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(Li–S) batteries are considered as an 
appealing energy storage system with 
high energy density and low cost, but their 
practical application has been perplexed 
by several challenging problems that lead 
to unsatisfactory capacity and longevity.[3,4] 
Among them, the shuttle effect of soluble 
polysulfides is the most intricate issue, 
which results in fast capacity fading, 
severe self-discharge, low energy effi-
ciency, and poor cycling stability.[5–7]

The use of nanostructured materials as 
sulfur hosts is one common approach to 
mitigate polysulfide shuttling. Consider-
able progresses have been achieved in the 
design and synthesis of sulfur composite 
cathodes,[8–12] but it is still great challenges 
to achieve high energy density and ultra-
long lifetime under high sulfur content, 
high sulfur loading, and high rate. The 
modification of polypropylene (PP) sepa-
rator is regarded as one complementary 
countermeasure.[13,14] Various materials, 

such as carbon nanotubes,[15] graphene oxide,[16] heteroatom-
doped carbon,[17] metal oxides,[18] chalcogenides,[19] metal–
organic frameworks, and/or their composites,[20] have been 
utilized as the coating layers of PP separator. It has been pro-
posed that metal-containing coating layers not only alleviate the 
migration of polysulfides toward the anode through chemical 
interactions, but also expedite the conversion of the intercepted 
polysulfides through catalytic effects,[21] thus improving cycling 
stability to some degree. Nonetheless, when sulfur content and 
sulfur loading are enough high to acquire high energy density, 
the massively generated polysulfides are difficult to be inter-
cepted due to the adsorption saturation of the limited number 
of adsorption sites in these materials. In addition, the coating 
layer of PP separator inevitably slows down lithium ion con-
duction in dense blocking matrix, hence suffering from slug-
gish reaction kinetics.[22–26] Both of cases enable the intercepted 
polysulfides to be accumulated on the surface of the modi-
fied separator, even worse, the interception efficiency is sig-
nificantly decreased due to the accumulation of solid lithium 
sulfide (Li2S), which finally results in rapid capacity fade and 
low cycling stability. Therefore, it is highly desirable to develop 
new modified separators that concurrently fulfill efficient poly-
sulfide interception and conversion together with facile lithium 
ion conduction for achieving high electrochemical performance 
under high sulfur content and high sulfur loading.

It is of great significance to mediate the redox kinetics and shuttle effect of 
polysulfides in pursuit of high-energy-density and long-life lithium–sulfur 
(Li–S) batteries. Herein, a new strategy is proposed based on the electro-
static attraction and catalytic effect of polysulfides for the modification of 
the polypropylene (PP) separator. Guanidinium-based ionic–covalent organic 
nanosheets (iCON) on the surface of Ti3C2 is presented as a coating layer 
for the PP separator. The synergetic effects of Ti3C2 and iCON provide new 
platforms to suppress the shuttle effect of polysulfides, expedite the redox 
kinetics of sulfur species, and promote efficient conversion of the intercepted 
polysulfides. The functional separator endows carbon nanotube/sulfur  
cathodes with excellent electrochemical performance. The average capacity 
decay per cycle within 2000 cycles at 2 C is as low as 0.006%. The separator 
is even effective in the case of sulfur content of 90 wt% and sulfur loading of 
7.6 mg cm−2; the reversible capacity, areal capacity, and volumetric capacity 
at 0.1 C are as high as 1186 mA h g−1, 9.01 mA h cm−2, and 1201 mA h cm−3, 
respectively. This work provides a promising approach toward separator 
modification for the development of high-performance Li–S batteries.

