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A B S T R A C T   

The severe shuttling of soluble polysulfides (LiPSs) (Li2Sx, 4 ≤ x ≤ 8) and sluggish kinetics of solid–solid con
version (Li2S2 → Li2S), lead to the premature end of discharge, resulting in fast capacity decay, limiting the 
practical performance and safety of lithium-sulfur batteries (LSBs). Functional modifiers on separators exhibit 
significant performances in migrating diffusion and promoting conversion for LiPSs; thus, endowing the sepa
rator with multiple high-performance parameters by multifactorial engineering to address the two issues 
mentioned above is an urgent need. Herein, for the first time, an ultra-light (≈0.14 mg cm− 2) and multifunctional 
modifier consisting of metalloporphyrin conjugated porous polymer (Al-CPP) is interface-induced growth on the 
commercial separator to develop advanced LSBs. The electrocatalyst of metalloporphyrin is covalently con
structed by an imidazolium-containing linker with bis(trifluoromethane)sulfonimide (TFSI¡) anions within the 
porous skeleton, improving diffusion and conversion of LiPSs as well as facilitating electrolyte accessibility and 
Li+ transport, thereby performing enhanced full-range sulfur redox kinetics, and guiding uniform Li deposition. 
The in-situ growth of metalloporphyrin conjugated porous polymer is further verified in LSBs that realize su
perior rate performances and long lifespans. This contribution proposes an efficient in-situ growth of an ultra- 
light modifier design strategy to functionalize separators and inspires multi-function synergetic integration 
facing high-performance LSBs.   

1. Introduction 

Owing to their high theoretical specific capacity (1675 mAh g− 1), 
energy density (2600 Wh kg− 1), natural abundance, and low cost, 
lithium-sulfur batteries (LSBs) are an appealing candidate for high 
energy–density batteries [1]. However, the rapid capacity degradation, 
low Coulombic efficiency, and cycling instability originating from the 
dissolution and migration of soluble lithium polysulfides (LiPSs) (Li2Sx, 
4 ≤ x ≤ 8) described as the “shuttle effect” has become the most 
prominent problem in LSBs. Moreover, the LiPS shuttling becomes se
vere by the sluggish kinetics of multi-electron reactions through solid
–liquid-solid–solid phase transformation (S8 → Li2S4 → Li2S2 → Li2S) of 
the S-cathode during the discharging process, leading to an inferior rate 
capability [2]. To meet intractable challenges in the marketization 

process of LSBs, a promising strategy to inhibit the shuttle effect through 
rational engineering of separators with effective LiPS trapping and 
transformation abilities remains a critical issue in LSBs. 

In recent years, strenuous efforts have been pursued to mitigate the 
shuttle effect by coating/or filtrating the functional material, such as 
carbon-based materials (e.g., carbon spheres [3], carbon nanotubes [4], 
graphene [5]), metal oxides (e.g., MoO3 [6], ZnO [7], Al2O3 [8]), metal 
sulfides (e.g., ZnS [9], MoS2 [10], CoS [11]) and metal–organic frame
works (MOFs) [12–14], on the commercial polyolefin separator facing 
the S-cathode. Due to their polar groups, the surface-modified layer 
composited by functional materials has significantly improved electro
lyte affinity, Li-ion distribution, and LiPS inhibition. Among them, 
transition metal oxides (e.g., CoO [15], Nb2O5 [16], TiO2 [17]) as 
modified layers exhibit many properties that are conducive to mutual 
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conversion between soluble long-chain (Li2Sx, 4 ≤ x ≤ 8) and insoluble 
short-chain (Li2S2, Li2S) LiPSs, which effectively inhibit LiPS shuttle but 
also accelerate the reaction kinetics, thus obtaining excellent cycling 
performance. To achieve functionalization of separators, slurry casting 
and vacuum assistant filtration (VAF) as facile and practical approaches 
have been proposed and employed to prepare modified separators [18]. 
Nevertheless, these modified separators still suffer from falling Li-ion 
conduction or low efficiency for suppressing LiPS diffusion caused by 
too dense or loose structure for their modified layers. In addition, the 
thickness and weight of various designed modified separators are usu
ally much more significant than those of commercial separators, which 
would apparently reduce the transport of Li ions and decrease the 
overall energy density of LSBs. So far, only rarely are findings presented 
that obtained functional separators with significant enhancement in 
LiPS trapping and transformation abilities through a more effective 
strategy for achieving high-rate and long-cycle-life LSBs. For instance, a 
MOF-derived Co9S8 nanowall array with vertical hollow nano
architecture and high electrical conductivity was in-situ grown on a 
Celgard via an interface-induced approach as a multifunctional polar 
barrier (mass loading of ≈0.16 mg cm− 2), enhancing the performance of 
LSBs [19]. Another MOF-derived Ni3(HITP)2 (HITP = 2,3,6,7,10,11- 
hexaiminotriphenylene) has been demonstrated that the in-situ growth 
microporous modified layer on Celgard with low mass loading (≈0.066 
mg cm− 2), favorable absorption capacity for LiPSs, and high conduc
tivity can significantly improve performance LSBs [20]. Besides, the 
double-sided nano brick-wall structure, constructed by MoS2/poly dia
llyl dimethyl ammonium chloride (PDDA) hybrid in conjunction with 
polyacrylic acid (PAA), was fabricated via layer-by-layer (LBL) self- 
assembly approach, showing ultralight loading of modified layer 

