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One-dimensional (1D) oriented cross-linking hierarchical porous carbon fibers (CHPCF) was first designed and proposed as 

the sulfur immobilizer for lithium–sulfur (Li-S) batteries application. The CHPCF owns large length/diameter (L/D) ratio, 

cross-linked structure and reasonable hierarchical porous distribution, which provides “green channels” for both e
-
 and Li

+
 

transport. Besides, the CHPCF possesses large micro-porous surface to confine the polysulfide (PS) diffusion. As a result, 

the S/CHPCF cathodes simultaneously achieve excellent C-rate performance and cycling stability, which is 535 mA h g
-1

 at 

15C (1C = 1672 mA g
-1

) and 0.076 % capacity attenuation per cycle at 5C during 500 cycles. The structure-performance 

relationship of the carbon materials and Li-S batteries was studied in detail. This research work would shed light on the 

materials design of Li-S batteries with excellent C-rate performance.  

Introduction 

Exploration and development of such power-intensive applications 

as long-range electrical vehicles and stationary energy storage leads 

to strong demand for advanced rechargeable batteries, especially 

on the aspects of specific capacity and energy density.
1-4

 As one of 

the most promising candidates, Li-S batteries are well-suited due to 

the superior theoretical specific capacity of 1675 mAh g
-1

 and 

energy density of 2600 Wh kg
-1

, based on electrochemical reaction 

between sulfur and lithium (
8 216Li + S 8Li S↔ ).

1, 5-7
 What’s more, 

sulfur, one of the most abundant elements in the earth’s crust, as 

well as being cost-effective and environmental friendly, make them 

stand out from tremendous rechargeable batteries and offering the 

possibility for their practical application.
1, 2, 8-12

 Nevertheless, behind 

the towering merits, still series of critical issues like the insulating 

nature of sulfur and Li2S2/Li2S, serious volumetric expansion during 

sulfur lithiation and “shuttle effect” arising from PS “shuttle” 

between the cathode and anode, co-lead to such inferior 

electrochemical performance as low capacity, low coulombic 

efficiency and fast capacity-fading.
2, 13

 To echo to these 

considerable challenges, tremendous efforts have been focused on 

confining the sulfur species with advanced porous frameworks to 

improve the electrochemical performance of Li-S batteries.
3-5, 13-

24
Among them, hierarchical porous carbon (HPC) powder with 

multi-scale pores have attracted most attention and achieved 

impressive progress on capacity output and cycling stability under 

low C-rates. 
14, 16, 25-28

 For instance, we have already developed soft-

package Li/S battery with high energy density up to 504 Wh kg
-1

 

with S/HPC based cathode materials, while the operating C-rate was 

as lower as 0.01C and quite insufficient for EV application.
29

  

Is that possible to increase the C-rate over 5C or even higher, 

to compete with the commercial Li-ions batteries such as LiFePO4 

and NCM? In order to achieve this goal, both the Li
+
 and e

-
 transport 

speed inside the cathode should be further enhanced, which could 

be separately realized by tuning the pore distribution from micro to 

macro and by adding more nano-scale conductive carbon materials 

(carbon black, CNT, graphene). The e
-
 transport frameworks, 

however, are simply formed “through point contacting” electron 

transfer mode between carbon, with the e
-
 conductive speed 

limited at the carbon /carbon interface. In worse conditions, the 

active composites (S/C) might even be isolated by binders, if the 

carbon materials were not sufficiently contacted with each other., 

especially when impregnating a large quantity of sulfur.
20, 21, 30, 31

 In 

previous research works, the 1D oriented carbon materials shows 

generally appealing C-rate performance in Li-S batteries. Then an 

interesting conception comes out: if we cross-link (or joint) these 

1D carbon materials together with 1D carbon materials, the e
-
 

conductivity would be further improved. Besides that, if the 1D 

carbon also owns excellent porous structure (large pore volume and 

surface area), both the C-rate performance and cycle stability of Li-S 

batteries would be much improved.  