The rapidly expanding demand for sustainable and clean 
energy systems has inspired continuous innovation on 
energy  storage  technologies  and  devices.[1,2] Lithium–sulfur 
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MXenes, as a family of 2D transition metal carbides/
carbonitrides, hold great promise in Li–S batteries due to their 
high conductivity, amphiphilic interactions toward polysulfides 
and catalytic effects.[27–30] However, one insurmountable barrier 
in MXene nanosheets is the tendency to restack because of the 
van der Waals attraction and hydrogen bonding interactions, 
resulting in substantial loss of specific surface area and the inac-
cessibility toward high concentration of polysulfides.[31] One of 
the effective solutions is the integration of MXenes with porous 
materials to form composites. 2D covalent organic frameworks 
(COFs) are one type of appealing porous materials composed 
of strong covalent bonds and periodic building units.[32–34] 
The structural uniqueness of COFs has brought tremendous 
advantages for polysulfides adsorption and mass transfer.[35,36] 
Recently, guanidinium-based ionic COFs have been reported for 
antimicrobial applications and proton conductivity.[37,38] It could 
be expected that the positively charged guanidinium units could 
trap negatively charged polysulfides through the electrostatic 
attraction, resulting in effective suppression of polysulfides 
shuttling.[39–41] The integration of guanidinium-based ionic–
covalent organic nanosheets (iCON) and MXene could disturb 
their individual restacking interactions among the layers, which 

generates high efficiency for the adsorption and catalytic con-
version of polysulfides, finally achieving high electrochemical 
performance. However, there is no report on the composites of 
MXene and ionic polymer materials for Li–S batteries hitherto.

As a proof-of-concept study, we report the coating layer of 
PP separator consisting of guanidinium-based iCON uniformly 
loaded on Ti3C2 nanosheets (Ti3C2@iCON). The modified sepa-
rator not only suppresses shuttle effect of soluble polysulfides, 
but also expedites lithium ion conduction and reutilization of 
the intercepted polysulfides. To the best of our knowledge, this 
is the first report of the electrostatic attraction and catalytic 
effect in the coating layers of the separators. The functional 
separator endows the carbon nanotube (CNT)/S cathode with 
high reversible capacity, areal capacity, volumetric capacity, 
and cycling stability under high sulfur content and high sulfur 
loading.

The synthetic route of Ti3C2@iCON is schematically illus-
trated in Figure 1a. The Ti3C2 nanosheets were prepared by the 
etching of Ti3AlC2 and subsequent liquid-phase delamination 
in the aqueous solution of hydrochloric acid and lithium flu-
oride.[29] Ti3C2 has been reported to possess negative Zeta 
potential and rich surface functional groups, such as hydroxyl, 

Figure 1. a) Schematic illustration for the synthesis of Ti3C2@iCON. b,c) SEM images for Ti3C2 (b) and Ti3C2@iCON (c). d,e) TEM images for Ti3C2 
(d) and Ti3C2@iCON (e). f) HAADF-STEM and corresponding elemental mappings of Ti3C2@iCON with the atom ratio of Ti to N of 77:10.
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oxygen, and fluorine.[30,42] The ultrasonic treatment of as-pre-
pared Ti3C2 and triaminoguanidine hydrochloride (TGCl) in 
dioxane/water guarantees the adsorption of TGCl on the surface 
of Ti3C2 through the electrostatic and hydrogen bonding inter-
actions. The addition of one equivalent of 1,3,5-triformylphlo-
roglucinol (TP) with respect to TGCl, followed by Schiff-based 
condensation reaction between TGCl and TP on the surface of 
Ti3C2 generated Ti3C2@iCON.

Scanning/transmission electron microscopy (SEM/TEM) 
images show that both pristine Ti3C2 and iCON are typical 
nanosheet structure with smooth surface, while Ti3C2@iCON 
exhibits tremella-like morphology consisting of ultrathin 
nanosheets (Figure  1b,c; Figure S1, Supporting Information). 
The lattice fringe of 0.26 nm corresponds to (110) crystal plane, 
which is identical with that in Ti3C2 (Figure 1d,e),[29] indicating 
that solvent-thermal treatment for the synthesis of iCON has no 
significant effects on the intrinsic structure of Ti3C2. The inter-
layer spacing representing (002) crystal plane in Ti3C2@iCON 

is 1.52 nm (Figure  1e). The high-annular dark-field scanning 
TEM (HAADF-STEM) images and corresponding elemental 
mappings exhibit uniform nitrogen and chlorine distribution 
(Figure 1f), indicative of homogeneous loading of iCON on the 
surface of Ti3C2. The atom ratio of Ti to N in Ti3C2@iCON is  
77:10 as defined by energy-dispersive X-ray spectroscopy (EDS)  
(Figure S2, Supporting Information).