(0.10 mg cm− 2), excellent LiPSs trapping and Li dendrite suppressing for 
achieving outstanding cycle stability [21]. In this regard, it is mean
ingful to design a novel functional separator, which can be very thin for 
fast ion transport and offer effective active sites to physically/chemically 
trap and catalyze LiPSs for high electrochemical utilization. 

Porphyrin compounds are ubiquitous and perform essential func
tions of life, which have been widely investigated as catalysts in various 
fields due to their unique 2D and 18 e- conjugate structures. Specifically, 
the molecular electrocatalytic active sites are constructed to form the 
conjugated porous polymer (CPP) that affords a stable and necessary 
interspace and allows easy accessibility of reactants and their media, 
thereby ensuring effective electrocatalytic reaction [22]. Despite their 
numerous electrocatalytic features, the synthesized CPPs are usually in 
the form of solid-state, thus lacking sufficient homogeneity for molec
ular sieving applications. Therefore, the controllable fabrication of 
continuous large-area CPP membranes with small thicknesses and 
optimal pore size is significant in porphyrin application and helps create 
high-performance LSBs. Herein, the in-situ growth of a large-area, ultra- 
thin, consistent, and microporous layer on Celgard has been reported 
using a metalloporphyrin conjugated porous polymer by tetra-(4-ami
nophenyl)porphyrin aluminum (Al-TAPP). For the first time, it has been 
demonstrated that the metalloporphyrin conjugated porous polymer 
modifier can be simultaneously used as the barrier and catalyzer for LiPS 
in designing high-performance LSBs. Scheme 1 shows that the Al single- 
atom catalyst coordinated CPP (Al-CPP) with an extremely low mass 
loading of ≈0.14 mg cm− 2 can be directly produced on the Celgard 
surface using a facile interface-induced growth approach. The forming 
imidazolium-containing linker with bis(trifluoromethane)sulfonimide 
(TFSI− ) anions not only integrates the metalloporphyrin active sites but 

Scheme 1. The stepwise fabrication process of the Al-CPP in-situ functionalized separator.  
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also facilitates electrolyte affinity and Li-ions transport for the LSBs’ 
separator. The as-designed Al-CPP layer endows the separator with 
chemical/physical adsorption for LiPSs, enhances full-range sulfur redox 
kinetics, and guides uniform Li deposition. As a result, LSBs based on Al- 
CPP functionalized Celgard (Al-CPP/Celgard) delivered stable sulfur 
electrochemistry, high rate performance, long cycling lifespan, and 
competitive areal capacity under high sulfur loading. The in-situ growth 
strategy represents insight into the rational construct of 
metalloporphyrin-conjugated porous polymer toward advanced LSBs. 

2. Experimental section 

2.1. Preparation of Al-CPP/Celgard and CPP/Celgard 

Celgard separators were first oxidized by KHSO5 (10 wt% in deion
ized water) at 80 ◦C for 1.5 h. Put the oxidized Celgard in the deionized 
water (120 mL) solution of Al-TAPP (8.9 μmol), glacial acetic (0.5 mL), 
formaldehyde (35.6 μmol) and pyruvaldehyde (35.6 μmol), and heated 
to 80 ◦C for 8 h. Then, the separators were put in LiTFSI solution (100 
mL, 1 wt% in deionized water) at room temperature and stirred for 2 h, 
and vacuum dried at 60 ◦C to get Al-CPP/Celgard. Replacing Al-TAPP 
with TAPP and reacting similarly to get CPP/Celgard. The preparation 
of Al-TAPP and TAPP are showed in supporting information [23,24]. 