Based on this consideration, MOF was chosen as the precursor 

to obtain this carbon structure. As is well known, MOF is a well-

organized framework constructed with metallic ions and organic 

ligands, which may remain the previous morphology and porous 

structure after carbonizing under high temperature.
32

 For example, 
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we noticed that the carbonization of micro-porous MOF precursor 

would mainly obtain micro-porous carbon material. What’s more, 

the metallic ions might be reduced to corresponding metal or 

metallic oxides that act as “localized” inner templates to form 

meso-pores. Additionally, the macro-pores could be formed due to 

the synergic effect of organism decomposition and gas activation 

during carbonization. Given this, the desired 1D oriented carbon 

fibers with hierarchical pores could be obtained by carbonizing the 

1D MOF fibers, and cross-linking with each other via organisms 

melting and carbonizing under high temperature. Along this line, 

inspired by our early work,
33

 a cross-linked hierarchical porous 

carbon fibers (CHPCF) with one-dimensional (1D) orientation and 

mutil-scale pore distribution was fabricated from a well-designed 

Cu-MOF with unique morphology and applied as sulfur host 

material. As expected, the Li-S batteries assembled with S/CHPCF 

composite cathode show excellent cycling stability and C-rate 

performance. The detailed material preparation and structure-

performance relationship of CHPCF was systemically studied, as 

well as compared with the uncross-linked 3D MOF based carbon 

materials which were manufactured with the same raw materials. 

 

Results and discussion 

The 1D MOF with high length/diameter (L/D) ratio, comparable to 

commercial nanotubes and nanofibers (L/D>1000), was designed as 

precursor to prepare CHPCF as the sulfur immobilizer to supply Li
+
 

/e
-
 with “green channel”. The whole synthesis process was 

illustrated in Fig. 1. First, the 1D ordered Cu-MOF fibers, assigned to 

[Cu(BTC–H2)2-(H2O)2]·3H2O phase (labeled as Cu-BTC here) as 

reported,
34

 with diameter of nearly 200 nm were synthesized for 

the first time by coordinating copper ion (Cu
2+

) with benzene-1,3,5-

tricarboxylic acid (BTC) under hydrothermal atmosphere (see 

Supporting Information, Fig. S1). For comparison, the Cu-MOF with 

the same raw materials but different morphology (10 μm 

octahedral type, assigned  to Cu3(BTC)2, also known as HKUST-1) 

was also synthesized (Fig. S2) according to S. I. D. Williams’s group 

in a water/ethanol mixture.
35

 The structures of Cu-BTC and HKUST-1 

were determined by the XRD and FTIR curves, 
34

 as shown in Fig. S3. 
 

 
Fig. 1. Scheme of S/CHPCF preparation.

 

 
Interestingly, after carbonization (the sample labled as Cu-BTC-

C), as shown in Fig. S4, the fibers cross-linked with each other 

forming the cross-linking fibrous structure. Besides, a large number 

of residual nanoparticles (20 nm in diameter) were found to be 

coated on the backbone of the fibers with a few layers of graphitic 

carbon (Fig. S4d). The particles are mainly identified as metallic 

copper (Cu) by the high-resolution TEM image, with lattice fringes 

of  ~0.21 nm periodicity, which is consistent with the (111) plane of 

the fcc phase metallic Cu.
36, 37

 The XRD pattern can further support 

this deduction, with two sharp peaks of Cu(111) and Cu(200) 

