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Electrocatalytic MOF-Carbon Bridged Network Accelerates 
Li+-Solvents Desolvation for High Li+ Diffusion toward 
Rapid Sulfur Redox Kinetics

Linge Li, Haifeng Tu, Jian Wang,* Mingchao Wang, Wanfei Li, Xiang Li, Fangmin Ye, 
Qinghua Guan, Fengyi Zhu, Yupeng Zhang, Yuzhen Hu, Cheng Yan,* Hongzhen Lin, 
and Meinan Liu*

Lithium-sulfur batteries are famous for high energy density but prevented by 
shuttling effect and sluggish electrochemical conversion kinetics due to the 
high energy barriers of Li+ transport across the electrode/electrolyte interface. 
Herein, the Li+-solvents dissociation kinetics is catalyzed and stimulated by 
designing a carbon bridged metal-organic framework (MOF@CC), aimed 
at realizing increased bare Li+ transport for the rapid conversion kinetics of 
sulfur species. Theoretical simulations and spectroscopic results demon-
strate that the bridged MOF@CC well grants a special transport channel for 
accelerating Li+ benefited from aggregated anion/cation clusters. Moreover, 
the CN bridge between -NH2 ligand in MOF and carbon shell enhances 
electron exchange, and thus promotes polysulfide catalytic efficiency and 
hinder polysulfide aggregation and accumulation. With the MOF@CC-modi-
fied separators, the assembled Li/S batteries deliver a reversible capability of 
1063 mAh g-1 at 0.5 C, a capacity retention of 88% after 100 cycles, and a high-
rate performance of 765 mAh g-1 at 5 C. Moreover, the large areal pouch cell 
with 100 µm Li foil and lean electrolyte is capable of stabilizing 855 mAh g-1 
after 70 cycles. These results well demonstrate the efficiency of catalyzing 
desolvation for fast Li+ transport kinetics and the conversion of polysulfides.

DOI: 10.1002/adfm.202212499

1. Introduction

With the rapid development of portable 
electronic devices and electric vehicles, 
lithium-ion batteries (LIBs) are of  dif-
ficulty to meet the ever-growing demand 
on high energy density due to the lim-
ited theoretical capacity of cathode/anode 
(such as LiCoO2: 274  mAh  g−1, Graphite: 
370  mAh g−1).[1] Thanks to the ultra-high 
theoretical capacity (1675  mAh  g−1) and 
specific energy density (2600  Wh  kg−1), 
lithium-sulfur (Li/S) batteries have been 
considered as the promising recharge-
able battery systems with lower environ-
mental pollution and material cost.[2] 
However, the serious “shuttle effect” and 
sluggish kinetics of sulfur reduction and 
sulfide oxidation reactions lead to low 
utilization and rapid capacity loss, seri-
ously impeding the practical application 
of Li/S batteries.[3] In the past ten years, 
researchers had focused on physically 
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confining/shielding the lithium polysulfides (LPSs) and chemi-
cally trapping LiPSs. However, the above adsorption strategies 
work well at the beginning step but they will fail after a cer-
tain number of cycling.[4] The main reason may be attributed to 
the poor Li+ kinetics in diffusion and desolvation processes as 
well as the sluggish conversions of sulfur species, which leads 
to heavy LPSs accumulation and finally deactivates all trapping 
centers.[5]

As well known, Li ion behaviors in the interface or cathode 
interior play the decisive role in electrochemical performances. 
In general, Li ion is typically coordinated with solvent mole-
cules to form solvent-separated ion pairs (SSIPs) complex in 
most liquid electrolytes.[6] While the radius of these solvated 
Li+-solvents complex is much larger than that of anions, such 
as PF6

−, TFSI−. Consequently, the diffusion rate of Li+-solvents 
complex is lower than that of anions owing to the effect of 
steric hindrance, reflected by the low transference number of 
Li+ (< 0.4).[7] Recently, it has been found that Li+ solvation struc-
ture can affect Li+ kinetics significantly by modulating outer 
anion-involved solvation sheath (reducing the coordinated/
solvated solvent molecules in solvation sheath), especially these 
aggregated ion pairs (AGG, anions interacting with two or 
more Li+), forming a special ion transport channel to facilitate 
Li+ motion.[8] Another way is to directly separate solvent mole-
cules from the Li+-solvents complex and make Li+ desolvation 
process easier. For example, a metal-organic framework (MOF) 
modified electrolyte was developed by Zhou et al., in which sol-
vent molecules can be sieved by MOF with suitable pore size 
to get free Li+.[9] These “free” Li+ obtained from the Li+-solvents 
complex will benefit the subsequent redox reaction.