2.2. Battery assembly 

The S-cathode, separator (modified layer facing S-cathode), elec
trolyte, and Li metal of the battery were assembled into 2032-type coin 
cells. The electrolyte was 1 M LiTFSI salt in a solvent mixture of DME 
and DOL (1:1 v/v) with 1% LiNO3 additive. The cathode was prepared of 
S, CB, and PVDF at a ratio of 6:3:1 coating on Al foil. The active material 
loading in the S-cathode was ≈1 mg cm− 2 (diameter 12 mm) and ≈3.0 
mg cm− 2 (diameter 10 mm). 

2.3. Symmetric battery 

The C-cathode, separator with Li2S6 electrolyte, and C-cathode of the 
symmetric battery were assembled into 2032-type coin cells. The Li2S6 
electrolyte (saturated) was prepared by the overnight reaction of Li2S 
and S in a molar ratio of 1:5 in the electrolyte. The C-cathode was pre
pared of CB and PVDF at a ratio of 8:2 coating on Al foil. The CB loading 
in the C-cathode was ≈1 mg cm− 2 (diameter 12 mm). 

3. Results and discussion 

The stepwise fabrication process of the Al-CPP in-situ functionalized 
separators is schematically illustrated in Scheme 1, along with photo
graphs. The in-situ modifier is composed of the micro-porous porphyrin 
for physically blocking lithium polysulfides (LiPSs) and imidazolium- 
containing linker with (TFSI− ) anions for facilitating Li-ions transport. 
Among metal elements, Al is the third most abundant element and the 
most abundant metal on Earth. It is also widely used because it is 
lightweight, easily recyclable, and stable against corrosion. In Al coor
dinated Por, the Al center is ready to form Lewis acid-base adduct with 
an incoming base, which can be regarded as one of the most accessible 
and unique single-atom catalysts for Li-S batteries [25]. The modifier’s 
precursor (TAPP) was transferred to Al ion-centered TAPP (Al-TAPP) 
through the metalation of Al salt. Then, the CPP with and without Al ion 
was grown in-situ on the Celgard through a facile solution method, 
which allows scalable production of the Al-CPP/Celgard and CPP/Cel
gard, respectively (Fig. S1). It is noted that the color of the oxidized 
Celgard is wholly changed to light yellow after the solution reaction at 
80 ◦C, suggesting the in-situ polymerization of Al-CPP (or CPP) on the 
Celgard surface. The morphology of the resulting separators was further 
characterized by scanning electron microscopy (SEM) (Fig. 1), showing 
that in-situ polymerized CPPs uniformly covered an irregular porous of 
the pristine Celgard. The energy-dispersive X-ray spectroscopy (EDX) 
mapping confirms the uniform distribution of N, S, F, and Al elements 
through the Al-CPP/Celgard (Fig. 1d). The thickness and weight of the 
in-situ growth layer on the Celgard are critical parameters in designing 
high-energy–density LSBs. An ultra-thin (>800 nm) and ultra-light 
(>0.14 mg cm− 2) Al-CPP modified layer attached to the surface of 
Celgard is visible in the cross-sectional SEM images (Fig. 1e), which is 
much thicker than most modified separators by blade-coating and 
filtration approaches (>10 μm). Besides, modified CPP and Al-CPP 
layers are firmly attached to the Celgard surface through in-situ poly
merization, evidenced by no stripped and cracked samples after 
repeated folding and unfolding (Fig. 1f). The XRD pattern further pre
sents the transformation of the crystalline structure of TAPP to the 
amorphous structure for the polymerized CPP powder (Fig. S2). Besides, 
the Brunauer-Emmett-Teller (BET) surface area analysis indicates the 
synthesized CPP contains prolific mesopores identified as type-IV iso
therms with type H3 hysteresis loops, which can be determined to be the 
specific surface area of 280 m2 g− 1 (Fig. S3), which could provide more 
active sites and 3D diffusion channels to achieve effective physical or 

Fig. 1. SEM of the top surfaces of (a) Al-CPP/Celgard, (b) CPP/Celgard, and (c) Celgard. (d) The corresponding EDX mapping of Al-CPP/Celgard. (e) SEM of the 
cross-sectional surface of Al-CPP/Celgard. (e) Photographs of Al-CPP/Celgard and CPP/Celgard after folding. 
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chemical LiPS adsorption and fast Li-ion conduction, respectively. 
Initially, Fourier transform infrared spectroscopy (FTIR) of the TAPP 