appeared at 44° and 51° (Fig. S5). In addition, two peaks at 37° and 

62° corresponding to Cu2O(111) and Cu2O (220) suggsts that partial 

Cu was transformed into Cu2O by slow oxidation in air.
37

 However, 

both Cu and Cu2O particles would bring down the specific surface 

area and pore volume of carbon materials (Cu-BTC-C: 172 cm
2 

g
-1

, 

0.15 cm
3
 g

-1
, Fig. S6), which would hinder the Li-S battery 

performance. In order to remove all of the residue particles, the 

carbon shells coated on the nanoparticles were firstly broken with 

KOH activation and then the nanoparticles were washed with HNO3 

aqueous solution. After removing the particles, the CHPCF 

maintained the ordered cross-linking fibrous structure with length 

up to hundreds of micrometers (Fig. 2a-c), and a large amounts of 

meso-pores around 20 nm appeared (Fig. 2d-f). As further 

confirmed with the EDX results (inset of Fig. 2c), the peaks 

corresponding to Cu (inset of Fig. S4b) also vanished. The unique 

structure is suitable for Li-S batteries with high C-rate, because the 

macro-pores among the ordered fibers and the meso-pores in fibers 

can facilitate Li
+ 

transportation as well as large surface area for 

electrochemical reaction.
14

 Additionally, the 1D oriented carbon 

fibers are crosslinked with carbon, which effectively eliminate the 

contact resistance between the fibers. Due to the synergetic merits 

in facilitating Li
+
 and e

-
 transportation, an excellent C-rate 

performance for the Li-S batteries assembled with CHPCF can be 

expected. In comparison, the carbon derived from HKUST-1 (named 

as HKC), another MOF prepared with the same raw materials with 

HPCF, shows a morphlogy of deformed octahedron (Fig. S7a-c) with 

size of nearly 10 μm after the same treatment. Even though HKC 

also owns numerous hierarchical pores, its Li
+
 transportation 

distance is much longer (10 um vs. 100 nm) than the CHPCF and the 

“throug point contacting” electron transfer model will harmper the 

e
-
 transportation, which limit the C-rate performance of Li-S 

batteries. 

 

 
Fig. 2. (a) ~(c) SEM images ( inset of c is EDX pattern) and (d) ~ (f) 

TEM images of CHPCF at differnet magnifications. (j) STEM images 

of S/CHPCF and elemental mapping of (h) carbon, (i) oxygen and (j) 

sulfur. (k) EDX of S/CHPCF. 
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The N2 adsorption-desorption isotherm and pore size 

distribution were used to quantitatively analyze the porous 

structure of the hosts. As analyzed via Barrett-Joyner-Halenda (BJH) 

method, the HKC shows a micro-pore distribution and a broadened 

distribution from 30-200 nm, while the CHPCF shows a micro-pore 

distribution and a relatively narrow meso-pore distribution around 

20 nm (Fig. 3b). It is noteworthy that the micro-pores of CHPCF are 

more than those of HKC, which are beneficial for confining soluble 

PS during cycling.
21

 Due to the abundant micro-, meso- and macro-

pores, both carbons deliver high specific surface areas and large 

pore volumes ( HKC : 1623 m
2 

g
-1

, 1.13 cm
3
 g

-1
; CHPCF：1906 m

2 
g

-1
, 

1.35 cm
3
 g

-1
, Fig. 3c). After 60 wt. % sulfur impregnation, the 

specific surface area and pore volume of obtained S/C composites 

decreased seriously (S/HKC: 16 m
2 

g
-1

, 0.15 cm
3
 g

-1
; S/CHPCF：12 

m
2 

g
-1

, 0.06 cm
3
 g

-1
), suggesting that sulfur successfully impregnated 

into the pores.
3
 Besides, nearly all micro- and meso-pores 

disappeared and only partial macro-pores remained for 

accommodating volume expansion. All in all, CHPCF owns not only 

unique morphology but also optimized hierarchical porous 

structure for Li-S batteries application.  

To understand the state of sulfur in the hosts after a heating 

process at 155 °C for 20 hours, the crystal structure was analyzed by 

X-ray diffraction (XRD). As presented in Fig. 3d, the S/C composites 

show a similar XRD pattern to the hosts, with no characteristic 

peaks of crystalline sulfur but only one broadened peak around 25 ° 

corresponding to (002) plane of amorphous carbon. It’s speculated 

that most sulfur was confined into the host or uniformly dispersed 

in amorphous state of carbon surface,
33, 38

 as further confirmed via 

STEM and elements analysis (in Fig. 2g-k and Fig. S7d-h). 

