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carbon acts as a transport medium for charge formed in the 
sulfur and prevents polysulfi de dissolution because of its tun-
able pore structure. [ 12,17–20 ]  Pioneering studies indicate ways to 
optimize the sulfur cathode, including the uniform distribu-
tion of sulfur in the carbon, fi ne control of the sulfur particle 
size to less than 10 nm, and a well-designed pore structure of 
the carbon. In the anode, on the other hand, focus has been 
on the lithium metal because sulfur has a low discharge poten-
tial (2.1 V vs Li/Li + ) compared to many other cathode mate-
rials, [ 1 ]  therefore the use of lithium metal in the anode is crit-
ical to ensure a reasonable output voltage without energy loss 
for a Li–S battery. Unfortunately, the uncontrollable dendritic 
lithium growth during battery charge/discharge inherent in a 
Li–S battery causes safety hazards. This same issue has also 
hindered the use of lithium metal in rechargeable batteries over 
the past 40 years. [ 21,22 ]  Most approaches to dendrite prevention 
focus on optimizing electrolytes to obtain a stable and uniform 
solid electrolyte interphase (SEI). [ 23,24 ]  Recent studies found 
physical protective layers are effective in suppressing lithium 
dendrite formation. [ 25,26 ]  These methods are based on the use 
of a strong mechanical barrier provided by the SEI or coating 
layers to prevent lithium dendrites penetrating the separator, 
yet do not affect lithium metal dendrite formation. 

 The current collector is a key component of both the cathode 
and anode and has a signifi cant infl uence on the electrochem-
ical performance of batteries. A conventional sulfur cathode is 
prepared by coating an aluminum foil, as current collector, with 
a slurry containing the S/C composite, a binder, and carbon 
black. If we take typical values of a 70 wt% sulfur in the com-
posite and 80 wt% composite in the dried slurry that is coated 
on a 25 µm thick aluminum foil (density 2.7 g cm −3 ) current 
collector with an area loading density of the sulfur of around 
6 mg cm −2 , a rough calculation yields a 34 wt% sulfur content 
in the cathode. In the cathode the free electrons generated 
upon charging/discharging have to transfer from particle to 
particle until they reach the planar aluminum current collector, 
and interparticle boundaries are one of the major reasons for 
the poor electrode reaction kinetics at a high current density. In 
addition, the formation of a passive layer on and/or corrosion 
of the aluminum and other metal current collectors are related 
to the self-discharge of Li-ion batteries. [ 27 ]  On the other hand, 
lithium dendrite nucleation on the planar foil is triggered by 
an inhomogeneous surface such as crystal steps, and dendrite 
growth is accelerated at high current densities as a result of 
a near zero Li +  concentration at the foil surface and a greater 
electric fi eld gradient at the dendrite tips. [ 28,29 ]  

 Here, we report a 3D current collector composed of hundreds 
of micrometer-long carbon nanotube bundles that are connected 

  The lithium–sulfur (Li–S) battery has a theoretical specifi c 
energy of 2600 W h kg −1  that is 3–5 times that of Li-ion bat-
teries. However, in the cathode, the low electrical conductivity 
of sulfur (5 × 10 −30  S cm −1 ) and dissolution of polysulfi des 
result in a poor specifi c power and fast capacity decay on 
cycling, [ 1–3 ]  and in the anode the use of lithium metal foil leads 
to dendritic growth that raises serious safety issues, [ 4,5 ]  which 
have long been identifi ed as major issues for the development 
of Li–S batteries. [ 6–10 ]  To overcome these issues, a variety of 
modifi cations has been considered, for example, tailoring the 
sulfur composite nanostructure, [ 11–13 ]  modifying the separator 
surface, [ 14,15 ]  and using innovative electrolytes and electrolyte 
additives such as LiNO 3 . [ 16 ]  