and Al-TAPP are depicted in Fig. S4, showing characteristic absorption 
peaks of the pyrrole ring at ≈1510 cm− 1 and –NH2 at ≈3449 and ≈3372 
cm− 1 corresponding to porphyrin macro-ring and amino group, 
respectively. In Fig. S5 of 1H NMR, the proton signals at 8.88, 7.84, and 
6.99 ppm are assigned to the hydrogen atom of the porphyrin macro- 
ring, and the peak at 5.58 ppm is ascribed to the amino group in the 
spectra of TAPP. After the metalation of Al salt, the peak at − 2.74 ppm 
assigned to pyrrolic H (–NH-) in the porphyrin ring disappeared, indi
cating complete metallization with the Al cation. It can also be seen that 
the Al-TAPP shows the characteristic structure of the amino group at 
149.0 ppm in 13C NMR spectra (Fig. S6); and that the polymerized Al- 
TAPP (Al-CPP) presents specific signals at about 171.1, 137.7, and 
148.8 ppm after being covalently bonded by imidazolium rings with 
TFSI- anions, respectively. The X-ray photoelectron spectroscopy (XPS) 
spectra in Fig. S7 further characterized the obtained Al-CPP/Celgard, 
exhibiting two distinct peaks at 398.3 and 400.3 eV, which are related 
to the contribution of the Al-N bonds in the porphyrin ring and the C-N 
bonds in the imidazolium ring, respectively. Additionally, the presence 
of values of F 1s, S 2s, and S 2p at around 685.1, 230.0, and 166.3 eV, 
respectively, assigned to the TFSI- anion suggests that the CH3COO– in 
the imidazolium ring was ion-exchanged by LiTFSI salt, which strongly 
supports the new peaks at 1580, 1059 and 1202 cm− 1 corresponding to 
the imidazolium ring, S=O and -CF3 groups observed by FTIR analysis 
(Fig. S4). Therefore, these observations provide direct proof for the 
successful in-situ growth of the functional layer consisting of the porous 
polymer, Al metal active center, heterocyclic ring, and imidazolium- 
based linker, which can be reasonably expected to facilitate electro
lyte infiltration, diffusion of Li+-ions, physical/chemical barrier and 
catalytic conversion for LiPS. 

To evaluate the ability of the in-situ growth porphyrin-based CPP to 
adsorb LiPSs, the visualized adsorption test was carried out by adding 
the synthesized Al-CPP powder and Al-CPP/Celgard to the solution of 
LiPSs. Subsequently, the absorbances of the solutions after standing for 
24 h were recorded using a UV–vis spectrophotometer (Fig. 2a). The 

pristine Li2S6 solution was decolored after adding Al-CPP powder, 
reflecting the excellent physical/chemical adsorption ability toward 
LiPSs by the imidazolium linker and porphyrin conjugated porous 
polymer. Due to its ultra-light modified layer, the Al-CPP/Celgard shows 
no apparent color change in the resultant Li2S6 solution but a weaker 
peak intensity at ≈285 nm. To further verify the enhanced trapping 
ability toward LiPSs by porphyrin-based modifiers, XPS was conducted 
to investigate the chemical interaction between the Al-CPP (or CPP) and 
Li2S6 before and after adsorption. After interacting with Li2S6, the 
binding energy of the Al 2p spectra of Al-CPP/Celgard exhibited a 
negative shift of 0.88 eV compared to that of the Al-CPP/Celgard as a 
result of the chemical interaction between Al and S (Fig. 2b). Electrons 
tend to be transferred from S atoms of Li2S6 to unsaturated Al atoms of 
Al-CPP/Celgard in the form of Lewis-base interactions [26]. For the XPS 
analysis of S 2p, the overall S 2p peaks exhibited a positive shift, 
revealing weaker electron cloud density by the electron transfer from S 
to Al atoms (Fig. 2c and Fig. S8a) [27]. Besides, the presence of two new 
peaks at 398.1 and 402.6 eV in the N 1 s spectrum of adsorbed Li2S6 
separator suggests the formation of the N-Li and N-S, respectively 
(Fig. 2d and Fig. S8b) [28,29]. These observations revealed that the 
simultaneous chemical bands Al-S, N-Li, and N-S could enhance the 
interaction between the modified Al-CPP layer and LiPSs, which is 
beneficial for the chemical inhibiting the shuttle effect. The interception 
function from Al-CPP was also examined by the permeation behavior of 
Li2S6 solution in an H-type cell separated by the separator. As shown in 
Fig. S9, the pure electrolyte in the inserted Celgard H-cell apparently 
turns to deep yellow within 1 h, while it can stay colorless after 24 h by 
inserting modified separators. The result also reflects that the porous 
structure is cooperative binding to form a dense LPS-barrier layer that 
can effectively inhibit the shuttle effect, therefore protecting the Li 
dendrite growth and passivation of the Li anode. 