 

 
Fig. 3. (a) Nitrogen adsorption—desorption isotherms, (b) Pore 

size distribution curves and (c) Physical characteristics of HCK, 

S/HKC, CHPCF and S/CHPCF composites.(d) XRD patterns of 

orthorhombic S, HKC, S/HKC, CHPCF and S/CHPCF composites.
 

        
The cycling performance of the cells assembled with S/HKC and 

S/CHPCF cathodes was studied at C-rates of 1C and 5C between 1.0 

V and 2.8 V in a LiNO3-free electrolyte. As illustrated in Fig. 4a, the 

cell assembled with S/CHPCF can still deliver a high initial discharge 

capacity of 1336 mA h g
-1

 at 1C, equaling to 80% of the theoretical 

capacity (1672 mA h g
-1

), which is much higher than the 1181 mA h 

g
-1

 of S/HKC electrode. Besides, after 100 cycles, the S/CHPCF 

cathode still remains a high capacity of 904 mA h g
-1

 (68% of the 

initial discharge capacity), which is 1.5 times of that of S/HKC 

cathode (599 mA h g
-1

, 51% of the initial discharge capacity). When 

the C-rate was increased to 5C, the difference was enlarged. For 

example, the initial discharge capacity and the residual capacity 

after 100 cycles of the cell assembled with S/CHPCF electrode are 

1032 mA h g
-1 

and 680 mA h g
-1

, while the relevant values of S/HKC 

electrode are only 614 mA h g
-1 

and 360 mA h g
-1

. The excellent 

active mass utilization and retention can be attributed to two 

factors: 1) larger proportion of micro-pores can not only provide 

sulfur with large carbon surface to connect with but also limit the 

soluble PS diffusion via strong capillary force. It can be further 

confirmed by self-discharge test. As shown in Fig. S8, the cell 

assembled with S/CHPCF electrode can deliver a high capacity of 

770 mA h g
-1

 after the cell was first discharged to 400 mA h g
-1

 (the 

concentration of PS is the highest at this period) and then rested for 

100 h at 0.5C, whereas the S/HKC electrode only delivered a 

capacity of 497 mA h g
-1

; 2) the fluffy structure of CHPCF (Fig. S9a) 

can provide more space to accommodate electrolyte. Even though a 

large amount of pores were filled with sulfur, the S/CHPCF 

electrode still shows nearly 1.8 times of electrolyte uptake 

compared to S/HKC electrode (S/CHPCF: 559 wt%, S/HKC:316wt%, 

Fig. S9b), which means that more soluble PS can be maintained and 

utilized in host. The enlarged difference with C-rate increasing 

might result from polarization effect, which will be discussed in the 

section of C-rate performance in detail. In common consideration, 

with the discharge cutoff voltage increasing, the cycling stability 

improves gradually due to the relieved sluggish reaction arising 

from the poor electric conductivity and slow diffusion of insoluble 

Li2S2/Li2S.
39

 Hence, the cycling performance of S/HKC and S/CHPCF 

was further investigated between 1.7 V and 2.8 V with LiNO3 as 

additive to confine the self-discharge. As presented in Fig. 4c, the 

cell assembled with S/CHPCF electrode can achieve a high initial 

discharge capacity of 960 mA h g
-1

 and retain 57 % (547 mA h g
-1

) 