In the powder X-ray diffraction (XRD) pattern of Ti3C2 
(Figure  2a), the disappearance of typical diffraction peaks 
for Ti3AlC2 reveals the removal of the aluminum layer from 
Ti3AlC2, which is further evidenced by the negative shift of the 
strong (002) peak corresponding to the interlayer stacking. A 
further shift from 6.61o to 5.80° is observed in Ti3C2@iCON 
when compared with that of Ti3C2, suggesting the increase 
of the interlayer spacing from 1.34 nm in Ti3C2 to 1.52 nm 
in Ti3C2@iCON, which is consistent with TEM results. The 
Fourier transform infrared (FTIR) and solid-state 13C NMR 
spectra of Ti3C2@iCON are almost identical with that of iCON, 

Figure 2. a) XRD patterns for Ti3AlC2, Ti3C2 and Ti3C2@iCON. b) FTIR spectra for iCON, Ti3C2 and Ti3C2@iCON. c) Solid-state 13C NMR spectra 
for iCON and Ti3C2@iCON. d) XPS survey spectra and e) high-resolution Ti 2p XPS spectra for Ti3C2 and Ti3C2@iCON. f) N2 sorption isotherm for 
Ti3C2@iCON; the inset is the pore size distribution. g,h) SEM images and digital photographs (inset) of PP and Ti3C2@iCON-PP separators. i) Cross-
sectional SEM images for the Ti3C2@iCON-PP separator.
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indicative of the formation of iCON in Ti3C2@iCON. In their 
FTIR spectra (Figure  2b), the peaks at 1261 and 1593 cm−1 are 
assigned to the CN and the CC stretching vibrations, respec-
tively, indicating that iCON is a β-ketoenamine-linked frame-
work, which is further evidenced by the solid-state 13C NMR 
spectrum (Figure 2c). The characteristic peaks at 100, 150, 162, 
and 180–182 ppm correspond to the exocyclic CC carbon next 
to keto, CC carbon attached to nitrogen, guanidinium carbon 
and keto carbon, respectively.[37,38] X-ray photoelectron spec-
troscopy (XPS) survey spectrum of Ti3C2@iCON shows typical  
N 1s peaks derived from iCON (Figure 2d). High-resolution Ti 
2p XPS spectra of both Ti3C2 and Ti3C2@iCON show the iden-
tical binding energy peaks at 455.2, 456.0, 457.2, and 459.3 eV, 
which correspond to TiC, CTiF(OH), CTiO and TiO 
bonds, respectively (Figure 2e), suggesting structural integrity of 
Ti3C2 nanosheets in Ti3C2@iCON.[29,43] The permanent porosity 
of Ti3C2@iCON was examined by N2 adsorption/desorption at 
77 K (Figure 2f). The N2 sorption isotherm exhibits the pattern 
of type II. The apparent hysteresis and N2 uptake at high relative 
pressure reveals the presence of mesopores.[37] The Brunauer–
Emmett–Teller (BET) specific surface area and total pore volume 
for Ti3C2@iCON are 66 m2 g−1 and 0.26 cm3 g−1, respectively. 
However, they are negligible in as-prepared Ti3C2 (Figure S3a, 
Supporting Information). The sharp contrast is mainly attrib-
uted to the presence of iCON (Figure S3b, Supporting Informa-
tion), which possesses BET specific surface area of 169 m2 g−1 
and total pore volume 0.5 cm3 g−1. Obviously, the integration of 
iCON and Ti3C2 endows Ti3C2@iCON with porosity, which is 
favorable for the adsorption of polysulfides and mass transfer.[36]

The Ti3C2@iCON-modified PP (Ti3C2@iCON-PP) sepa-
rator was prepared through vacuum-filtering Ti3C2@iCON 
nanosheets on Celgard PP separator (inset of Figure 2g,h). The 
as-prepared separator exhibits superior robustness, no appreci-
able Ti3C2@iCON delamination and deformation are observed 
after folding or bending (Figure S4, Supporting Information). 
The surface of pristine PP (Figure 2g) is covered with Ti3C2@
iCON nanosheets to form uniform coating layer (Figure  2h). 
The cross-sectional SEM image shows that the thickness and 
the areal density of the coating layer are 5 µm and 0.1 mg cm−2, 
respectively (Figure  2i). As a comparison, Ti3C2-modified PP 
(Ti3C2-PP) separator with the same mass of the coating layer 
material was also fabricated.