To demonstrate the structural benefit of the Al-CPP separator for 
facilitating the capability of accommodating and utilizing LiPSs, a series 
of electrochemical characterizations was performed. The liquid elec
trolyte uptake (EU) was first tested as 80%, 117%, and 124% for Cel
gard, CPP/Celgard, and Al-CPP/Celgard, respectively, illustrating a 

Fig. 2. (a) UV–vis spectra and the photographs of the LiPSs solutions before and after absorbed adding CPP; (b) Al 1 s, (c) S 2p, (d) N 1 s XPS spectra of Al-CPP/ 
Celgard before and after adsorption of LiPSs; (e) CV curves of cell with Al-CPP/Celgard at different scan rates; (f) CV curves of added Li2S6 symmetrical cells with 
Celgard, CPP/Celgard, and Al-CPP/Celgard. 
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limited enhancement in EU by additional modification due to the ultra- 
light modified layer. However, the contact angles between the electro
lyte and separator displayed 44.8◦, 28.1◦, and 22.6◦ for Celgard, CPP/ 
Celgard, and Al-CPP/Celgard, respectively (Fig. S10). The porphyrin- 
modified layer’s porous and lithiophilic polymer structure in CPP/Cel
gard and Al-CPP/Celgard separators accounted for improving electro
lyte affinity, facilitating electrolyte infiltration and Li-ion diffusion. The 
improved electrolyte affinity is reflected in the ion-conductivity (σ) of 
the modified separators, showing a slightly higher σ value of 0.51 mS 
cm− 1 than Celgard of 0.30 mS cm− 1. (Fig. S11) In LSB’s cyclic voltam
mograms (CV) with the separators, two reduction peaks (peak A and B) 
and a border oxidation peak (peak C1 and C2) appear at ≈2.3, ≈2.0, and 
≈2.4 V, corresponding to the two-step reduction of cyclo-S8 → Li2S4-8 → 
Li2S2/Li2S and reversible oxidation of Li2S2/Li2S → cyclo-S8, respectively 
(Fig. 2e and Fig. S12) [30]. It can be observed that the cell with Al-CPP/ 
Celgard displays much sharper and higher current peaks than those of 
CPP/Celgard and Celgard assembled cells, implying a quicker conver
sion between sulfur and LiPSs. Moreover, the CV profile displays a 
positive shift in reduction peaks and a negative shift in oxidation peaks 
as well as an increased Li diffusion coefficient (DLi

+) calculated by the 
Randles-Sevcik equation (Fig. S12 and Table S1). The result illustrates 
that the cell with Al-CPP/Celgard exhibits a lower polarization, faster 
Li+ diffusion, and redox kinetics, which can be expected to improve the 
cells’ cycling performance and sulfur utilization by modifying the 
porphyrin-based conjugated porous polymer, especially after coordina
tion with Al. Herein, the catalytic and kinetics effect of Al-CPP on sulfur- 
based conversion reaction was further studied by symmetric cells. As 
depicted in Fig. 2f, the CV tests were performed at 10 mV s− 1 within a 
voltage range from − 1.0 to 1.0 V. Notably, the peak current density of 
cells with Al-CPP presented a high peak current density manifesting the 
evident promotion of the liquid–solid heterogeneous redox reaction on 
Al-CPP during the charge/discharge processes [31]. Linear sweep vol
tammetry (LSV) exhibits electrochemical stability windows that the 
disintegrated potential of Al-CPP/Celgard is at about 4.7 V, more stable 
than Celgard (Fig. S13). 

The barrier and catalytic effects of the Al-CPP modifier are further 
investigated by the charging/discharging behavior at a current rate of 
0.5 C. After 100 cycles (Fig. 3a), the cells assembled with Al-CPP show 

