) [87]

Al foam/CNT 12.5 & (= N/A) 3.12 mAh·cm−2 (81% after 70 cycles) at 2.09 mA·cm−2 [89]
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suppressing Li dendrites and stabilizing the Li 

interfacial chemistry for achieving long-lifespan and 

safe Li–S batteries.  

Nanostructured current collectors with appealing 

hierarchical structures and tunable chemical groups 

have emerged as promising auxiliary materials to 

overcome the aforementioned issues. Various functional 

materials—such as carbonaceous materials [47, 138, 

139], metals [140, 141], and alloys [142]—have been 

investigated, and remarkable progress has been made 

towards the development of high-performance Li–S 

batteries. 

4.1 Graphite 

Graphite has been successfully used as commercial 

anode material on the basis of intercalation chemistry 

in LIBs. However, reports on how graphite controls 

Li stripping/plating are rare. Cui et al. [143] reported 

graphite as a host material for the controlled deposition 

of Li ions. The superb electrochemical performance of 

these hybrid graphite–Li metal anodes was attributed 

to the edge planes of the graphite being far more 

electrochemically active than the basal planes (Fig. 6(a)). 

Moreover, the massive artificial graphite (MAG) 

consisted of the 3D packing of small 2D graphite 

flakes into a secondary particle. The interior structure 

of the MAG had many edge planes and some empty 

space. Therefore, Li-metal deposition preferably 

occurs inside individual MAG particles instead of 

the electroplating behavior on 2D graphite flakes  

(Fig. 6(b)). The electrochemical performance of the 

hybrid graphite–Li metal anode included a high 

Coulombic efficiency of ~98.4% over more than    

50 cycles at 0.2 C (74.4 mA·g−1) in a carbonate electrolyte. 

This demonstrates the applications of a cost-effective 

graphite to avoid Li dendrites in a working battery. 

Further work is needed to evaluate the effectiveness 

of the MAG in the ether-based electrolyte of the Li–S 

battery system. 

4.2 CNFs 

CNFs are attractive candidates for mediating Li 

plating/stripping because of their good conductivity, 

large surface area, and acceptable flexibility and 

sturdiness. These merits allow CNFs to reduce the 

local current density and accommodate a large 

volumetric variation. Zhou et al. [109] proposed a 

CNF network for stabilizing Li metal anodes by 

exploiting the aforementioned properties of CNFs 

(Fig. 7(a)). The active sites provided by the graphitic 

structure of the CNFs favored Li-ion insertion, 

leading to uniform Li deposition throughout the 3D 

structure. The results demonstrated that the Cu foil 

current collectors modified with CNF films improved 

the Coulombic efficiency of the Li plating/stripping 

process to 99.9% for 300 cycles at a current density of 

1.0 and 2.0 mA·cm−2. 

Modifying the CNFs with lithiophilic materials 

(e.g., SiO2) makes them more capable of controlling the 

Li plating/stripping behavior. Ji et al. [69] considered  

 

Figure 6 (a) Schematic illustration of Li deposition on 2D graphite flakes and MAG particles. (b) SEM images of 2D graphite flakes, 
3D MAG particles, and cross-sectional SEM image of MAG. The MAG is constructed by small 2D graphite and exhibits internal pore
space. (Reproduced with permission from Ref. [143], © Elsevier 2016.) 
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the anisotropic spatial heterogeneity effect to prevent 

Li deposition on an insulating electrolyte-facing 

surface and accommodate Li deposition inside the 

spacious voids via the deposition of a thin SiO2 layer 

onto a carbon-fiber paper (Fig. 7(b)). The deposited 

SiO2 was later converted into SiC via a magnesiothermic 

reaction. The SiC coated on the carbon fiber was 

expected to resist the potential HF etching in the 

electrolytes. The anisotropic spatial heterogeneity  

of CNFs decorated with SiO2 and SiC yielded a high 

Li cycling efficiency of 94% under deep deposition 

(14.4 C·cm−2). 