To demonstrate superiority of Ti3C2@iCON-PP separator 
in Li–S batteries, three CR2025 coin-type cells were fabricated 
through using CNT/S with 76 wt% sulfur as the cathode active 
component and Li foil as the anode (Figure S5, Supporting 
Information). Based on the separators applied, the resultant 
coin cells were denoted to Ti3C2@iCON-PP, Ti3C2-PP, and PP, 
respectively. As shown in Figure  3a, CV curves of these cells 
show Ti3C2@iCON-PP possesses larger current density and 
smaller potential gap in the redox peaks, which indicates the 
enhanced redox kinetics of polysulfides owing to the addition 
of Ti3C2@iCON in the separator, which is further evidenced 
by the electrochemical impedance spectroscopy (EIS) measure-
ments. The semicircle in the Nyquist plot of Ti3C2@iCON-PP 
is smaller than that of Ti3C2-PP and PP (Figure 3b), suggesting 
lower charge transfer resistance in Ti3C2@iCON-PP. In addi-
tion, the CV curves almost overlap after consecutive cycles, 
suggesting good electrochemical reversibility (Figure S6, 

Supporting Information). As expected, rate performance of 
Ti3C2@iCON-PP is greatly superior to those in Ti3C2-PP and 
PP (Figure  3c). An initial discharge capacity of 1417 mA h g−1 
is achieved at 0.05 C, which corresponds to 85% of theoretical 
capacity of sulfur. The discharging capacities at 0.1, 0.2, 0.5, 1, 2, 
3, and 5 C are 1280, 1186, 1048, 956, 846, 771, and 687 mA h g−1, 
respectively. A capacity of 998 mA h g−1 is achieved when the 
current is abruptly switched back to 0.1 C. The galvanostatic 
discharge/charge voltage profiles show that polarization degree 
of Ti3C2@iCON-PP gradually enhances with progressive incre-
ment of the rates from 0.05 to 5 C, but typical charge/discharge 
plateaus could be clearly identified (Figure S7, Supporting 
Information), implying rapid redox reaction kinetics of poly-
sulfides and good rate performance.[19]

Ti3C2@iCON-PP possesses outstanding cycling stability. 
High specific capacity of 1280 mA h g−1 is obtained at 0.1 C 
after initial activation (Figure S8, Supporting Information). The 
reversible capacity of 1186 mA h g−1 is remained after 200 cycles 
with the average capacity decay per cycle of 0.037%. Ti3C2-
PP and PP show relatively rapid recession, their discharge 
capacities decrease from 1047 to 920 mA h g−1 and from 953 
to 752 mA h g−1, respectively. The average capacity fading rates 
per cycle are 0.061% and 0.105%, respectively. Notably, Ti3C2@
iCON-PP exhibits long-term cycling stability at 2 C (Figure 3d). 
The initial specific capacity of 810 mA h g−1 is only decreased 
to 706 mA h g−1 after 2000 cycles, the average capacity decay 
per cycle is only 0.006%, which is much better than those in 
Ti3C2-PP (0.012%) and PP (0.042%). Moreover, the average Cou-
lombic efficiency over 98% in Ti3C2@iCON-PP is also superior 
to those in Ti3C2-PP (93%) and PP (89%). The long-term cycling 
stability and high sulfur utilization show that Ti3C2@iCON-PP 
separator could sequester the dissolved sulfur species in the 
cathode region and facilitate their conversion.[44] The electro-
chemical performance of Ti3C2@iCON-PP is comparable with 
the state-of-the-art those in the reported modification separators 
(Table S1, Supporting Information).

The application of Ti3C2@iCON-PP in high-energy-density 
Li–S batteries was also explored. When sulfur content and sulfur 
loading in the CNT/S composite are increased to 90 wt% and 
7.6 mg cm−2, respectively (Figure S9, Supporting Information), 
the resultant cell delivers high initial capacity of 1186 mA h g −1, 
areal capacity of 9.01 mA h cm−2 and volumetric capacity of 
1201 mA h cm−3 at 0.1 C (Figure 3e). Notably, high capacities of 
1092 mA h g−1, 8.29 mA h cm−2 and 1105 mA h cm−3 are main-
tained after 200 cycles. The volumetric capacities surpass most 
of those in the reported Li–S batteries (Figure 3f). These results 
further indicate high sulfur utilization and excellent cycling sta-
bility under high sulfur content and high sulfur loading.