On the other hand, the sluggish sulfur/sulfide reaction 
kinetics are another big challenge owing to the depressive ion 
transport. Very recently, single atomic catalysts (SACs) have 
been considered to propel the ion diffusion for enhancing this 
sluggish conversion kinetics in Li/S system.[10] For example, 
Wang et  al. used single Fe or Cobalt atoms on propelling 
lithium ion diffusion for reducing the delithiation barrier of 
Li2S, and thus accelerating the reversible electrochemical reac-
tions between Li2S and LPSs as well as sulfur.[11] However, 
synthesis of stable SACs with high yielding amount is jet chal-
lenging and uncontrollable. As known, the catalytic efficiency 
requires elaborative interface connection design to enhance 
ion and electron transport. Therefore, the improvement of 
MOF can be solved by constructing quick responses of ion and 
electron exchange via the bridged transport networks.[12] Con-
sidering the effect of MOF on sieving solvent molecules, the 
modified MOF with catalytic functions is desired to enhance 
the kinetics of both Li+ diffusion and LPSs conversion.

In this work, a catalytic composite by bridging NH2-UIO-66 
with composite carbon (MOF@CC) is synthesized and coated 
on polypropylene separator (MOF@CC@PP) for promoting 
Li+ diffusion kinetics resulted from Li+-solvents complex and 
LPSs conversion kinetics in L/S batteries. As illustrated in 
Figure 1a, Li+ ions are mostly surrounded by large amounts of 
organic ether solvents in bulk solution. The sluggish transport 
kinetics of large solvated Li+ ions slow down the redox conver-
sion among sulfur species. With the introduction of MOF@CC, 
some coordinated solvent molecules can be sieved and the sol-
vation structure of Li+ turns into anion-involved modes, such as 

contact ion pairs (CIPs) and AGGs. These CIPs and AGGs will 
fasten Li+ diffusion rate, and then promptly bring these naked 
Li+ to reaction sites, thus avoiding the accumulation of LPSs. 
Meanwhile, the C–N bridged bond in MOF@CC structures are 
constructed by “welding” highly conductive carbon layer and 
MOF particles together (Figure  1b), providing the pathway of 
electronic exchange for high catalytic efficiency. Consequently, 
although there some polysulfides shuttles into electrolyte, it will 
be trapped by MOF@CC and takes electrochemical reaction 
with the bare Li+ from Li+-solvent complex under the assistance 
of electrons from the C–N bridge between MOF and carbon. 
Thanks to the bifunctional MOF@CC@PP, the fabricated Li/S 
batteries demonstrate superior reaction kinetics and better rate 
performance than the controlled ones. The cell modified with 
MOF@CC@PP has a capacity of 1200  mAh g−1 at 0.2  C and 
765 mAh g−1 at 5 C, while PP modified cell only has 739 mAh g−1  
at 0.2 C and 510 mAh g−1 at 5 C. More surprisingly, the large 
areal pouch cell can stabilize a capacity of 855  mAh  g−1 after  
70 cycles, demonstrating the enhanced Li+ diffusion and LPSs 
conversion kinetics by the catalytic MOF@CC layer.