after 500 cycles at 2C. When the C-rate was increased to 5C, a high 

initial capacity of 801 mA h g
-1

 was still achieved. Similar to previous 

reports,
40-42

 the capacity decreased sharply during the first few 

cycles (nearly 70 cycles), due to the irreversible PS diffusion. Then, a 

reversible capacity of nearly 500 mA h g
-1

 (62% of the initial 

capacity) was remained, meaning that a low decay rate of 0.076% 

per cycle was obtained, which can be further testified by its 

charge/discharge curves in Fig. 4b. As can be seen, after 100 cycles, 

all charge and discharge curves are nearly overlapped. The excellent 

cycling performance can be ascribed to the high proportion of 

micro-pores, the diminished volumetric expansion effect and the 

passive layer coated on the Li anode that decreased the shuttle 

effect after LiNO3 addition. To the best of our knowledge, this is the 

best Li-S batteries performance using MOF-derived carbons as the 

hosts.
26, 33, 38, 43-45

 In comparison, the cell assembled with S/HKC 

electrode only shows initial discharge specific capacity of 849 mA h 

g
-1 

and 416 mA h g
-1

 at 2C and 5C, with low capacity retentions of 

30% (257 mA h g
-1

) and 39% (252 mA h  g
-1

) after 500 cycles, 

respectively. The obvious cycling performance difference further 

highlights the merits of the designed structure of CHPCF. 
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Fig. 4. (a) Cycling performance of S/HKC and S/CHPCF electrodes in 

a LiNO3-free electrolyte. (b) Charge/discharge curvers of S/CHPCF 

electrode at 5C in the 1st, 50th, 100th, 200th and 500th cycles (the 

dates collected from Figure 4c). (c) Long-term cycling performance 

of S/HKC and S/CHPCF electrodes with LiNO3 as additive.
 

 

To further illustrate the excellent cycling performance of 

S/CHPCF, an in-situ visual electrochemical experiment was carried 

out to show the interaction between PS and hosts, by observing the 

color change of the electrolyte in optically transport vessels (Fig. 5a) 

at corresponding discharge states (Fig. 5b). As shown in Fig. 5c, the 

colorless electrolyte (stage a) gradually changed to brown (stage b 

and c) as a result of the PS diffusing out of hosts. Interesting, when 

the cell was discharged from stage c to e, unlike the previous 

reports,
33, 46

 the electrolyte color of HKC didn’t shallow, which may 

be result from insoluble and poor conductive Li2S2/Li2S coated on 

the surface or blocked the external pores of host that further 

hindered the PS to the internal active site due to the micron size of 

HKC. On the contrary, the electrolyte surrounding S/CHPCF 

electrode from stage a to e turn back to its initial color (Fig. 5d). 

Hence, the in-suit visible experimentation is highly consistent with 

the cycling performance of the batteries and further confirms the 

strong capability of CHPCF in confining the PS species.  

 The C-rate performance of S/HKC and S/CHPCF electrodes was 

investigated in Fig. 6. The discharge capacity would decrease under 

higher C-rate, attributed to an increased overpotential 

(overpotential mentioned here was calculated based on the 

potential difference between the charge plateau and the second 

discharge plateau). However, the increased trend of overpotential 

was more moderate for S/CHPCF electrode. Even the C-rate was 

increased to 5C, the overpotential of S/CHPCF electrode was only 

490 mV, which was 210 mV smaller than that of S/HKC electrode 

(Fig. 6e), indicating a kinetically efficient reaction process with a 

small barrier.
9
 Due to the smaller overpotential, more capacity can 

be output for S/CHPCF electrode, especially at high C-rates. The cell 

assembled with S/CHPCF electrode can deliver a capacity as high as 

534 mA h g
-1

 at a high C-rate of 15C, which is twice more than that 

of the battery assembled with S/HKC electrode (259 mA h g
-1

). The 

excellent C-rate performance can be ascribed to the ordered fibers 

with 1D orientation and macro-pores established between the 

ordered fibers and its branches in the unique cross-linking structure, 

which were helpful for e
-
 transportation and electrolyte 

infiltration/Li
+
 transportation, respectively. 

 
Fig.5. (a) Schematic illustration of visual–electrochemical study. (b) 

Schematic of a typical voltage profile. Visual confirmation of 

polysulfide entrapment of (c) S/HKC and (d) S/CHPCF cathodes at 

different states of discharge from stage a to e in (b) at a C-rate of 

0.1C. 