To better understand the role of Ti3C2@iCON-PP separator 
in the electrochemical reaction, the post-mortem analyses were 
performed in the discharge state after 200 cycles at 0.1 C. As 
shown in Figure S10 (Supporting Information), the surface of 
post-Ti3C2@iCON-PP separator toward Li anode is not colored 
by polysulfides, while post-Ti3C2-PP and post-PP separators 
toward Li anode are decorated with yellow color due to the 
migration of polysulfides through Ti3C2-PP and PP separa-
tors. The color contrast corroborates that soluble polysulfides 
could be confined in the cathode region by Ti3C2@iCON 
coating layer in the separator, which is further evidenced by 
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SEM (Supporting Information) images of post-mortem sepa-
rators (Figure  S11, Supporting Information). The post-Ti3C2@
iCON-PP separator toward anode side displays smooth surface 
with the identifiable pores. However, the deposition of Li2S is 
observed on post-Ti3C2-PP separator, and serious blockage of 
the pores occurs in post-PP separator toward anode side. The 
migrated polysulfides are known to react with Li, which cor-
rodes Li anode.[44,45] Benefiting from effective interception capa-
bility and catalytic effect of Ti3C2@iCON toward polysulfides, 
the surface of Li anode is slightly passivated in Ti3C2@iCON-
PP. However, obvious passivation layer is formed on Li surface 
for Ti3C2-PP and PP owing to side reaction of the migrated 
poly sulfides with metal Li.

The effects of iCON coverage on the electrochemical perfor-
mance were explored through changing mass ratios of (TGCl + 
TP) to Ti3C2 from 3:40 to 1:40 and 6:40. SEM images show that 
less iCON on the surface of Ti3C2 still remains the nanosheet 
morphology, but excessive iCON results in the accumulation of 

iCON on Ti3C2 surface (Figure S12, Supporting Information). 
The same mass of Ti3C2@iCON with different iCON coverage 
was used as the coating layer of PP membrane. The rate per-
formance for the same CNT/S electrode shows that the elec-
trochemical activity of 3:40 mass ratio is higher than those in 
other two counterparts (Figure S13, Supporting Information), 
which is probably attributed that less iCON on the Ti3C2 sur-
face of is incapable of effective entrapping polysulfides in the 
cathode region, while excessive iCON decrease the accessible 
active sites for catalytic conversion of polysulfides.

To further validate effective suppression of polysulfides 
shuttling by Ti3C2@iCON-PP, polysulfides permeability 
tests through these separators were investigated (Figure S14, 
Supporting Information). The polysulfide diffusion from Li2S6 
solution to the electrolyte is clearly detected for Ti3C2-PP and PP 
separators, the electrolyte color in right chamber changes from 
colorless to orange after 24 h, especially for PP separator. How-
ever, there is no detectable color variation even after 48 h for 

Figure 3. a) CV curves over a voltage range of 1.5-3.0 V with sweep rate of 0.1 mV s−1, b) EIS plots, c) rate performance, and d) long-term cycling sta-
bility at 2 C for Ti3C2@iCON-PP, Ti3C2-PP and PP. e) Cycling stability of Ti3C2@iCON-PP with sulfur content of 90% and sulfur loading of 7.6 mg cm−2 
at 0.1 C. f) Comparison of the electrochemical performance of Ti3C2@iCON-PP with reported composites.
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Ti3C2@iCON-PP separator, corroborating that Ti3C2@iCON-PP 
separator could effectively sequester polysulfides, which is fur-
ther validated by self-discharge effect, another major drawback 
in Li–S batteries induced by shuttle effect of polysulfides.[46] As 
shown in Figure 4a, the stabilized voltage of Ti3C2@iCON-PP 
is remained at 2.45 V after 150 h, which is higher than those 
in Ti3C2-PP (2.40 V) and PP (2.33 V). Notably, Ti3C2@iCON-
PP separator also expedites lithium ion conduction. The fitted 
straight slopes for CV measurements from 0.1 to 0.4 mV s−1 
in Ti3C2@iCON-PP are higher than those of Ti3C2-PP and PP 
(Figure S15, Supporting Information), indicating that Ti3C2@
iCON-PP possesses high lithium ion conduction rate and better 
redox kinetics in the entire charge/discharge processes.