higher discharge capacity than CPP/Celgard and Celgard assembled 
cells (1024.3 vs. 928.5 and 788.6 mAh g− 1, respectively). In addition, 
the electrochemical impedance spectroscopy (EIS) and galvanostatic 
intermittent titration technique (GITT) measurements at a 0.05 C further 
demonstrate the function of Al-CPP on kinetic behavior. As shown in 
Fig. 3b, the EIS curves are presented in the form of Nyquist plots, where 
the semicircle at high frequency and inclined line at low frequency 
represent charge-transfer resistance (Rct) and diffusion impedance of Li- 
ion, respectively. After the cycling, all cells revealed a similar semicircle 
at the high frequency and an inclined line at the low frequency, corre
sponding to charge transfer resistance (Rct) and Warburg impedance 
(W), respectively. Besides, there was a new semicircle at the middle 
frequency of the cell with Celgard, representing the electrolyte/elec
trode interface resistance (Rsf), caused by the shuttle of LiPSs. Obviously, 
the Al-CPP assembled cell exhibited a smaller Rct value (27 Ω) than that 
of CPP/Celgard (40 Ω) and Celgard (48 Ω) and unobservable semicircle 
in the medium-frequency area, indicating the lower charge-transfer 
resistance and limited LiPS diffusion of LSBs with Al-CPP/Celgard, 
which is in favor of kinetics [32]. The GITT profiles (Fig. 3c) were car
ried out by applying a constant current (Iapplied) for 1 h to obtain the 
closed-circuit voltages (CCV), followed by a resting step in the absence 
of current for another 2 h to acquire the quasi-open-circuit-voltage 
(QOCV) and the internal resistance (ΔRinternal) can be calculated by the 
equation: ΔRinternal (Ω) = |ΔVQOCV-CCV| / Iapplied in lithiation/delithita
tion process of LSBs. As shown in Fig. 3d, it was obvious that the 
ΔRinternal of the cell with modified separators is much lower than those of 
Celgard at both stages of LiPSs to Li2S/Li2S2 in the discharge process and 
Li2S/Li2S2 to LiPSs in charge process. The lower Rinternal indicates the 
decreased reaction barrier by in-situ growth Al-CPP, leading to the faster 
redox kinetics of LiPSs with much-alleviated polarization [33,34]. 

As the rate performance is another essential factor for evaluating the 
electrochemical reaction kinetics, the rate performance of LSBs with the 
separators at various current densities was recorded. As depicted in 
Fig. 3e, the cell with Celgard delivered an initial discharge capacity of 
863.2 mAh g− 1 at 0.2 C and significantly dropped to < 200 mAh g− 1 at 
≥ 2.0 C. Furthermore, when the current rate abruptly switched back to 
0.2 C, the specific capacity limitary recovered to 752.1 mAh g− 1, 
revealing poor reversibility at various current rates. However, at the 

Fig. 3. (a) Cycling performance, (b) Nyquist plots, (c) GITT potential profiles recorded at 0.05 C, (d) resistance recorded as a function of normalized time of cells with 
Celgard, CPP/Celgard, and Al-CPP/Celgard, (e) rate-performance; (f) voltage profile curves. 
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same range of current rates, the rate performances of the cells with both 
modified separators are less inferior to that of Celgard-assembled cells. 
The cell with Al-CPP/Celgard not only delivered an initial capacity of 
1153.3 mAh g− 1 at 0.2 C but a discharge capacity of 812.0 mAh g− 1 at a 
high current density of 4.0 C, which is approximately 5.8 times higher 
than those of Celgard at 4.0 C. The cells’ voltage profile curves in Fig. 3f 
and S14 display that the cells with modified separators are able to hold 
flat plateaus at all rates, while the plateau entirely disappears for the cell 
with Celgard at ≥ 2.0 C. Besides, the cells’ potential gaps (ΔV) between 
charge and discharge plateaus at 50% discharge capacities also exhibit 
better electrochemical performance evidenced by minor ΔV in both 
modified separators assembled cells. 

Self-discharge is another indicator of polysulfide shutting level in Li- 
S batteries. The cells’ self-discharge properties were evaluated by the set 
processes: (i) charging/discharging for 25 cycles at 0.5 C, (ii) charging to 

2.7 V and resting for 72 h, (iii) discharging to 1.8 V, and subsequent 
charging/discharging for another 25 cycles at 0.5 C, which are essential 
criteria to determine LiPSs diffusion during the resting period. As shown 
in Fig. 4a and 4b, the cell with Al-CPP/Celgard had the most negligible 
capacity loss of 134.0 mAh g− 1 and a loss rate of 14.7% compared with 
the discharge capacity of the 25th cycle (Q26th = 778 mAh g− 1), as well 
as the highest capacity retention of 98% (Q27th/Q25th) and voltage 
retention of 2.3 V and after 72 h rest. Such results evidently indicate that 
the Al-CPP/Celgard can significantly mitigate the shuttle effect through 
the strong chemical/physical anchoring ability for LiPSs and accelerate 
the redo kinetics of LiPSs in the liquid phase. To meet the requirements 
for practical application, the long-term and high-sulfur loading cycling 
performances of LSBs assembled with Al-CPP/Celgard are also investi
gated at a current density of 1.0 C. As shown in Fig. 4c, the Celgard 
assembled cell still suffered from a fast capacity degradation with 40% 

Fig. 4. (a) Self-discharge capacity and (b) potential-time curves of cells with Celgard, CPP/Celgard, and Al-CPP/Celgard during the interruption and rest processes; 
(c) long cycling performances of cells with Celgard, CPP/Celgard, and Al-CPP/Celgard; (d) comparison of fading rate per cycle and modified layer thickness between 
our work and selected results of LSBs with modified separators reported in the literature; (e) high-sulfur loading performances. 
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Fig. 5. (a) Schematic diagram. SEM images of the separators facing S-cathodes, the S-cathodes, the separators facing Li-anodes, and the Li-anodes of (b, c, d) Celgard, 
(e, f, g, h) CPP/Celgard, and (i, j, k, l) Al-CPP/Celgard after 100 cycles at 0.5 C. 