 
Two important parameters of U1 and Q2/Q1 were introduced to 

further verify the speculation. According to the previous report and 

shown in Fig. 6f, U1, the onset potential of the first discharge 

plateau at higher voltage, can reflect the interfacial kinetics 

between the host and active sulfur.
22

 Q0 is the theoretical capacity 

of 1672 mA h g
-1

, including the discharge capacity plateau at higher 

voltage (Q1) and the discharge capacity plateau at lower voltage 

(Q2), as follows: 

2

8 4

1

1 0 0

2

4 2 2 2

2 0 2 1

  2.3 :

4 2

1 / 4 , 1672 ; (1)

  2.1 :

2  (12 -  2 )  (16 -  2 )    (8 -  2 ) (2)  

 (3 / 4 -  / 8) ,  0  4,  1 / 3 .

Plateau around V

S e S

Q Q Q mA h g

Plateau around V

S n e n Li nLi S n Li S

Q n Q n Q Q

− −

−

− − +

+ ←→

= =

+ + ←→ +

= ≤ ≤ ≤ ≤

 

In theory, the plateau around 2.3 V has the potential to output 

a capacity of 418 mA h g
-1

, equaling to 1/4 of theoretical capacity, 

due to 1/2 electron per sulfur atom transfer from sulfur to Li2S4. The 

plateau around 2.1 V can be ascribed to further reducing Li2S4 to 

Li2S, equaling to 3/4 of theoretical capacity. However, during this 

process, insoluble Li2S2/Li2S were produced, which greatly increased 

the resistance of Li
+
/e

-
 transportation and further led to a low value 

of Q2/Q1. Hence, the value of Q2/Q1 is also regarded as a good 

indicator to evaluate the capability of Li
+
/e transportation within 
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the host.
22

 Fig. 6g-h exhibit the evolutions of U1 and Q2/Q1 of S/HKC 

and S/CHPCF electrodes during C-rate increasing from 0.5C to 5C 

(when the C-rate was increased to more than 5C, the plateaus of 

S/HKC electrode become obscure. Hence, only U1 and Q2/Q1 from 

0.5C to 5C were given here.) It is not hard to see that both U1 and 

Q2/Q1 decreased gradually with the C-rate increases, especially at 

high C-rates, which mainly results from polarization effect. Even 

though, no matter what C-rate is, both the U1 and Q2/Q1 of S/CHPCF 

electrode are larger than that of S/HKC. even at a high C-rate of 5C, 

the values of U1 and Q2/Q1 of S/CHPCF electrode can still achieve as 

high as 2.24 V and 2.48, while the relevant values of C/HKC 

electrode are only 2.15 V and 2.28. Hence, we can deduce that both 

interfacial kinetics and Li
+
/e transportation for S/CHPCF electrode 

are superior to that of S/HKC electrode. Those results together 

highlight the merits of CHPCF:1) the ordered 1D nanofibers and the 

cross-linking branches would provide high electrons transport 

pathway, which decrease the ohmic resistance by diminishing the 

contact resistance between the nanofibers; 2) the interconnected 

hierarchical pores offers “green channel” for electrolyte infiltration 

and Li
+
 transportation. In this regard, the enhanced interfacial 

kinetics and Li
+
/e

-
 transportation can well explain why the Li-S 

battery assembled with S/CHPCF electrode present excellent C-rate 

performance. 

Both merits mentioned above were further investigated by the 

EIS method and quantitatively analyzed with equivalent circuit. As 

shown in Fig. 7a, it can be clearly seen that both EIS spectra are 

composed of a semicircle in the high frequency and a short line in 

the low frequency, representing the charge–transfer resistance (Rct) 

and Warburg impedance.
47, 48

 The Rct can reflect the resistance of 

the electrochemical reaction at the boundary of electrode-

electrolyte and the Warburg impedance is responded to Li
+
 

diffusion into the bulk of the materials.
47

 In the equivalent circuit, Rs 

represents the ohmic resistance, including e
-
 and ions conductivity, 

Rct is charge–transfer resistance of electrochemical reactions, CPE 

arises from double-layer capacitance and Wo is the Warburg 

impedance. The results were collected and exhibited in Fig. 7c. As 

can be seen, ohmic resistance (Rs) and Rct of the cell assembled 

with S/CHPCF electrode are 1.60 Ω cm
-2

 and 12.03 Ω cm
-2

, which are 

only nearly 1/5 and 2/3 of the cell assembled with S/HKC electrode 

(Rs:7.59 Ω cm
-2

, Rct:17.87 Ω cm
-2

), respectively. The results further 

verified the high electrochemical activity and premium properties in 

Li
+
/e transportation.  