Nanostructured current collectors based on 1D CNFs 

have proven to be efficient for inhibiting Li-dendrite 

growth through the reduction of the local current 

density and the designed lithiophilic property. The 

interconnected pores and the stiffness of the network 

are favorable for accommodating the volume and 

bare thus-induced mechanical strength. All these 

merits make CNFs ideal matrices for regulating    

Li deposition. Despite these achievements of the CNF 

framework in Li ion mediation, studies on the 

specific roles of the pore structures, the interfacial 

affinity towards Li, and the surface areas have been 

insufficient. 

4.3 Graphene 

It is known that the 3D graphene architecture assembled 

from 2D graphene nanosheets has a large specific 

surface area, extraordinary electrical conductivity, 

and excellent mechanical stability. These intrinsic 

properties of 3D graphene yield a reduced local 

density and allow the electrode to withstand volume 

variations during Li stripping/plating. Conductive 

graphene scaffolds combining a stable SEI generated 

using LiPS and LiNO3 exhibit excellent potential for 

accelerating the application of Li metal anode for 

high-energy-storage Li–S batteries [144]. 

The unstacked graphene framework in an LiTFSI– 

LiFSI dual-salt ether based electrolyte system was 

investigated by Zhang et al. [40] to achieve a high- 

efficiency Li metal anode. The unstacked graphene 

with a 3D hexagonal “drum” exhibited various 

beneficial features, such as a large specific surface 

area (1,666 m2·g−1), large pore volume (1.65 cm3·g−1), 

and excellent electrical conductivity (435 S·cm−1).  

 

Figure 7 CNFs as 3D nanostructured current collectors to regulate Li deposition. (a) Left: Li deposition behavior on pristine Cu foil
with CNF modification. Right: the Coulombic efficiency with Li deposition on Cu and Cu/CNF electrodes, showing the long lifespan of 
the Cu anode with CNF modification. (Reproduced with permission from Ref. [109], © Springer 2016.) (b) Left: SEM image of Li 
deposited pristine CP with Li dendrites; right: SEM image of the Li deposited SiO2-CP with invisible dendrites due to the anisotropic 
spatial heterogeneity of the nanostructured current collectors. (Reproduced with permission from Ref. [69], © Elsevier 2012.) 
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The graphene-induced ultralow local current density 

coupled with the LiTFSI–LiFSI dual-salt electrolyte 

resulted in a super performance for inhibiting Li- 

dendrite growth and a stable SEI layer (Fig. 8(a)), which 

synergistically led to a high Coulombic efficiency of 

93% at a high lithiation capacity of 5.0 mAh·cm−2 and 

a high current density of 2.0 mA·cm−2, as well as a 

stable depositing/stripping morphology in an 800-cycle 

service life. 

To identify the co-effects of the graphene framework 

and the polysulfide-induced SEI on the Li anode for 

the Li–S battery, the concept of the dual-phase Li 

metal anode was proposed for investigating the Li 

deposition with the assistance of a conductive scaffold 

and a protective SEI [145]. A freestanding GF with a 

large specific surface area, unique interconnected 

framework, and good flexibility allowed a low real 

specific surface current density, supported and recycled 

dead Li, and sustained volume fluctuations (Fig. 8(b)). 

A polysulfide/LiNO3-based electrode was presented 

as an SEI stabilizer for the anode [131, 146], covering 

the surface of graphene nanosheets. This dual-phase 

Li metal anode yielded a cycling Coulombic efficiency 

of 97% for more than 100 cycles at 1.0 C and 93% at 

a higher current density of 2.0 with a dendrite-free 

morphology. Li metal with an SEI induced by a 

polysulfide/LiNO3 electrolyte can be implanted into a 

carbonate/ether electrolyte and paired with an oxide/ 

S cathode for high-energy density batteries [49, 147].  