2. Results and Discussion

The synthesis process of MOF@CC is illustrated in Figure S1 
(Supporting Information). Firstly, the metal-organic framework 
(MOF) was prepared by the reaction between ZrCl4 and 2-ami-
noterephthalic acid. The as-prepared MOF mixed with glucose 
and graphene oxide (GO) solution at 60  °C to form homoge-
neous suspension (detailed mass ratio can be found in sup-
porting information). Then MOF@GO@glucose composite 
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Figure 1. a) Schematic illustration of solvated Li+ from bulk solution 
to MOF@CC@PP surface as well as the redox reactions between poly-
sulfides and formed Li+ ions. b) CN active bridged bond between MOF 
particles and carbon layer.
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was obtained after evaporating the water; through heating this 
composite at 350  °C in Ar to finally achieve MOF@CC. In 
this design, the adopted glucose acts as the carbon precursor. 
As shown in Figure S2 (Supporting Information), the CC is 
mainly contributed by the carbonized glucose, which accounts 
for 92.8% of the mass in CC. While considering the depres-
sive electrical conductivity of carbonized glucose, graphene 
oxide was also introduced here to form a uniform 3D conduc-
tive network for effectively shortening electronic pathways. The 
as-obtained MOF@CC was coated on the commercial poly-
propylene (PP, Celgard 2325) to form the final MOF@CC@PP  
membrane. The structural information of the as-obtained 
MOF and MOF@CC samples was investigated by a series of 
characterization methods. As shown in X-ray powder diffrac-
tion (XRD) patterns (Figure S3, Supporting Information), the 
MOF@CC well remains the crystal structure of pure NH2-
UIO-66 even after heating treatment; but simultaneously, 
amorphous carbon peak at 21° appears, suggesting that CC 

may well wrap MOF.[13] To further reveal the microstructure of 
MOF@CC, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and aberration transmission elec-
tron microscopy (AC-TEM) were used. As shown in Figure 2a, 
MOF@CC particles show much rougher surface than that of 
pure MOF particles (Figure S4, Supporting Information), how-
ever, it is hard to tell the carbon shell. While TEM and AC-TEM 
results clearly reveal that these MOF particles are well wrapped 
by carbon sheets (Figure  2b; Figure S5, Supporting Informa-
tion). The selected energy-dispersive X-ray spectroscopy (EDS) 
mapping results confirm that MOF disperses in the core and 
carbon layer disperses in the shell (Figure 2c). The N element 
also appears in the wrapped carbon shell, suggesting the forma-
tion of C–N bridge resulted from the reaction between MOF 
ligands and nanocarbon during the heating process (Figure 2c).

The information of the formed C–N bridges in the MOF@CC  
was further investigated by X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared (FTIR) and 
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Figure 2. Characterizations of MOF@CC and CN bridged bond. a) SEM image of MOF@CC. b) TEM image of the MOF@CC and c) corresponding 
EDX mappings of Zr, C, and N elements. XPS spectra of N 1s in the d) MOF and e) MOF@CC. f) FTIR spectra of MOF and MOF@CC. g) Thermo-
gravimetric curves of MOF and MOF@CC. h) Optical and SEM images of MOF@CC@PP with a scaled size. i) Ionic conductivity and Li+ transfer 
number of PP separator and MOF@CC@PP.

 16163028, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202212499 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [03/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2212499 (4 of 9) © 2023 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

Thermogravimetric analysis (TGA). In the high-resolution 
the N 1s spectrum, compared with the purified MOF, two 
new peaks (400.8, 401.7  eV) appear in the N 1s spectrum of 
the MOF@CC sample, corresponding to pyrrolic N and gra-
phitic N, respectively (Figure  2d,e).[14] These pyrrolic N and 
graphitic N should be assigned to the CN bridged bond for-
mation. Meanwhile, the C 1s spectrum of the MOF sample 
can be divided into three peaks: CO, CN, and CC, corre-
sponding to 288.3, 286, and 284.5  eV, respectively.[15] Notably, 
the intensity of C-N in MOF@CC is much higher than that of 
MOF, indicating new bridged CN bonds formed in former 
(Figure S6a,b, Supporting Information). In addition, the peaks 
at 182.7 and 185.1 eV in Zr 3d spectrum can be ascribed to the 
ZrO and ZrZr bonds, confirming the chemical state of Zr4+ 
in both samples (Figure S6c,d, Supporting Information).[16] To 
further reveal the origin of CN bond, MOF@Glucose and 
MOF@GO (obtained by heating the mixed MOF/glucose or 
MOF/GO at 350  °C in Ar) were also studied by XPS analysis 
as control samples. As shown in Figure S7 (Supporting Infor-
mation), the  CN peak can be  observed at 286  eV in C 1s 
spectra in both samples, indicating that -NH2 ligand could be 
bonded with C atom in both reduced graphene oxide and car-
bonized glucose. Furthermore, this CN bond was also inves-
tigated by FTIR. As shown in Figure 2f, the peak at 1400 cm−1 
can be assigned to CN, but it should be noted that there are 
two peaks in MOF sample, while only one peak in MOF@CC 
sample. The change from two peaks to one peak well demon-
strates the transition of NH2 coordination from C-NH2 to 
C-NH-C. Moreover, the intensity of C-NH2 peak at 1260  cm−1 
in MOF@CC sample becomes much lower than that in MOF 
sample, again suggesting less C-NH2 existence.[17] In addition, 
the thermal stability of pure MOF and MOF@CC were also 
characterized by TGA. As shown in Figure 2g, the pure MOF 
shows poor thermal stability with continuous weight loss due 
to the carbonization of NH2- ligand in the initial 300 °C; while 
MOF@CC keeps excellent thermal stability without any weight 
loss before 400  °C, indicating that the -NH2 ligand has been 
converted into CN bridged bond in MOF@CC system. A pos-
sible formation mechanism of this CN bridged bond is pro-
posed and described in Figure S8 (Supporting Information). 
With the assistance of electrons, these -NH2 ligands in MOF 
reacts with carboxyl (COOH) groups on carbon layer to form 
-CONH. As a consequence, the CN bridged bond is well con-
structed in MOF@CC system.