The high intrinsic electronic conductivity of CHPCF and 

S/CHPCF composites were further testified using a self-designed 

instrument as illustrated in Fig. 7d. As can be seen, the CHPCF 

shows a high electronic conductivity of 0.14 S cm
-2

, which is nearly 4 

folds of HKC (0.04 S cm
-2

). Even though it dropped deeply after 

sulfur impregnation, electronic conductivitie of the S/CHPCF 

composite is still higher than S/HKC (S/CHPCF:0.035 S cm
-2

, S/HKC: 

0.01 S cm
-2

, Fig. 7e). The electronic conductivity test provided a 

direct evidence to further highlights the merits in e
-
 transportation 

for the “ through fiber jointing” electron transfer model of CHPCF. 

To further quantify the difference of Li
+
 diffusion in S/HKC and 

S/CHPCF electrodes, the diffusion coefficient of Li
+ 

(D) was 

calculated according to the following equation: 
49, 50

 
2 2 20.5 ( / ) (3)D RT An F Cσ=  

Where R is the ideal gas content, T is the absolute temperature, 

A is the geometrical area of the electrode surface, n is the number 

of electrons per molecule during oxidation, F is the Faraday’s 

constant, C is the molar concentration of Li
+
 and σ is the Warburg 

coefficient, which has a relationship with the real part of EIS spectra 

(Z’) as follows: 

1/2' (4)Z Rs Rct σω
−

= + +  

Where Rs, Rct and ω are ohmic resistance, charge–transfer 

resistance and angle frequency, respectively. The relationships 

between Z’ and ω
-1/2

 in the low frequency of the two samples were 

listed in Fig. 7b. As can be seen, both curves show a linear 

characteristic in the selected region and the slope of the fitting line 

is σ, which together with D are listed in Fig. 7c. The S/CHPCF 

cathode shows an ion diffusion coefficient of 8.59 × 10
-10

 cm
2
 s

-1
, 

which is nearly two times of S/HKC electrode (4.52 × 10
-10

 cm
2
 s

-1
).  

The increased ion diffusion coefficient can be mainly attributed to 

the shorter diffusion path in the S/CHPCF electrode, due to the 

smaller size and excellent electrolyte-holding properties of the 

porous construct.
47

 The results are highly consisted with the C-rate 

performance. 

 

 
Fig. 6. Electrochemical properties of the S/HKC and S/CHPCF 

electrodes. (a) and (b) C-rate performance for S/HKC and S/CHPCF 

cathodes at various C-rate from 0.5C to 15C. Charge/discharge 

profiles for (c) S/HKC and (d) S/CHPCF at various C-rate from 0.5C to 

15C. (e) Overpotential of S/HKC and S/CHPCF cathodes at various C-

rate from 0.5C to 5C. (f) Schematic  illustration of a typical voltage 

profile. (g) U1 and (h) Q2/Q1 of S/HKC and S/CHPCF cathodes at 

various C-rate from 0.5C to 5C (data are collected from c-d).
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Fig. 7. (a) EIS plots of the S/HKC and S/CHPCF electrodes before 

cycling. Inset is the used equivalent circuit. (b) Relationship 

between Z’ and square root of frequency (ω
-1/2

) in the low-

frequency region. (c) Kinetic parameters of S/HKC and S/CHPCF 

electrodes. (d) A self-designed electrical conductivity measurement. 

(e) Electrical conductivity of HKC, CHPCF, S/HKC and S/CHPCF 

composites.
 