 In the cathode, recent research has focused on fi lling porous 
discrete carbon nano/microparticles with sulfur in which the 
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by covalent carbon–carbon bonds to an ultrathin graphite foam 
(CNT-UGF). When fi lling the CNT-UGF with elemental sulfur 
without any additional binder or carbon black, the cathode con-
tains 43 wt% (areal loading density of 2.4 mg cm −2 ) sulfur, 
delivers a capacity decay rate of 0.063% per cycle after 400 charge/
discharge cycles at 0.5 C (1 C = 1675 mA h g −1  with respect to the 
mass of sulfur). When the CNT-UGF is electroplated with lithium 
metal, the anode cycles with a voltage hysteresis of 14% of that 
of the lithium foil for more than 800 h without short circuiting, 
although a short circuit occurs in a lithium foil anode after 260 h. 
A Li–S cell assembled with the S/CNT-UGF cathode (47 wt% 
sulfur content, areal loading density of 2.6 mg cm −2  of sulfur) 
and the Li/CNT-UGF anode (20 wt% lithium content) delivers a 
high-rate capacity of 860 mA h g −1  at 12 C, corresponding to a 
remarkable specifi c power of 8680 W kg −1  with a specifi c energy 
of 720 Wh kg −1  with respect to the mass of the cathode. 

 By fi nely tuning the CNT synthesis parameters 
(see Experimental Section and Figure S1 of the Supporting 
Information for details), we prepared a CNT-UGF hybrid by 
chemical vapor deposition ( Figure    1  a–c) [ 30–32 ]  and obtained 
compact CNT bundles standing on the UGF struts with lengths 
in the range of tens to hundreds of micrometers (Figures  1 d–g). 
When the CNT length reaches hundreds of micrometers, the 
original 400 µm large pores of the UGF are fi lled with CNT 
bundles and are invisible (Figures  1 a,f). Raman spectroscopy 
shows a strong 2D peak (Figure  1 h) and thermogravimetric 
analysis (TGA) shows a signifi cant weight loss in air at tem-
peratures higher than 580 °C (Figure  1 i), indicating 94.3 wt% 
of sp 2 -hybridized carbon in the hybrid. Nitrogen adsorption/
desorption isotherms together with Brunauer–Emmett–Teller 
analysis show that the CNT-UGF hybrid has a specifi c surface 
area of ≈252 m 2  g −1 , pore volume of 1.08 cm 3  g −1  (Figure S2a,b, 
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 Figure 1.    a) SEM images of UGF (left) and CNT-UGF hybrid (right). b) Photograph of a CNT-UGF hybrid with a geometric surface area of 50 cm 2 . 
c) Schematic of the 3D interconnected network of the CNT-UGF hybrid which allows free electron transfer between the UGF and each CNT. d–f) SEM 
images of the CNT-UGF with different CNT lengths. g) SEM image of the CNT bundle marked by the blue dashed square in (f). h) Raman spectra of 
an as-grown CNT-UGF and UGF. The D peak in the Raman spectrum originates from defects in the CNTs, and does not exist in the spectrum of UGF. 
i) TGA curves of UGF and CNT-UGF hybrid. The 5.7 wt% residue obtained after heating the CNT-UGF hybrid in air at 1000 °C is from the Fe catalyst 
and Al 2 O 3  buffer deposited for CNT growth. j) Pore size distribution of the CNT-UGF hybrid measured by N 2  adsorption/desorption isotherms and 
fi tted by density functional theory. k) High resolution transmission electron microscopy (HRTEM) image of a CNT.
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(Figure  1 j) which are very likely caused by the CNT bundles 
(Figure  1 g,k). A sample of the hybrid material tens of square 
centimeters in area could be readily fabricated (Figure  1 b), indi-
cating its potential in scaled production and use. The measured 
mass density (without compressing) was around 12.4 mg cm −3  
with a CNT content of around 73.9 wt% (Table S1, Supporting 
Information). In this structure, the CNT bundles provide (a) 
a much larger surface area than the UGF and (b) optimized 
nanometer-size pores to accommodate the electrochemically 
active materials such as sulfur and lithium. 

  CNTs grow with the assistance of catalysts which adhere to 
either the root or tip of the tubes. [ 33,34 ]  In the latter case, the 
CNT has the chance to directly bond to the graphite surface by 
carbon–carbon bonds, which enable the coupling of π-electrons 
in CNT and UGF, thus favoring charge transfer between the 
electrochemically active materials (sulfur for the cathode and 
lithium for the anode in a Li–S battery) and the out circuit that 
is connected to the battery during the electrochemical reaction. 
In our study, an Fe catalyst was deposited on the UGF before 
the Al 2 O 3  buffer layer and the continuous catalyst/buffer layer 
is visible on top of the closely packed CNT bundles of the CNT-
UGF hybrid (Figure S3a,b, Supporting Information), which 
is different from the structure formed when the Fe catalyst is 