The introduction of defects into graphene alters the 

nucleation sites for Li deposition and consequently 

affects the Li plating behavior. Koratkar et al. [148] 

proposed freestanding porous graphene networks 

(PGNs) with abundant defects that acted as seed 

points to initiate the plating of Li metal (Fig. 8(c)). 

The defected graphene network not only served as a 

caged entrapment for Li metal to prevent dendritic 

growth but also provided a conductive network for 

 

Figure 8 Graphene as a conductive framework to regulate the electroplating of Li. (a) Left: Li plating/stripping process on unstacked
graphene flakes with a protective covering SEI layer. Top-right: Li depositing morphology on a graphene-based anode; bottom-right: Li 
dendrites with a length of ~10 μm on the surface of Cu foil. (Reproduced with permission from Ref. [40], © Wiley-VCH 2016.) (b) Li 
plating/stripping on a graphene framework with the assistance of a dual-salt ether based electrolyte, depicting stable and uniform Li 
deposition and dissolution. (Reproduced with permission from Ref. [145], © American Chemistry Society 2015.) (c) Preparation 
procedure of PGNs with abundant defects; the obtained framework is used as a Li metal anode. (Reproduced with permission from Ref.
[148], © Nature Publishing Group 2014.) 
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efficient electron transfer. The entrapment of Li metal 

within the pores of the PGN structure resulted     

in >1,000 charge/discharge cycles and Coulombic 

efficiencies above 99%. Furthermore, the demonstration 

of a full-cell configuration where PGN electrodes 

were used as both the anode and cathode offers an 

eco-friendly solution that does not utilize hazardous 

materials such as Co in battery manufacturing. 

It is known that 2D graphene-constructed nano-

structured current collectors with an extremely large 

surface area and excellent electrical conductivity can 

reduce the local current density by several orders of 

magnitude, which effectively prevents the formation 

of Li dendrites. The space between the curved graphene 

sheets can allow Li deposition, further suppressing the 

dendrite growth. However, a common shortcoming 

of the conductive matrix is that graphene cannot 

allow the deposition of Li ions underneath, which is 

attributed to the electron access to the Li ions on 

graphene. During cycling, the accumulation of the 

SEI may lead to a low cycling efficiency. Multilayered 

nanostructured current collectors combining other 

functional materials in a reasonable sequence may 

afford some solutions, but there has not been a report 

on this concept. 

4.4 Metal 

The Li metal is always attached to Cu plate/mesh 

current collectors in working Li–S batteries [149]. 

Additionally, 3D nanostructured current collectors 

with nanowires and porous structures are considered 

as an emerging matrix to guide the Li deposition 

behavior through electrical fields. The nanostructured 

metal frameworks can absorb Li ions to be deposited 

uniformly on the 3D metal matrix, rather than 

forming Li dendrites. Metals can either be made as 

1D nanowires that exhibit similar attributes to CNTs 

or CNFs to regulate Li deposition or engineered    

as 2D planar substrates with a unique surface 

nanoarchitecture that is capable of guiding Li-ion 

deposition through the electric-field effect. 

Freestanding Cu nanowire (CuNW) network nano-

structured current collectors were reported to limit 

the growth of Li dendrites and enhance the cycling 

stability of a Li metal anode [150]. The opened porous 

structure of the as-prepared current collector ensured 

that the Li metal could be plated on the entire surface 

of the 3D network, forming a CuNW-reinforced Li 

composite anode instead of Li dendrites (Fig. 9(a)). 

Such alleviation of the spatial inhomogeneity in the 

charge distribution over the entire electrode surface 

and control of the Li ion flux in the Li plating/ 

stripping surface offer new insights for rationally 

designing hybrid Li anodes. The freestanding 3D 

CuNW scaffold allowed the Li metal anode to operate 

for 200 cycles with a low and stable voltage hysteresis 

of 40 mV and guaranteed an average Coulombic 

efficiency of up to 98.6% during Li plating/stripping. 