To achieve the practical application of MOF@CC@PP, its 
large-scale production is inevitable. As shown in Figure  2h, 
this MOF@CC@PP can be easily scaled up to 15  ×  12  cm2 
without any blanks, demonstrating its potential in future com-
mercialization. Both the MOF@PP separator and MOF@CC@
PP exhibit outstanding flexibility at any angle. The thickness 
and mass loading of MOF@CC is 5  µm and 0.422  mg  cm−2, 
respectively (Figure S9, Supporting Information). To value 
the influence of this MOF@CC layer on the electrolyte wetta-
bility, contact angle experiments were performed. As shown in 
Figure S10 and Movie S1 (Supporting Information), MOF@CC  
layer shows a high wettability to the electrolyte and the inter-
facial contact angle is ≈0°, much smaller than that of PP 
(49°), which will be beneficial for reducing the resistance of 
Li ion diffusion. As well known, ionic conductivity (σ) and Li+ 

transference number (tLi+) are key parameters to evaluate the 
desolvation degree since they determine the efficiency of car-
rier diffusion and ionic mobilities.[19] Under the temperature 
ranging from 273.15 to 353.15  K, the MOF@CC@PP system 
exhibits much higher ionic conductivity than the one with 
pure PP separator (Figure S11, Supporting Information). For 
example, the ionic conductivity in the MOF@CC@PP system is 
as high as 0.94 mS cm−1 (Figure 2i). As calculated according to 
the Vincent–Bruce method,[20] the tLi+ across the MOF@CC@PP  
separator is ≈0.67 at room temperature, which is two times 
higher than that of the PP separator (Figure  2i; Figure S12, 
Supporting Information). The enhanced σ and tLi+ of MOF@
CC@PP may be contributed by the unique MOF@PP modi-
fied layer. As depicted in Figure  3a, the Li+-solvents complex 
keeps the similar structure when penetrating through PP sepa-
rator, however these complicated complexes need extra energy 
to remove the solvent molecules to achieve Li+ ions, resulting 
in huge barriers. In contrast, the outer solvation sheath can be 
sieved when these large-size solvated Li+ ions going through 
the narrow channel of the MOF@CC layer, and moreover the 
active CN bridged bond in MOF@CC structures acts as the 
catalytic sites to propel the desolvation of inner Li(solvent)x

+ 
with the help of fast electronic injection. Finally, the naked Li+ 
ions can be quickly formed and participate in the sulfur reduc-
tion and sulfide oxidation without costing too much energies, 
accelerating the reaction kinetics (Figure 3b).