deposited on the UGF after the Al 2 O 3  buffer (Figure S3c,d, Sup-
porting Information). These results are in agreement with the 
“Odako” growth process in which the Al 2 O 3  layer is detached 
from the substrate and supports the catalytic growth of CNT 
bundles. [ 35 ]  A transmission electron microscopy (TEM) image 
of the CNT–graphite junction ( Figure    2  a,b) shows that the CNT 
seamlessly connects to the graphite substrate with uniform 
contrast. Though the crystal structure of the CNT and graphite 
substrate were partially damaged by the ion milling used for 
specimen preparation and some 2 nm nanoparticles were 
found that were introduced, dark particles of iron catalyst with 
a size similar to the diameter of the CNTs were not found at 
the junction. The absence of Fe catalyst at the CNT–graphite 
junction and the chemical composition of the 2 nm large nano-
particles (gallium and platinum) were verifi ed by HAADF-TEM 
images and EDX elemental maps of the CNT–graphite junction 
(Figure S4, Supporting Information). Moreover, lattice fringes 
(marked by black arrows in Figure  2 c) with a separation of 
0.335 nm that start from the CNTs and extend to the graphite 
substrate are visible in the high resolution TEM (HRTEM) 
image. A lattice fringe branch (indicated by a dashed yellow 
line) at the bottom of a CNT, yet connecting to a graphite fringe 
is also found, indicating direct carbon–carbon bonding of the 
CNT to the graphite. In addition, the CNT-UGF hybrid with 
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 Figure 2.    a) TEM image of a slice of the CNT-UGF hybrid prepared by focused ion beam (FIB) milling. b,c) High magnifi cation TEM images of the 
CNT/graphite junction. The TEM image in (c) was acquired from the area marked by the blue dashed rectangle in (b). The black arrows in (c) denote 
fringe lines with a separation of 0.335 nm, and the yellow dashed line marks a fringe line under the CNT. d) Imaginary capacitance plotted against AC 
current frequency for the CNT-UGF hybrid with CNTs directly bonded to the graphite in which the catalyst layer was prepared by depositing Fe before 
an Al 2 O 3  layer, and that for a CNT-UGF hybrid having an Al 2 O 3  layer between the CNT and graphite (CNT/Al 2 O 3 /graphite) in which the catalyst layer 
was prepared by depositing Al 2 O 3  before Fe. The peak frequency is the reciprocal of the time constant which is a measure of how fast the material can 
be charged/discharged.



9097wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

the CNTs connected to the graphite with carbon bonds shows 
a fi ve times faster charge transfer rate than that having Al 2 O 3  
between the CNTs and the graphite (Figure  2 d). Because of the 
structural complexity and the low stability of the carbon during 
specimen preparation, it is still a challenge to determine the 
detailed structure of the CNT–graphite junctions at the atomic 
scale. 

  We loaded sulfur on the CNT-UGF (S/CNT-UGF cathode) 
by a simple melting-adsorption process (see Experimental Sec-
tion of the Supporting Information for details), in which liquid 
S fl owed and stored in the ultralong and continuous nanogaps 
of ≈2 nm in the CNT bundles via capillary action, yielding a 
maximum S content of ≈47 wt% in the whole cathode and 
corresponding to an areal loading density of 2.6 mg cm −2  per 
unit area of the electrode disc ( Figure    3  a,b, Figure S5a, Sup-
porting Information). The density of the S/CNT-UGF elec-
trodes after being compressed by the coin-cell assembler is 
1.0 ± 0.1 g cm −3  (Table S2, Supporting Information). HRTEM 
analysis (Figure  3 c) shows sulfur nanoparticles of 2 to 3 nm 
size adhering to the CNTs, which is in accordance with the 
X-ray diffraction (XRD, Figure S5b, Supporting Information) 
and Raman data (Figure S5c, Supporting Information). 