To further show strong interception ability of Ti3C2@iCON 
toward polysulfides, the visualized adsorption test was carried 
out. When 15 mg of samples were independently added into the 
sealed vials containing Li2S6 in 1,3-dioxolane and dimethoxy-
methane (20 × 10−3 m, 2 mL, 1:1 by volume) for 12 h (Figure 4b), 

both iCON and Ti3C2@iCON decolor Li2S6 solution, while 
Ti3C2 only changes the solution color from tawny to brown. The 
upper solutions were collected for UV–vis absorption measure-
ments. The characteristic absorbance peaks of Li2S6 in iCON 
and Ti3C2@iCON are remarkably attenuated when compared 
with that of Ti3C2, but peak intensity in Ti3C2@iCON and 
iCON is similar to each other, suggesting that the introduc-
tion of iCON is conducive to polysulfides adsorption owing to 
porosity of iCON and the electrostatic attraction between iCON 
host framework and polysulfides. It should be mentioned that 
physical confinement, chemical adsorption, and electrostatic 
interaction are involved in the visualized adsorption of iCON 
toward polysulfides. The chemical interaction has been reported 
to originate from the coordination of carbonyl oxygen atoms in 
iCON with Li+ ions,[38] which is further evidenced by the pres-
ence of Li–O binding energy peak in high-resolution Li 1s XPS 
spectra for Li2S6-adsorbed iCON (iCON-Li2S6) (Figure S16, Sup-
porting Information). The physical confinement and chemical 

Figure 4. a) Self-discharge behavior of Ti3C2@iCON-PP, Ti3C2-PP and PP. b) UV–vis absorption spectra and digital photographs (inset) of Li2S6 solution 
after the addition of Ti3C2, iCON, and Ti3C2@iCON. c) CV curves of symmetric cells at scan rate of 10 mV s−1, d) Tafel plots, and e) CV curves of sym-
metric cells at rapid scan rate of 1000 mV s−1 for the Ti3C2@iCON and Ti3C2 electrodes. f) Potentiostatic discharge profile at 2.05 V. g,h) SEM images 
of Li2S precipitate on the surface of Ti3C2@iCON (g) and Ti3C2 (h). i) Potentiostatic charge profile at 2.40 V for the Ti3C2@iCON and Ti3C2 electrodes.
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interaction are relatively weak for polysulfides adsorption 
when compared with the electrostatic interaction (Figure S17, 
Supporting Information).[38,40] To confirm the electrostatic 
interactions, EDS spectrum of Li2S6-treated iCON shows peak 
vanishment of chloride and concomitant appearance for the 
peak of sulfur element (Figure S18, Supporting Information), 
which is mainly attributed to anionic exchange of chloride 
with polysulfides for the formation of iCON-polysulfides ion 
pairs. The electrostatic attraction of the ion pairs is conducive 
to polysulfides capture for smooth adsorption-diffusion-con-
version of polysulfides on Ti3C2@iCON upon electrochemical 
cycling. The interactions between Ti3C2 or Ti3C2@iCON and 
polysulfides were also examined by XPS measurements. After 
adsorbing Li2S6, the resultant samples are denoted as Ti3C2-
Li2S6 and Ti3C2@iCON-Li2S6, respectively. The typical peak of 
Ti–S bond occurs at 457.9 eV in their high-resolution Ti 2p XPS 
spectrum when compared with those in as-prepared Ti3C2 and 
Ti3C2@iCON (Figure S19a, Supporting Information), which is 
ascribed to Lewis acid-base interactions involved in unoccu-
pied orbitals of surface Ti atoms and the electronegative poly-
sulfides. However, the peak of Ti–S bond is overlapped by ter-
minal sulfide groups (ST–ST) of residual polysulfides in their S 
2p XPS spectra due to similar binding energies. Notably, the 
characteristic peaks for terminal and bridging (SB–SB) sulfur 
species in Ti3C2–Li2S6 and Ti3C2@iCON-Li2S6 show obvious 
shift toward higher binding energy when compared with those 
in Li2S6, suggesting the electron transfer from polysulfide to 
Ti3C2 and Ti3C2@iCON (Figure S19b, Supporting Information).