 

To further evaluate its potential for practical application, Fig. 

S10a shows the C-rate performance of S/CHPCF electrode operated 

under low-temperatures, where the C-rate performance 

deteriorated seriously under low operating temperatures. Due to 

the week correlation between the temperature and electron 

conductivity for carbon materials, the main reason that causes the 

poor C-rate performance can be ascribed to the decreased rate of 

Li
+
 transportation. Besides the factor that the increased electrolyte 

viscosity hindered the ion transport have been reported,
51

 we also 

investigated the relationship between the ion conductivity and 

temperature, as shown in Fig. S10b, finding that the ion 

conductivity has a linear relationship with the temperature. When 

the temperature ranged from 25 °C to -20 °C, the ion conductivity 

decreased from 10.35 mS cm
-1 

to 4.52 mS cm
-1

. Even though the ion 

transportation was strongly limited by electrolyte viscosity and ion 

conductivity under a low operating temperature, the Li-S batteries 

can still achieve a capacity as high as 515 mA h g
-1

 at 5C under 0 °C. 

Unfortunately, if further increasing C-rate or decreasing 

temperature (for example, -20 °C), the battery performance will 

drop down sharply and some self-heating technique might be 

considered for practical application. The S/CHPCF electrodes with 

higher active mass loadings were also used to evaluate the 

potential practical application of the cell. As presented in Fig. 

S11,when the mass loading was increased to 1.0 mg cm
-2

 and 1.7 

mg cm
-2

, high capacities of 615 mA h g
-1

 and 651 mA h g
-1 

were still 

obtained at 5C and 3C, respectively, which were among the state-

of-art values ever reported.
8, 20, 25, 52

  Besides that, as shown in Fig. 8, 

the soft package ( geometric area: 77 × 50 mm
2
) using the S/CHPCF 

electrode with 1.7 mg cm
-2

 could simply light up a logo as “DNL 17” 

that was composed of nearly 50 blue LED lights, and batteries of 

300 Wh kg
-1

 (calculated based on coating 1.7 mg cm
-2

 sulfur on the 

both sides of current collector) could be achieved based on our 

calculation to assemble a soft package battery,
[20]

 further proving its 

potential for practical application. 

 

 

Fig. 8. The optical images show a blue LED logo (a) before and (b) 

after lit by a soft package Li–S battery assembled with S/CHPCF 

electrode.
 

Conclusion 

A novel ordered cross-linking fibrous hierarchical porous carbon 

with 1D orientation derived from a Cu-MOF was well-designed for 

advanced Li-S batteries. The cross-linking structure between the 

carbon fibers enables fast (direct) electron transfer “through fiber 

jointing”, instead of the traditional “through point contacting” 

between the contacted carbon units. The hierarchical porous 

distribution orderly ranged from below 2 nm to over 2 um size can 

tightly confine the soluble PS as well as supply Li
+
 with “green 

channel”, and further provide large space for electrolyte and sulfur 

accommodation. In this regard, the Li-S batteries assembled with 

S/CHPCF electrode exhibit good C-rate performance, such as the 

low capacity attenuation rate of 0.076% per cycle at 5C during 500 

cycles as well as an outstanding high-rate capability of 534 mA h g
-1

 

at 15C under room temperature. Additionally, still a high capacity of 

515 mA h g
-1

 at 5C was attained under such a low operating 

temperature as 0 °C. In summary, this work provides a strategy to 

prepare a kind of carbon that can simultaneously meet the demand 

of Li
+
 and e

-
 transport at high C-rates. It would arouse the great 

interest in other advanced high C-rate energy storage such as Li-O2 

batteries and supercapacitors. 
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Graphical Abstract 

 

 

 

1-D oriented ordered cross-linking hierarchical porous carbon fibers were 

fabricated successfully. The prepared cross-linking hierarchical porous carbon fibers 

(CHPCF) as sulfur immobilizer demonstrated excellent cycling stability and high 

C-rate performance in Li-S batteries.  
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