Fig. 6. (a) Optimized adsorption conformations of intermediate species on CPP, Al-CPP, and imidazolium linker. (b) Comparison of adsorption energies between 
Li2S4, 6 and CPP, Al-CPP, and imidazolium linker. (c) Energy profiles for the reaction of Li2Sn on Al-CPP; the potential limiting step is marked in red. 
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capacity retention after 500 cycles and a high decay rate of 0.12% per 
cycle, indicative of severe shuttling of LiPSs. A significantly enhanced 
cycling stability was realized by employing Al-CPP/Celgard, with a high 
capacity of 566.7 mAh g− 1 after 500 cycles, corresponding to 61% of the 
initial capacity and 0.078% of the decay rate per cycle, which is 
considered more stable than the recently reported LSBs with modified 
separators at a much lower modified layer thickness of 800 nm (Fig. 4d 
and Table S2). With rising sulfur loading to > 3.0 mg cm− 2, an initial 
discharge capacity of 973.7 mAh g− 1 was achievable at 0.2 C (Fig. 4e). 
After 100 cycles, it can retain a high capacity of 826.8 mAh g− 1 at 0.5 C, 
but the cell with Celgard occurred severe polarization. The high-loading 
electrode also shows superb cycling stability, indicating it holds signif
icant promises for high-performance LSBs owing to the synergistic effect 
of a strong shuttle barrier and catalytic conversion for LiPSs. 

To get insights into the performance enhancement of LSB by Al-CPP/ 
Celgard, the cells with Celgard and modified separators were dis
assembled after 100 cycles, and the S-cathode, separator, and Li-anode 
were retrieved and examined by SEM and digital photographs (Fig. 5). 
As shown in Fig. 5b, the S-cathode facing pristine Celgard suffered from 
severe suttling with apparent cracks on the surface. The cycled Celgard- 
facing Li-anode surface is covered with many irregular particles that 
should be derived from the deposition of dissolved LiPSs and dead Li. 
The EDX mapping also shows an apparent peak intensity in the S 
element, indicative of severe LiPS shuttling from the S-cathode (Fig. 5c). 
Simultaneously, severe corrosion occurred on the surface of Li-anode, 
which turned black with noticeable dendrite growth (Fig. 5d). In 

contrast, a more uniform and intact surface of both S-cathode (Fig. 5f 
and 5j) and Li-anode (Fig. 5h and 5l) was observed in the SEM images 
than in Celgard, implying less dissolution and shuttling of LiPSs of cells 
with CPP and Al-CPP/Celgard. With modified separators, no visible 
particles and low S element for the separator surface facing the Li-anode, 
suggesting that the in-situ formed CPP and Al-CPP could prohibit the 
shuttling of LiPS and protect the Li-anode (Fig. 5g and 5k). What’s more, 
the separators facing S-cathodes were observed that Al-CPP and CPP 
layers still complete and uniform on the surface, confirming Al-CPP and 
CPP layers are very stable during the cycling (Fig. 5e and 5i). 

To understand the catalytic mechanism of Al-CPP at the atomic level, 
the first-principle calculation based on density functional theory (DFT) 
was further performed. DFT calculations were first carried out to 
investigate the interaction between soluble LiPSs of Li2S4, 6 and 
porphyrin-based modifiers. As shown in Fig. 6a and 6b, the optimized 
binding configuration between the Li2S4, 6 and CPP with/without Al 
revealed that the S and Li atoms of Li2S4, 6 with the N atom of CPP as well 
as N and Al atoms of Al-CPP, and corresponding binding energies (Ea) 
are − 1.53, − 1.73 and − 1.11, − 1.34 eV, respectively, demonstrating that 
porphyrin molecule structure with/without Al possesses the more vital 
anchoring ability for LiPSs [35,36]. Moreover, the imidazolium linker in 
synthesized CPP and Al-CPP also exhibited the binding energies to LiPSs 
as well as TFSI-, indicating improved anchoring and dissociation abilities 
for LiPSs and Li salt by the typical feature of imidazolium bonding, 
respectively [21]. Additionally, Gibbs free energies have also been 
estimated for S reduction on Al-CPP substrate from S8 to Li2S (Fig. 6c). It 