To further reveal the working mechanism of this MOF@CC  
layer on enhanced σ and tLi+, Raman spectroscopy and the 
molecular dynamic simulations were performed. Raman sam-
ples were prepared by dripping 1  M LiTFSI/DOL/DME liquid 
electrolyte into PP, MOF@PP, and MOF@CC@PP separa-
tors. Moreover, a control sample was also prepared by dripping 
3  M LiTFSI/DOL/DME LE into PP separator. Previous work 
reported that the behaviors of TFSI− in the electrolyte consist 
of three different dissociation states: free TFSI− at 740  cm−1, 
contact ion pairs at 745  cm−1 (CIPs, TFSI− interacting with a 
single Li+) and aggregated ion pairs at 750 cm−1 (AGGs, TFSI− 
interacting with two or more Li+).[21] As shown in Figure 3c and 
Figure S13 (Supporting Information), the TFSI− main peak is 
located at 740  cm−1 in PP with 1m electrolyte; while this peak 
shifts to a higher wavenumber region in MOF@CC, suggesting 
that TFSI− participates in the coordination with Li+, which is 
similar to that in PP with 3m electrolyte. Through quantitively 
analyzing the ratio of three dissociation states in four samples 
(Figure  3d), it can be found that MOF@CC modified system 
exhibits the highest total ratios of AGGs+CIPs (99%) among all 
samples (PP with 1m electrolyte: 54%; MOF: 95%; PP with 3m 
electrolyte: 97%). These results suggest that MOF@CC plays a 
role in creating a localized highly concentrated lithium salt elec-
trolyte through desolvation of solvent molecules from Li+-sol-
vents complex. Moreover, the coordination structures of Li+ and 
the radial distribution function (RDF) were also calculated via 
molecular dynamic simulations to further understand the influ-
ence of MOF@CC(Figure  3e–g). As shown in Figure  3f, the 
LiO peak locates at 2.14 Å ascribed to the interaction between 
Li+ and DME/DOL, which can also be found in the presence 
of MOF.[22] It should be noted that the intensity of LiO 
peak becomes lower in the presence of MOF, suggesting the 
changed coordination environment of Li+. From the calculated 
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coordination number (CN) of O atoms in Li+-solvents complex, 
it can be found that the CN drops from 10.4 to 5.2 after intro-
ducing MOF in the system. The reduced CN reflects that Li+ 
coordinates with less solvent molecules in MOF system, which 
will enable the following desolvation easily.[23] The interaction 
energy between Li+ and solvent molecules, as calculated and 
summarized in Figure 3g, again demonstrates the lower desol-
vation energy of MOF system. Based on the above Raman char-
acterization and calculation results, it can be concluded that 
MOF effectively regulates the solvation structure of Li+, reduces 
the desolvation energy, and thus enhances Li+ mobility.

To well investigate the effect of the formed bare Li+ ions 
on the kinetics of the Li/S battery, diffusion coefficients of Li+ 
(DLi

+) in systems with PP, and MOF@CC@PP were measured 
through CV tests. Moreover, to clarify the function of CN 
bridged bond in influencing kinetics, a control sample of MOF 
mixed with CC, denoted as MOF+CC@PP, was also studied 
here. As shown in Figure 4a and Figure S14 (Supporting Infor-
mation), the cathodic reduction peak at R2 is attributed to the 
reduction of S8 to high-order Li2Sx and the reduction R1 corre-
sponds to the further reduction of Li2Sx to insoluble Li2S. The 

strong oxidation peak at O2 with a shoulder at O1 suggests that 
Li2S was gradually converted back to S8.[24] With the increase 
of scanning rates (0.1–0.3  mV  s−1), the O1 and O2 peak shifts 
toward higher voltage; while the R1 and R2 peaks shift toward 
the lower voltage in all systems. The diffusion coefficient 
of Li+ can be calculated based on the Randles–Sevcik equa-
tion[25] and the MOF@CC@PP exhibits the highest DLi