  The galvanostatic charge/discharge curves (Figure  3 d) and 
cyclic voltammograms (CVs, Figure S6a, Supporting Informa-
tion) of the S/CNT-UGF cathode (45 wt% sulfur content) meas-
ured with respect to a lithium metal foil as anode (Li-foil||S/
CNT-UGF) show characteristics of elemental sulfur reversibly 

reacting with lithium during charge/discharge. [ 12,14 ]  The small 
voltage difference of 0.3 V for the discharge plateaus between 
0.5 and 8 C suggests suppressed polarization. The electrochem-
ical impedance spectroscopy (EIS) measurements performed 
on the S/CNT-UGF cathode show that the Warburg impedance 
is negligible (Figure S6b, Supporting Information) and the 
charge transfer resistances are 37 and 27 Ω, respectively, before 
(Figure S6c, Supporting Information) and after (Figure S6d, 
Supporting Information) cycling, which are much lower than 
that of the traditional cathode (Figure S6e, Supporting Informa-
tion). These results indicate an excellent rate capability of the 
S/CNT-UGF cathode as shown in Figure S6f of the Supporting 
Information. Apart from the impressive high-rate capability, the 
S/CNT-UGF cathode (43 wt% sulfur content) delivered a spe-
cifi c capacity (based on the mass of sulfur) of 1090 mA h g −1  
in the 1st cycle and 818 mA h g −1  in the 400th cycle at 0.5 C, 
corresponding to an average decay rate of 0.063% per cycle. 
This result indicates a suppression of soluble polysulfi de shut-
tling, which has been confi rmed by charging/discharging the 
S/CNT-UGF (Figure S7b, Supporting Information) and the 
cathode made of a sulfur/graphene composite coated on an 
aluminum foil (Figure S7a, Supporting Information) in glass 
cells. The UV–vis spectra (Figure S7c, Supporting Information) 
of the electrolytes show that the concentration of the soluble 
polysulfi de released from the S/CNT-UGF cathode is 1/6 of that 
released from the sulfur/graphene composite coated on the alu-
minum foil. The suppressed shuttle effect may be ascribed to 
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 Figure 3.    a) The sulfur content of the S/CNT-UGF as measured by the weight difference of the CNT-UGF hybrid before and after sulfur loading was in 
the range of 11–47 wt% and this was verifi ed by TGA. We obtained a straight line with a fi tted slope of 0.9975 when plotting the mass ratio of sulfur 
measured by weighing against that measured by TGA. b) SEM image (top) and the carbon (bottom left) and sulfur (bottom right) EDX elemental maps 
of the S/CNT-UGF composite, showing a homogeneous sulfur distribution in the CNT bundles. c) HRTEM image of the nanometer sulfur particles 
marked by red circles. d) Galvanostatic charge/discharge profi les of the S/CNT-UGF cathode (45 wt% sulfur content) measured with respect to a Li 
foil at different cycling rates. The lower discharge plateaus dropped from 2.10 V for 0.5 C to 2.09, 2.06, 2.01, and 1.80 V, respectively, when gradually 
increasing the discharge rate to 1, 2, 4, and 8 C. e) Cycling performance of the S/CNT-UGF cathode (43 wt% sulfur content) measured at 0.5 C for 
400 cycles. The average decay rate of the specifi c capacity is 0.063% per cycle, and the Coulombic effi ciencies at the 3rd, 200th, and 400th cycle are 
99.9%, 99.0%, and 97.5%, respectively.
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the “narrow” and “long” channel between the CNTs, in which 
the generated polysulfi des need a longer diffusion time before 
escaping into the electrolyte, so that a better “trapping” effect is 
realized. 

 We electroplated lithium metal on CNT-UGF in a two-elec-
trode cell (see Experimental Section of Supporting Informa-
tion) at a constant current density of 0.5 mA cm −2  for 20 h 
to reach an areal capacity of 10 mAh cm −2 . [ 36 ]  A photograph 
of the Li/CNT-UGF anode shows the color of black carbon 
( Figure    4  a) and a low magnifi cation SEM image (Figure  4 b and 
Figure S8a, Supporting Information) show CNT bundles that 
are similar to those in the CNT-UGF without lithium plating 
(Figure  1 b,f). Higher magnifi cation SEM (Figure  4 c) and 
TEM images (Figure  4 d and Figure S9a, Supporting Informa-
tion) show the coexistence of Li and SEI on the CNTs, which 
is also confi rmed by the Fourier transform infrared spectrum 
(FT-IR, Figure S9b, Supporting Information) and the X-ray 
photoelectron spectra (XPS, Figure  4 e and Figure S10a, Sup-
porting Information). These results indicate that the lithium 
is plated on the surface of the CNT with the structure fea-
tures of the CNT-UGF preserved. Upon elevating the current 
density to 2, 10 and fi nally to 20 mA cm −2 , the Li/CNT-UGF 
electrodes show almost unchanged morphology and width 
of the Li-coated CNTs after reaching the areal capacity of 
10 mAh cm −2  (Figure S11, Supporting Information). This 
result proves the effect of 3D carbon network in preventing the 
lithium dendrite formation. The Li/CNT-UGF could accom-
modate up to 36 wt% Li with a compressed mass density of 
0.8 ± 0.1 g cm −3  (Table S3, Supporting Information) without 
the formation of micrometer-size Li metal grains (Figure  4 a). 