3D porous Cu with a submicron skeleton can 

significantly improve the electrochemical deposition 

behavior of Li through the larger electrical field 

originating from the highly created pores [70]. As 

indicated in Fig. 9(b), the electric field is roughly 

uniform, and the charges are fairly homogeneously 

dispersed along the Cu skeleton compared with the 

case of a planar current collector. Therefore, Li was 

expected to nucleate and grow on the submicron Cu 

fibers with nanosized lumps, fill the pores of the 

nanostructured current collectors, and eventually form 

a relatively even Li surface. Because of the submicron 

structure of the nanostructured current collectors, the 

Li anode could run for 600 h without resulting in a 

short circuit, maintaining a good plating/stripping 

efficiency of ~98.5%. A similar nanoarchitecture was 

achieved via the easy dissolution of zinc (Zn) from a 

commercial bimetallic Cu–Zn alloy [141], as shown  

in Fig. 9(c). The continuous Cu skeleton acted as a 

current collector for fast electron transport. The inter-

connected pores provided a large internal surface area 

and room to accommodate Li deposition, effectively 

reducing the electrode current density and suppressing 

the Li-dendrite growth. Owing to these attributes, the 

Li metal anode with this 3D porous current collector 

demonstrated excellent cycling performance, with   

a very high Coulombic efficiency (>97%) even after  

250 cycles and a lifespan as long as 1,000 h. 

Metal nanostructured current collectors, especially 

Cu foam, have been demonstrated to constrain     

Li dendrites and have exhibited great potential to 

satisfy commercial requirements. First, Cu foam is 

commercially available in the market at a relatively 

low cost. Second, the flexibility and processability of 
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Cu foam make it very promising for simplifying the 

battery design and extending the use of batteries in 

flexible devices. The currently urgent demands pertain 

to designing a better surface to further suppress the 

formation of Li dendrites, creating suitable pores to 

accommodate volume changes, and balancing the 

mass of the matrix and deposited Li. 

4.5 Alloy 

The design of Li-metal alloys is another strategy for 

 

Figure 9 3D metal current collectors for the control of the Li deposition. (a) Left: Li deposition on Cu and CuNW membrane current
collectors; top-right: voltage profiles of Li plating/stripping at 1 mA·cm−2 on the Cu foil and in the 3D CuNW membrane, respectively. 
(Reproduced with permission from Ref. [150], © American Chemistry Society 2016.) (b) Top: 3D porous Cu foil fabrication; 
bottom-left: the Li deposition processes on a planar current collector and nanostructured current collectors; bottom-right: side view SEM 
image of Li deposited on the 3D Cu foil. (Reproduced with permission from Ref. [70], © Nature Publishing Group 2015.) (c) Top-left: 
Li plating on a conventional 2D planar current collectors; bottom-left: 3D porous current collectors provide numerous nucleation sites
and protuberances to guide Li plating. Top-right: SEM image of the pristine 2D planar current collector with many long Li filaments;
bottom-right: SEM image of the 3D porous current collector, indicating no obvious mossy or dendritic Li. (Reproduced with permission 
from Ref. [141], © Wiley-VCH 2016.) 
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stabilizing the Li anode with the view of boosting the 

electrochemical performance of the Li–S battery. In a 

Li-metal alloy, Li atoms as a “guest” occupy specific 

sites in the “host” framework. If Li ions can be 

reversibly inserted and extracted from the host 

framework, the occupied sites are preferred for Li 

plating; thus, Li-dendrite growth is avoided. Li−B has 

been investigated as a typical example to modulate Li 

plating behavior, and its potential in Li−S batteries 

has been demonstrated [142, 150–152]. Zhang et al. 

[142] designed a 3D nanostructured electrode with 

metallic Li contained in a fibrous Li7B6 matrix as an 

anode for Li–S batteries. The unique 3D nano-

structured Li7B6 framework not only decreased the 

areal current density by improving the surface area 

but also provided enough space to accommodate  

the electrolyte and re-deposited Li to stabilize the 

concentration of Li ions (Fig. 10(a)). These attributes 

contributed to a dendrite-free Li metal anode, whereas 

the pristine Li anode exhibited obvious dendrites 

(Fig. 10(b)). The electrochemical properties indicated 

that the Li–S batteries based on the Li-alloy anode 

had a high reversibility and Coulombic efficiency 

(91%–92%), as well as an unprecedented cycling life 

of 2,000 cycles (Fig. 10(c)). 