+ value 
among all these three systems (Figure 4b and Figure S15, Sup-
porting Information). The detailed values were summarized in 
Table S1 (Supporting Information) and presented in Figure 4c. 
It can be found that the Li+ diffusion rate in MOF@CC@PP 
system ranks first. The high Li+ kinetics in MOF@CC@PP 
system may be benefit for the fast conversions among sulfur 
species. Furhtermore, the Li2S precipitation and polysulfide con-
version experiment were performed. For better comparison, the 
CNT current collector was adopted in the symmetric and asym-
metric cell systems, as illustrated in Figure 4d. As exhibited in 
Figure 4e, the precipitation capacity of Li2S in MOF@CC@PP 
system is 646  mAh  g−1, which is the highest among all these 
three systems (499  mAh g−1 in MOF+CC@PP, 183  mAh g−1 
in PP system). A higher Li2S precipitation capacity and earlier 
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Figure 3. Desolvation kinetics accelerated by MOF@CC bridged network via simulation and spectroscopic experiments. Schematic illustration of 
solvated Li+ ions inside a) a PP separator and b) MOF channels. c) Raman spectra of the various electrolyte with/without MOF@CC. d) The ratio sum-
mary of solvated TFSI−, CIP, and AGG in different systems. e) Snapshots of commercial electrolyte with/without MOF via MD simulation. Color code: 
C-dark grey, H-white, O-red, N-blue, F-cyan, S-yellow, Li-purple. f) The radial distribution function and coordination number of Li+O in the commercial 
electrolyte without/with the presence of MOF. g) Interaction energy between Li+ and solvent molecules in the commercial electrolyte with/without MOF.
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current response well indicate a faster transformation rate from 
polysulfides to Li2S.[26] Moreover, the CV curves in Figure  4f 
show a higher redox current and a smaller battery polariza-
tion in MOF@CC@PP, again proving its excellent conversion 
performance.[27] To directly observe the generated fast lithium 
ion flux, the symmetric Li/Li cells were assembled to evaluate 
the interfacial stability of separators against Li anode.[28] The 
Li/Li cell with PP separator exhibits rapidly increasing polari-
zation voltage after 360  h, while the Li|MOF@CC@PP|Li cell 
demonstrates excellent cycling stability over 500  h with lower 
overpotential at 2  mA cm−2 under 1  mAh  cm−2, verifying the 
fast ion diffusion propelled by the MOF@CC (Figure S16, Sup-
porting Information). Besides the fast kinetics of Li+ enabled 
by MOF@CC, it also presents effective polysulfide blocking 
function. As shown in Figure S17 (Supporting Information),  
MOF@CC@PP well blocks the polysulfide shuttling from left 
to right chamber in H-typed cell, comparing to commercial PP 
separator. This block feature may further enhance the cycle sta-
bility of Li/S battery.

To demonstrate the effectiveness of the catalytic MOF@CC  
in improving the performance of Li/S batteries, a series of 
electrochemical measurements were performed. As shown in 
electrochemical impedance spectroscopy (EIS) measurements, 
the charge transfer resistance for MOF@CC@PP is only 38 Ω, 
lower than that of MOF+CC@PP (44  Ω) and PP (50  Ω), indi-
cating that the MOF@CC@PP exhibits faster charge transfer 
compared to other separators (Figure S18, Supporting Infor-
mation).[29] Benefited from this smaller Rct, MOF@CC@PP 

modified Li/S cell is expected to present superior rate perfor-
mance. Figure  5a displays the Li/S cell with MOF@CC@PP  
displays a discharge capacity of 1200, 1051, 952, 863, and 
765 mAh g−1 at 0.2 C, 0.5 C, 1 C, 2 C, and 5 C, respectively. At 
5  C, the Li/S cell with PP system only exhibits 510  mAh g−1, 
much lower than the MOF@CC@PP ones. The voltage pro-
files in Figure 5b and Figure S19 (Supporting Information) also 
shows the cell with MOF@CC@PP displays the typical voltage 
plateaus. Furthermore, the overpotential at different rates for 
these three systems were summarized in Figure  5c. It can be 
found that the MOF@CC@PP system shows the lowest over-
potential, suggesting the superior kinetics of this system.[30] 
For example, the MOF@CC@PP one delivers a higher cou-
lombic efficiency (CE) and the lowest overpotential (293  mV) 
at 2  C. The cycling stability of the cells was evaluated as well 
(Figure  5d and Figure S20, Supporting Information). Impres-
sively, the MOF@CC@PP cell delivers an initial discharge 
capacity of 1063 mAh g−1 and the capacity retention can reach as 
high as 88% (920 mAh g−1) after 100 cycles under 0.5 C; which 
is much superior to MOF+CC@PP (627 mAh g−1) cell and PP 
cell (610  mAh g−1). Even under 1  C, the Li|MOF@CC@PP|S  
cell still shows an outstanding cycling performance and 
capacity retention (Figure S21, Supporting Information). Mean-
while, the effect of the thickness of the MOF@CC modified 
layer on electrochemical performance was studied. As shown 
in Figure S22 (Supporting Information), a thin MOF@CC 
layer with a thickness of 2 µm could not completely cover PP; 
while a  homo geneous MOF@CC layer with 5  µm on PP can 