Given such a Li content, the theoretical capacity of Li/CNT-UGF 
anode is 1390 mAh g −1  (based on the total mass of the anode), 
which is three times higher than the commercial graphite 
anode (372 mAh g −1 ). Nevertheless, if we increase the areal 
capacity (e.g., to 15 mAh cm −2 ) by extending the electroplating 
time or enlarging the current density, lithium metal will be 
visible on top of the CNT-UGF with the naked eye and SEM 
(Figure S10b,c, Supporting Information). 

  We studied the electrochemical property of lithium plating/
stripping and the cycling stability of the Li/CNT-UGF anode 
by galvanostatic charge/discharge voltage profi les (see Experi-
mental Section of Supporting Information). [ 36 ]  During Li 
plating/stripping at a constant current density of 0.25 mA cm −2  
with respect to the geometric area of the working electrodes, 
the Li/CNT-UGF shows excellent stability with negligible 
voltage fl uctuation during cycling while the lithium foil exhibits 
random voltage oscillations (Figure  4 f). The voltage hyster-
esis that is calculated by the difference between the voltage 
of lithium plating and stripping in each cycle is mainly deter-
mined by the current density, interfacial properties, and 
charge transfer rate. [ 25,26 ]  This therefore indicates the polari-
zation of the lithium plating/stripping, the stability of the 
lithium/electrolyte interface, and short circuiting as a result 
of lithium dendrite growth. The Li/CNT-UGF shows a voltage 
hysteresis of 4.8 mV in the initial cycles, approximately one 
seventh of that of a lithium foil. Although the voltage hyster-
esis of Li/CNT-UGF increases gradually during cycling, which 
is ascribable to the built-up of the SEI layer (Figure S9a, Sup-
porting Information), [ 25 ]  it is still around 10 mV after 800 h of 
cycling without any indication of an abrupt change if we would 
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 Figure 4.    a) Photograph of CNT-UGF after electroplating with lithium at a current density of 0.5 mA cm −2  for 20 h. b,c) SEM images of CNT-UGF 
after electroplating with lithium. d) TEM image of a single CNT with a lithium coating. e) XPS spectrum of a Li/CNT-UGF anode showing the Li 1s 
peak. f) Voltage profi les of lithium metal plating/stripping at 0.25 mA cm −2  in a symmetric Li||Li cell with (upper panel) and without (lower panel) a 
CNT-UGF current collector. g,h) SEM images of a Li/CNT-UGF anode after 800 h plating/stripping. i,j) SEM images of a lithium metal foil after 350 h 
plating/stripping.
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continue running the cell. We have also measured the EIS of 
the Li�Li and Li�Li/CNT-UGF symmetric cells before and after 
100 Li plating/stripping cycles at 0.25 mA cm −2  (Figure S12, 
Supporting Information). The Li�Li/CNT-UGF cell shows a 
lower charge transfer resistances both before and after cycling 
comparing to the Li�Licell. And its resistance values increases 
18% upon cycling, which is in accordance with the change of 
the voltage hysteresis as shown in Figure  4 f. The stable incre-
ment of the voltage hysteresis of the Li/CNT-UGF compared to 
the irregular fl uctuation of that of the lithium foil indicates a 
more stable lithium/electrolyte interface when using CNT-UGF 
as the current collector. This is confi rmed by the SEM images 
of the electrodes after cycling which indicate that the mor-
phology of the Li/CNT-UGF is almost unchanged (Figure  4 g,h 
and Figure S8a,b, Supporting Information) although dendrites 
are clearly visible on the lithium foil (Figure  4 i,j and Figure S8c, 
Supporting Information). The voltage hysteresis of the lithium 
foil drops abruptly to around 10 mV after 260 h of cycling due 
to the dendrite induced short circuit, but such a drop is not 
observed for the Li/CNT-UGF (Figure  4 f). 