Currently, the use of Li-alloys as scaffolds to 

regulate Li deposition in working Li–S batteries is 

rare. The rational design of the nanostructure and 

careful selection of the composition of Li-metal alloys 

are still highly demanded for realizing stable and 

dendrite-free Li metal anodes for high-energy density 

Li–S batteries. 

Generally, the requirement of 3H characteristics 

(high areal loading, high content, and high utilization 

of active materials in working electrodes) plays a 

vital role in obtaining low-cost Li–S batteries with   

a high gravimetric and volumetric energy [153–158]. 

The emerging concept of nanostructured current 

collectors is a facile and effective way to manipulate 

the interfaces of the conductive framework and active 

materials, which affords the 3H S cathode and Li 

metal anode in a working battery. For instance, the 

introduction of a 3D CNT sponge with additional 

Al2O3 layers [159] as nanostructured current collectors 

can host Li deposition in a safe way. The introduction 

of lithiophilic sites (e.g., N heteroatoms [160], oxide 

[159, 161]) is expected to tune the plating behavior of 

the Li metal anode. Current collectors have actually 

been ignored to some extent, although they are very 

important for high-energy density batteries with a 

Figure 10 3D Li7B6 alloy as a current collector for Li plating/stripping. (a) Li-dendrite growth on the Li metal foil and Li deposition 
on fibrous nanostructured Li7B6 matrix. (b) Left: the morphology of plating Li metal after charging at a current density of 10 mA·cm−2

for 40 h, showing obvious Li dendrites; right: the morphology of plating nanostructured electrodes, in which the Li7B6 matrix 
prevents the formation of Li dendrites. (c) Long-term cycling performance with a nanostructured Li7B6 anode and a plate Li metal 
anode, demonstrating the improved cyclability of Li–S batteries by the Li7B6 matrix. (Reproduced with permission from Ref. [142]. 
©Wiley-VCH 2014.) 
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very high capacity. Advanced nanostructured current 

collectors are strongly considered to bridge the 

feasibility to scale up next-generation batteries based 

on multi-electron chemistry into practical cells. 

5 Conclusions and perspective 

With the emergence of nanomaterials and nano-

technology, Li–S batteries have gained tremendous 

attention for effective energy storage with a high 

energy density. Nanostructured current collectors have 

been employed in high-efficiency S cathodes and safe 

Li anodes with the purpose of providing general 

guidelines for building effective current collectors 

that can circumvent the vital issues of Li–S batteries. 

In the cathode design of Li–S batteries, mainstream 

research has deviated from high S utilization simply 

based on S mass to S cathodes with “3H” characteristics, 

which is a significant step toward achieving state- 

of-the-art LIBs and eventually transcending LIBs. 

Nanostructured current collectors make it feasible  

to satisfy the 3H requirements, owing to (1) the long/ 

short electron/ion transport pathways across the entire 

electrode, (2) the high electrolyte permeation for 

active-material accessibility, (3) the tunable surface 

affinity of the nanostructured current collectors toward 

LiPS to mediate the LiPS diffusion and deposition, 

and (4) the mechanical robustness coupled with 

hierarchical pores to tolerate S volume fluctuations. 

The use of CNTs, graphene, CNFs, and metal frame-

works as nanostructured current collectors has been 

demonstrated in addressing the 3H challenges.  