Adv. Funct. Mater. 2023, 33, 2212499

Figure 4. Electrochemical catalytic reaction kinetics improvement by MOF@CC. a) The CV profiles of Li/S cells with MOF@CC@PP from  
0.10–0.30  mV  s−1. b) Linear fitting of peak currents with Reduction peak R1, Reduction peak R2, oxidation peak O1, and oxidation peak O2 using  
MOF@CC@PP. c) The corresponding slope histogram. d) Schematic illustration of the CNT/CNT symmetric cells using LiTFSI-based electrolyte with 
Li2S6 dissolved. e) Potentiostatic discharge curves of different separators with Li2S6 electrolyte at 2.05 V. f) CV curves of symmetric batteries with Li2S6 
electrolyte at 0.5 mV s−1.
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be achieved and it delivers a superior performance. The results 
suggest that the MOF@CC modified layer indeed enhances the 
performance of Li/S battery, and a homogeneous coating layer 
is crucial and herein 5 µm is suitable in current system.

To further evaluate the contribution of this MOF@CC layer 
on Li/S battery performance, a Li/S battery with a thin Li anode 
(the thickness of 50  µm) (Figure S23a, Supporting Informa-
tion) and a high mass loading sulfur cathode (6.0  mg cm−2) 
was assembled (Figure S23b, Supporting Information). As 
shown in Figure S23c (Supporting Information), Li/S cell with 
MOF@CC@PP delivers a discharge capacity of 672  mAh  g−1 
and Coulombic efficiency of 99.8% after 50 cycles at 0.3  C 
even under a low N/P ratio of 2.3, demonstrating that the cell 
can still achieve a satisfied performance with the assistance 
of MOF@CC in a high-loading cell. In the conditions of lean 
electrolyte (11  µL mg−1) and the thickness of 100  µm Li, large 
areal pouch cell stabilizes cycling performance with a dis-
charge capacity of 855 mAh g−1 after 70 cycles and shows a high 
average CE of 99.2% (Figure  5e and Figure S24, Supporting 

Information). More impressively, the MOF@CC layer presents 
a certain primary crystal structure and the surface morphology 
is still spherical particles after cycling (Figure S25, Supporting 
Information), indicating that MOF@CC layer keeps the cata-
lytic functions.

3. Conclusion

In summary, a bridge-structured catalytic MOF@CC was pro-
posed to regulate Li+ solvation structure, and thus improve 
Li+ diffusion, desolvation and redox reactions toward high 
sulfur reaction kinetics. Simulation and spectroscopic results 
confirm that Li+-solvents complex can be efficiently catalyzed 
by the bridged MOF@CC, creating a localized high lithium 
salt environment, which promotes the formation of anion-
involved Li+ solvation structure or desolvated Li+. Benefited 
from these aggregated ion clusters, Li+ diffusion rate increases 
as evidenced by the calculated Li+ diffusion coefficients (DLi

+). 

Figure 5. Electrochemical performance of Li/S full cells with MOF@CC kinetic promotor. a) Rate performances of Li/S batteries based on various 
separator with/without modification. b) The corresponding charge/discharge voltage curves at 2 C. c) The comparisons of overpotential cycled at 
different rates. d) Cycling performance with different separators at 0.5 C. e) Cycling performance of the large pouch cell using MOF@CC@PP under 
2.81 mg cm−2 at 0.1 C.
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Moreover, the C–N bridged bond simultaneously enhances ion 
and electron  conduction for high catalytic efficiency, which 
dramatically reduce the aggregation and accumulation of 
polysulfides. With this catalytic MOF@CC@PP separator, a 
superior ionic conductivity (0.94 mS cm−1) and a high Li+ trans-
ference number (0.66) are achieved. Consequently, the cell sta-
bilizes 920  mAh  g−1 after 100 cycles at 0.5  C and a high rate 
performance reaches up to 765  mAh  g−1 at 5  C, much better 
than the controlled cells. Even under a low N/P ratio of 2.3, 
Li/S cell with MOF@CC@PP delivers a discharge capacity of 
672 mAh g−1 and Coulombic efficiency of 99.8% after 50 cycles 
at 0.3 C. In the pouch cell with 100 µm Li foil and the lean elec-
trolyte, it can still deliver a discharge capacity of 855 mAh g−1 
after 70 cycles. We believe this work points out a new way to 
manipulate the Li+ solvation structure, which is critical in Li+ 
transport kinetics and the diffusion of polysulfides.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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