 To demonstrate the function of CNT-UGF as a current collector 
for both the cathode and anode in a Li–S battery, we assem-
bled a S/CNT-UGF cathode (47 wt% sulfur content, 2.6 g cm −2  

areal loading density of sulfur) and a Li/CNT-UGF anode 
(20 wt% lithium content) in a full cell. The Li/CNT-UGF�S/CNT-
UGF cell delivered specifi c capacities of 1150, 1050, 1000, 950, 
910, and 860 mAh g −1 , respectively, at 0.5, 1, 2, 3, 6, and 12 C 
with respect to the mass of sulfur ( Figure    5  a,b). The specifi c 
power of the Li/CNT-UGF�S/CNT-UGF cell calculated based on 
the mass of the S/CNT-UGF cathode (the lithium mass is exces-
sive in the anode) reaches 8680 W kg −1  with a specifi c energy 
of 720 W h kg −1  (at 12 C, Figure  5 c). The same electrode can 
also deliver a maximum specifi c energy of 1130 W h kg −1  with 
a specifi c power of 560 W kg −1  (at 0.5 C). The mass density of 
the S/CNT-UGF cathode is 1.0 ± 0.1 g cm −3 , which is obtained 
by measuring the weight and dimensions of the compressed 
electrode (Table S2, Supporting Information), and this yields a 
volumetric power density of 8680 W L −1  at an energy density 
of 720 W h L −1  (at 12 C), and a volumetric power density of 
560 W L −1  at an energy density of 1130 W h L −1  (at 0.5 C) with 
respect to the volume of the cathode. The power and energy 
output of the S/CNT-UGF cathode is considerably higher than 
that in most previous reports (Figure  5 c and Table S4, Supporting 
Information). [ 6,9–12,16,18,20,37 ]  The cycling life of the Li/CNT-
UGF�S/CNT-UGF cell was measured at 2 C, which delivers a 
specifi c capacity with respect to the mass of sulfur of 1007 and 
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 Figure 5.    a) Galvanostatic charge/discharge profi les of the Li–S cell under different C rates. The lower discharge plateau decreases from 2.10 V at 
0.5 C to 1.87 V at 12 C. b) Rate capabilities of the Li–S cell with a sulfur content of 47 wt% in S/CNT-UGF cathode and a Li content of 20 wt% in the 
Li/CNT-UGF anode tested at 0.5, 1, 2, 3, 6, and 12 C. The specifi c capacity at 12 C is 73.7% of that at a rate of 0.5 C. c) Calculated Ragone plot based 
on the electrochemical data in b with respect to the mass of the S/CNT-UGF cathode. Some previous results of high-end Li–S batteries are also shown 
for reference. The specifi c power and energy reported in references were calculated with respect to the mass of the whole cathode containing the 
composite, binder, carbon black and aluminum current collector. d) Cycling performance of the Li–S battery with a S/CNT-UGF cathode (47 wt% sulfur 
content) and a Li/CNT-UGF anode (20 wt% Li content) measured at 2 C for 400 cycles. The average decay rate of the specifi c capacity is 0.057% per 
cycle, and the Coulombic effi ciencies at the 400th cycle is 99.8%.
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776 mAh g −1  at the 1st and the 400th cycle respectively. The 
average decay rate of the specifi c capacity is 0.057% per cycle, 
and the Coulombic effi ciency at the 400th cycle is 99.8%. 

  A current collector needs to allow a uniform distribution 
of electrode materials, be highly conductive and lightweight. 
The CNT-UGF has a large porosity and a low mass density 
(SSA of 252 m 2  g −1 , pore volume of 1.08 cm 3  g −1  and density 
of 12.4 mg cm −3 , Figure  1 g,j,k). And the excellent wettability of 
sulfur on carbon ensures a uniform distribution of sulfur nano-
particles with a mass content of 47 wt% directly adhering to the 
CNTs without using any binder or carbon black (Figure  3 b,c). 
The sulfur mass content of 47 wt% is comparable with, or higher 
than that on conventional current collectors made of aluminum 
foil (Table S4, Supporting Information). On the other hand, the 
CNT-UGF current collector has a freestanding interconnected 
network composed of sp 2 -hybridized carbon nanostructures that 
are covalently connected by carbon–carbon bonds, allowing a 
ready fl ow of electrons within the overall electrode, and there-
fore affording a remarkable rate capability (Figure  5 b,c). 