The dynamic adsorption of polysulfides and their catalytic 
conversion have been validated by symmetrical cells through 
sandwiching Li2S6-containing electrolytes between two identical 
electrodes. The CV profiles at 10 mV s−1 clearly exhibit that cur-
rent density of iCON is almost negligible owing to poor catalytic 
effect of iCON toward polysulfides, while current density of 
Ti3C2@iCON surpasses that of Ti3C2 (Figure 4c), which is prob-
ably attributed that dynamic adsorption of iCON toward poly-
sulfides is conducive to further electrochemical redox reaction 
on Ti3C2 surface.[44] Tafel plots show that the exchange current 
density for Ti3C2@iCON (1.10 mA cm−2) is larger than the Ti3C2 
(0.98 mA cm−2) (Figure 4d), which indicates more polysulfides 
are converted in the Ti3C2@iCON electrode. Notably, when the 
scan rate is increased from 10 to 1000 mV s−1, the redox current 
density of Ti3C2@iCON remarkably increases (Figure 4e), there 
is no detectable variation after successive cycles (Figure S20, 
Supporting Information). In sharp contrast, the current density 
is decreased to negligible value in Ti3C2. Meantime, EIS curves 
corroborate that Ti3C2@iCON exhibits low electron transfer 
resistance than Ti3C2, further revealing superior electrocatalytic 
activity of Ti3C2@iCON (Figure S21, Supporting Information).

Apart from facilitating redox kinetics of polysulfide in liquid 
phase, Ti3C2@iCON also promotes sulfur electrochemistry at 
the liquid–solid boundary. Li2S precipitation experiments were 
conducted to further display the advantages of Ti3C2@iCON in 
polysulfide conversion. Ti3C2@iCON and Ti3C2 were loaded on 
aluminum foil as the independent cathode, Li foil, and Li2S8/
tetraglyme solution were utilized as the anode and catholyte, 
respectively. The cells were first galvanostatically discharged 
to 2.06 V to consume most of soluble polysulfides, and then 
potentiostatically hold at 2.05 V until the current decreases 

to 10−5 A (Figure  4f). The responsivity of Li2S nucleation in 
Ti3C2@iCON is earlier than that in Ti3C2. The capacity of Li2S 
precipitation (159.01 mA h g−1) is more than two times higher 
than those in Ti3C2 (61.54 mA h g−1) even at shorter nuclea-
tion and growth time. These observations show that Ti3C2@
iCON possesses remarkably reduced overpotential for nuclea-
tion of Li2S and fast kinetics of Li2S precipitation. To explore 
the deposition morphology of Li2S, the above cells were disas-
sembled after potentiostatic discharge for 18 000 s. As expected, 
the surface of Ti3C2@iCON is covered with one layer of Li2S 
(Figure  4g). The uniform deposition of Li2S mainly originates 
from the electrostatic effects of iCON toward polysulfides, sub-
sequent catalytic effects of Ti3C2 facilitate the conversion of the 
adsorbed polysulfides on the surface of Ti3C2@iCON, thereby 
inducing even precipitation of Li2S in subsequent growth stage, 
which is favorable for efficient reactivation/reutilization of the 
intercepted polysulfides in subsequent cycle.[47] In contrast, 
solid Li2S exhibits random deposition, and is aggregated bulky 
particles on the surface of Ti3C2 owing to relatively low specific 
surface area and less nucleation sites of Ti3C2 (Figure 4h), large 
particles are unfavorable for sulfur utilization.[44] The oxidation 
of solid Li2S was also examined using potentiostatic charge 
process after galvanostatic discharge (Figure  4i). Ti3C2@iCON 
exhibits the increased oxidation current density, suggesting 
low oxidation overpotential for Li2S conversion. The charge 
capacity of 129.06 mA h g−1 is also higher than that of Ti3C2 
(46.49 mA h g−1), which reflects that Ti3C2@iCON also pro-
motes redox kinetics of sulfur species during charge. It should 
be mentioned that the capacity peaks of iCON in both poten-
tiostatic discharge and charge profiles are negligible, further 
indicating that Ti3C2 is catalytic active components (Figure S22, 
Supporting Information). The rate performance of the cells 
based on Ti3C2-, iCON-, and their physical mixture-modified 
separators is also explored, the resultant separators are denoted 
as Ti3C2-PP, iCON-PP, and (Ti3C2+iCON)-PP, respectively. As 
shown in Figure S23 (Supporting Information), the rate per-
formance of Ti3C2@iCON-PP is much better than those in 
iCON-PP, Ti3C2-PP, and (Ti3C2+iCON)-PP, which highlights 
the importance of polysulfides adsorption, diffusion, and con-
version in heterostructure materials. Therefore, the synergistic 
effects of iCON and Ti3C2 combine their merits while getting 
rid of the associated disadvantages. Smooth trapping-diffusion-
conversion of polysulfides ensures high electrochemical perfor-
mance of Ti3C2@iCON-PP.