In addition to an effective S cathode, the exploration 

of high-energy-storage Li–S batteries eagerly calls for 

a fundamental investigation of the Li metal anode to 

solve the fatal Li-dendrite growth and the instability 

of the SEI on the Li metal surface, which are serious 

issues at present. The employment of nanostructured 

current collectors (e.g., graphite, CNTs, CNFs, metal, 

and its alloys) has shown considerable promise in 

preventing Li-dendrite growth and stabilizing the 

SEI. The mediation principles of Li stripping/plating 

behavior through nanostructured current collectors 

were surveyed, and the following broad design 

concepts were identified: (1) a large specific surface 

area to reduce local current density, which is a critical 

parameter to inhibit Li dendrites according to Sand’s 

law; (2) a high electrical conductivity to decrease the 

electrochemical resistance; (3) hetero-doping-induced 

or edge-plane-induced active sites for preferable   

Li plating; (4) a large amount of pores to generate an 

enhanced electrical field and accommodate volume 

variation during the Li stripping/plating; and      

(5) favorable mechanical robustness to maintain the 

integrity of the 3D hybrid Li metal anode. If the critical 

issues regarding the Li metal anode can be properly 

overcome, it would be a significant milestone regarding 

the commercialization of high-performance Li–S 

batteries. 

Accelerating the fundamental transformation of Li–S 

batteries from laboratory research to industrialization 

requires a fundamental understanding of the Li–S 

chemistry, rational design of the configuration, precise 

construction of critical components (such as electrodes, 

separators and electrolytes), and proper balance of 

their compatibility. Herein, we highlighted the fact 

that high-energy density Li–S batteries enabled by 

nanostructured current collectors through the rational 

design of the cathode and anode are still under 

development, and challenges in this regard must be 

overcome.  

Regarding the cathode, the long lifespan of Li–S 

batteries with high S loading is highly essential. To 

achieve this goal, several issues must be considered.  

(1) Identifying the optimum distribution of 

hierarchical pores in nanostructured current collectors 

is crucial for enhancing the S loading and the utilization 

efficiency of the conductive scaffold of nanostructured 

current collectors, while maintaining fast electron/ion 

transport in the electrode. 

(2) The uptake of liquid electrolyte by nano-

structured current collectors is normally larger than 

that for their 2D planar counterparts. Accordingly, 

the electrode/electrolyte ratio should be considered to 

further improve the energy density of Li–S batteries. 

(3) The effective regulation of a large amount of 

LiPS in the high-S loading 3D cathode is imperative 

for mitigating the shuttle effect and simultaneously 

avoiding “dead S”.  

Regarding the anode, numerous issues in the Li 

metal anode introduced by nanostructured current 

collectors must be resolved.  
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(1) The large specific surface area of nanostructured 

current collectors accounts for the low local current 

density. However, this increases the contact interface 

between the Li metal and the electrolyte and thus 

leads to a mass of the SEI layer originating from the 

consumption of the Li metal and electrolyte. Thus, a 

stable SEI with flexibility and a small thickness is 

preferred.  

(2) The large volume/mass ratio severely affects the 

energy density of the entire battery. The empty space 

in nanostructured current collectors is commonly  

far larger than necessary, owing to the complex Li 

stripping/plating behavior. Therefore, the packing 

density of the 3D Li anode should be properly 

enhanced to satisfy the requirements of commercial 

applications. 

Finally, the successful applications of nanostructured 

current collectors afford an efficient approach to boost 

the electrochemical performance of Li–S batteries for 

practical applications by fulfilling the 3H requirements 

and regulating the Li stripping/plating behavior. 

There is still a long way to go for Li–S batteries to 

reach the commercial standard of battery systems 

based on nanostructured current collectors, owing  

to the aforementioned challenges. Future studies   

on nanostructured current collectors and composite 

electrodes from the viewpoint of the actual application 

criteria of battery systems are urgently needed to 

develop better configurations of S cathodes and Li 

anodes by optimizing the hierarchical structure, 

electrolyte/electrode ratio, and interfacial properties 

of nanostructured current collectors. The innovative 

architecture of 3D nanostructured electrodes and 

fundamental understanding of the relationship between 

guest and host properties provide a new avenue to 

elucidate high-energy density Li–S batteries. 
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