 We suggest that the remarkable specifi c power of the 
S/CNT-UGF cathode is due to the structure of the CNT-UGF 
current collector. This is verifi ed by comparing the discharge 
capacities at the upper and lower plateaus of the galvanostatic 
charge/discharge profi les in Figure  5 a. When discharging, 
elemental sulfur is fi rst transformed into highly soluble 
long-chain polysulfi des (S 8  ↔ Li 2 S 4 ) in the potential range of 
2.4 – 2.1 V (upper plateau of the black curve in Figure  5 a). Then 
the long-chain polysulfi des undergo a nucleation reaction and 
are converted to nonsoluble Li 2 S 2  and Li 2 S (Li 2 S 4  ↔ Li 2 S) in the 
potential range of 2.1 – 1.5 V (lower plateau of the black curve 
in Figure  5 a). [ 1 ]  The lower plateau contributes a theoretical 
capacity of 1256 mA h g −1 , three times that of the upper pla-
teau. However, its slower reaction kinetics result in a greater 
decrease of the lower-plateau capacity which accounts for the 
low rate capability of the cell ( Figure    6  a). [ 38 ]  Nevertheless, when 
CNT-UGF is used, the lower-plateau capacity (550 mAh g −1 ) is 
still 1.8 times that of the upper-plateau capacity (310 mAh g −1 ) 
at 12 C (Figure  6 a), indicating that the conversion of soluble 
Li 2 S 4  to nonsoluble Li 2 S contributes almost two thirds of the 
discharge capacity for high-rate cycling. The improved reaction 
kinetics in the lower plateau are ascribable to the CNT-UGF 
current collector design in which the charges generated at the 

interface of the electrolyte and sulfur/polysulfi de nanoparticles 
can transfer to the 3D interconnected current collector without 
the scattering produced by interparticle boundaries (Figures  1  
and  2 ). In addition, we note that the hystereses of the charge/
discharge curves are smaller and the specifi c capacities are 
larger for the Li/CNT-UGF�S/CNT-UGF cell comparing to that 
of the Li-foil�S/CNT-UGF cell at different C-rates (Figure S13, 
Supporting Information). A smaller hysteresis and a larger 
specifi c capacity indicate an improved rate capability of the 
Li–S cell with the Li/CNT-UGF anode than of the cell with the 
Li-foil anode, which is due to the CNT-UGF current collector 
with lithium being confi ned in highly conductive 3D network 
showing a signifi cant kinetic advantage over bare lithium foil, 
especially at higher charge/discharge rates. 

  The Li/CNT-UGF�S/CNT-UGF cell can deliver a remark-
able high-rate capacity of 860 mA h g −1  (with respect to the 
mass of sulfur) at 12 C (Figure  5 a,b), corresponding to a 
maximum specifi c power of 8680 W kg −1  at a specifi c energy 
of 720 W h kg −1  with respect to the mass of the S/CNT-UGF 
cathode (Figure  5 c). The weight of a cathode for a typical Li–S 
cell is around 33.3 wt% of the whole battery. Thus a Li/CNT-
UGF�S/CNT-UGF cell would be able to work at a high specifi c 
power of 2890 W kg −1  with a specifi c energy of 240 W h kg −1  
(12 C). Alternatively the cell could produce output in a high 
energy mode at a specifi c energy of 376 W h kg −1  with a spe-
cifi c power of 187 W kg −1  (0.5 C). High specifi c power is typi-
cally achieved at the expense of reduced specifi c energy, and 
vice versa. For example, a commercial Li-ion cell for electric 
vehicles can deliver a specifi c energy of 220 W h kg −1  with a 
specifi c power of less than 200 W kg −1 , however the specifi c 
energy drops to less than 10 W h kg −1  when working at a spe-
cifi c power of 1000 W kg −1 . [ 39 ]  A Li–S battery with a S/CNT-
UGF cathode allows the battery to be charged in approximately 
5 min to an energy loading comparable to that of a Li-ion bat-
tery charged for 1 h. 