The aforementioned results have unambiguously demon-
strated promising advantages of Ti3C2@iCON-PP in terms of 
suppressing polysulfides shuttling, expediting lithium ion con-
duction, and promoting reactivation/reutilization of the inter-
cepted polysulfides. It is known that a great deal of soluble 
polysulfides are formed in the discharge process for the cells 
with high sulfur content and high sulfur loading.[48] High con-
centration gradient of polysulfides will inevitably propel them 
to diffuse from the cathode to the anode through separators.[26] 
As shown in Figure 5a, for Ti3C2@iCON-PP separator, the elec-
trostatic interactions between iCON host framework and poly-
sulfides could intercept the dissolved polysulfides and suppress 
their migration toward the anode side. With the continuation 
of discharging process, a great deal of polysulfides are gener-
ated, the intimate contact and rich heterostructure interface 
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between iCON nanosheets and Ti3C2 nanosheets allow for 
rapid diffusion of the intercepted polysulfides from iCON to 
Ti3C2 surface. Meantime, good catalytic effect and high conduc-
tivity of Ti3C2 expedite the polysulfides conversion, resulting 
in uniform nucleation and deposition of Li2S on the surface of 
Ti3C2@iCON, which ensures efficient conversion from solid 
sulfur species to soluble polysulfides in subsequent charging 
process for next electrochemical cycle. In sharp contrast, the 
dissolved polysulfides can diffuse to the anode side through 
Ti3C2-PP separator owing to poor porosity and the limited avail-
able polysulfides adsorption sites in Ti3C2. Meantime, random 
deposition of solid Li2S results in the formation of bulky Li2S 
aggregates during discharging. In subsequent charging pro-
cess, the outer species in bulky particles is readily oxidized into 
polysulfides, while the internal solid Li2S is relatively difficult 
to participate in the reaction, resulting in low sulfur utilization 
and pore blockage, which finally generates low reversible 
capacity and poor lifetime in subsequent charging/discharging 
cycles (Figure  5b). Therefore, the integration of iCON and 
MXene contributes synergistically to mediate polysulfide shut-
tling, lithium ion conduction, and redox kinetic of the inter-
cepted polysulfides for high energy density and remarkable 
cycling stability.

In summary, a new separator modification strategy based on 
the electrostatic attraction and catalytic effect enabled by guan-
idinium-based iCON on the surface of Ti3C2 has been demon-
strated. The porosity and electrostatic effect of iCON promote 
polysulfides sequestration and lithium ion conduction, while 
high conductivity and catalytic effects of Ti3C2 expedite the con-
version of the intercepted polysulfides. These synergetic advan-
tages of the separator coating layer endow CNT/S cathodes 

with promising electrochemical performance in terms of rate 
capability, discharging capacity, and cycling stability, even in the 
case of high sulfur content, high sulfur loading, and high rate. 
In combination with the reported advanced sulfur cathodes, the 
functional separator holds great promises for the development 
of practical high-energy-density and long-life Li–S batteries.

Experimental Section
Experimental details are shown in the Supporting Information.

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