Fig. 7. (a) Schematic illustration of discharge profile with sulfur and various lithiation product configurations in different reaction regimes. XPS analysis of the 
discharge products collected from cycled S-cathode at (b) Point A and (c) Point B. (d) Schematic illustration of the reaction process of sulfur on the Al-CPP/ 
Celgard separator. 
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is noted that the Al-CPP shows the spontaneous exothermic conversion 
from S8 to Li2S4, which may result from the excellent adsorption of S and 
Li atoms and lead to high accessibility and transformation of the in
termediates. The following two steps to form Li2S2 and Li2S are endo
thermic, which possess the positive Gibbs free energy of 0.62 and 0.85 
eV in the thermodynamic process. The later step is generally treated as 
the rate-limiting step in the whole discharging process, and the value for 
Li2S2 to LiS formation step is similar to or even less than the other re
ported active materials, showing that the reduction of S is thermody
namically more favorable on in-situ Al-CPP [37,38]. 

To further demonstrate the catalytic effect of Al-CPP on improving 
the conversion of LiPSs, the cycled S-cathode from the disassembled 
cells with Celgard, and Al-CPP/Celgard at “Point A” and “Point B” in 
Fig. 7a are investigated by XPS. For the cells at both points, the peaks 
located at 169.3 and 167.1 eV are assigned to R-SO2-R/SO4

2- and S2O3
2-/ 

SO3
2-, respectively, resulting from the oxidization of sulfur species during 

sample transfer or the residual LiTFSI. S 2p spectra of the S-cathode at 
point A (Fig. 7b) show two unique components corresponding to 
bridging sulfur (SB

0) and terminal sulfur (ST
1-) at 163.9 and 162.5 eV in the 

sulfur/or LiPSs, respectively. It can be seen that the peak area ratio of ST
1- 

to SB
0 (ST

1-/SB
0) in Celgard (0.78) significantly raised to 2.61 by modifying 

Al-CPP, showing more short-chain LiPSs produced with Al-CPP assis
tance during the liquid–liquid transition process. Besides, Al-CPP is also 
helpful for converting Li2S2 to Li2S, evidenced by much lower ST

1-/SB
0 in 

Al-CPP/Celgard assembled cells (7.11) than Celgard (1.23) (Fig. 7c). 
Based on these observations, the multi-function mechanism of the in-situ 
growth Al-CPP is illustrated in Fig. 7d. Typically, the S8 is firstly trans
formed into long-chain LiPSs, such as Li2S6 and Li2S4, and dissolved in 
the electrolyte during the liquid–liquid transition process. The in-situ 
growth Al-CPP has a superior confining ability toward the dissolved 
LiPSs via chemical/physical adsorption, avoids shuttling through the 
separator, and promotes the electrolyte accessibility for the improve
ments of reduction S8. Subsequently, the long-chain LiPSs are further 
reduced to solid Li2S2. Due to the lower dissociation energy of Li2S2 on 
the surface of Al-CPP, the nucleation and growth of Li2S2 become more 
effective and easier, resulting in fast redox kinetics and high sulfur uti
lization during long-term charge–discharge processes. 

4. Conclusion 

In summary, we designed and synthesized a large-area, ultra-thin, 
consistent Al-CPP via the in-situ polymerization of Al-TAPP on the Cel
gard surface. The surface-modified metalloporphyrin conjugated porous 
polymer enables efficient inhibiting of soluble LiPSs shuttle and en
hances the full-range sulfur redox kinetics in LSBs. Taking synergistic 
advantages of the chemical/physical confinement of LiPSs by CPP’s 
skeleton and facilitated Li+ diffusion by the imidazolium-containing 
linker and porous structure, shuttling LiPSs was effectively alleviated, 
promising high reaction kinetics and stable cycling performance. More 
importantly, the catalytic capability of the CPP modifiers could be 
optimized by inserting the Al-ion into its conjugated structure to further 
improve the electrochemical performance of LSBs. As a result, excep
tional electrochemical performance was demonstrated for LSBs with 
high rate performance, long cycling lifespan, and competitive areal ca
pacity under high sulfur loading, which outperforms most of the re
ported modified separators. In conclusion, our study offered a practical 
method for modifying standard polyolefin separators with conjugated 
porous polymer to prevent polysulfide shuttle and accelerate polysulfide 
conversion, and open a new way to modify separators for solving the 
shuttling and low redox kinetics challenges of LiPSs and promote the 
practical application of LSBs. On the basis of this work, a novel class of 
CPP with a single-atom catalyst will be synthesized by a simple post- 
modification and utilized in the future as a functionalized layer on the 
separator for high performance Li-S batteries, thereby rationalizing the 
entire production process and making it more accessible. 
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