 In the Li/CNT-UGF anode, the relatively stable electrochem-
ical performance is the result of the negligible morphology 
change after 800 h of lithium plating/stripping where the fea-
tures of the CNT bundles are clearly visible in the SEM images 
(Figure  4 g,h and Figure S8b, Supporting Information). Pre-
vious studies have identifi ed the electrode current density as 
the most critical factor that triggers dendrite nucleation. Rosso 

 Figure 6.    a) Specifi c capacity in the upper and lower plateaus (left axis) and their ratios (right axis) for the discharge curves in Figure  5 a measured at 
different C-rates. The upper-plateau capacity of the S/CNT-UGF at 12 C retains 83.7% of that at 0.5 C, and the lower-plateau capacity at 12 C is 66.4% 
of that at 0.5 C. b) Over-potential of the Li/CNT-UGF and lithium metal foil electrodes for electroplating lithium at a current density of 0.25 mA cm −2  
with respect to the geometric area of the working electrodes. The over-potential value in each cycle was obtained from the voltage profi les in Figure  4 f.
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et al. observed that the dendritic growth of lithium metal starts 
at a time (τ) that follows a power law as a function of the cur-
rent density, very close to Sand’s law [ 28,29 ] 
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 where  D  is the ambipolar diffusion coeffi cient,  e  is the elec-
tronic charge,  C  0  is the electrolyte concentration in the bulk 
solution,  µ  a  and  µ  c  are the anionic and cationic mobilities, and 
 J  is the practical current density at the anode surface. There-
fore, a smaller current density at the electrode surface results 
in a larger  τ  that delays the nucleation of dendrites. Chaz-
alviel suggests that the dendrite front grows at a velocity of 
 ν  = − µ  a  E  0  where  µ  a  is the mobility of anions (Li + ) and the  E  0  
is the electric fi eld in the neutral region which is determined 
by  J  =  eC  0 ( µ  a  +  µ  c ) E  0.  [ 29 ]  Therefore, the practical current density 
 J  determines both the nucleation and growth of the dendrites. 
Figure  6 b shows an initial overpotential for the Li/CNT-UGF 
anode ( η  CNT-UGF  = −2.7 mV) that is around one seventh of that 
of lithium metal foil ( η  CNT-UGF  = −18 mV), and at low current 
densities, the over-potential  η  is proportional to the practical 
current density  J . [ 40 ]  Therefore, one can expect that for dendrite 
growth on Li/CNT-UGF the values of  τ  and  ν  are, respectively, 
50 and 1/7 times those for the growth of dendrites on the 
lithium metal foil. On the other hand, the large surface area of 
the UGF-CNT leads to ultrathin Li fi lm with thickness of 2 nm 
on the CNTs (Figure  4 d), which will be unable to generate sig-
nifi cant volumes of Li dendrites. [ 41,42 ]  Therefore, one can con-
clude that the dendrite formation on Li/CNT-UGF is greatly 
suppressed owing to the larger electrochemically active surface 
formed by the CNT-UGF current collector. 

 We have demonstrated a 3D current collector composed of 
hundreds of micrometer-long CNTs and UGF that are con-
nected by covalent carbon–carbon bonds for both the sulfur 
cathode and the lithium anode. A Li–S battery composed of 
an S/CNT-UGF cathode and a Li/CNT-UGF anode delivered 
a remarkable high-rate capacity of 860 mAh g −1  with respect 
to the mass of sulfur at 12 C and excellent cycling stability for 
400 cycles with 0.057% capacity decay per cycle. And the Li/
CNT-UGF anode can run for more than 800 h without den-
drite formation or short circuiting. These results are due to 
the CNT-UGF structure in which a covalently bonded carbon 
network allows a ready fl ow of electrons within the overall 
sulfur cathode without scattering at nanostructure bounda-
ries, and the large electroactive area between lithium and 
the electrolyte suppresses the practical current density and 
thus the dendrite growth. With the scale-up potential of the 
CNT-UGF, one can be optimistic about its commercial pos-
sibilities. For example, a large Li–S pouch cell may be pre-
pared by stacking the S/CNT-UGF cathode sheet and the 
Li/CNT-UGF anode sheet with a separator in between. The 
realization of such a Li–S cell requires more efforts regarding 
the electrolyte content, cell sealing, electrode tab welding, 
cathode and anode mass matching, and so on. Moreover, in 
view of the versatility of the synthesis methods, our strategy 
may be extended to design other carbon nanostructures for 
use in batteries and supercapacitors, making our work a 

valuable contribution to the fi eld of electrical energy storage 
in general.  
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