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Accelerated Li+ Desolvation for Diffusion Booster Enabling
Low-Temperature Sulfur Redox Kinetics via Electrocatalytic
Carbon-Grazfted-CoP Porous Nanosheets

Xin Zhang, Xiangyang Li, Yongzheng Zhang,* Xiang Li, Qinghua Guan, Jian Wang,*
Zechao Zhuang, Quan Zhuang, Xiaomin Cheng, Haitao Liu, Jing Zhang, Chunyin Shen,
Hongzhen Lin, Yanli Wang,* Liang Zhan,* and Licheng Ling

Lithium–sulfur (Li–S) batteries are famous for their high energy density and
low cost, but prevented by sluggish redox kinetics of sulfur species due to
depressive Li ion diffusion kinetics, especially under low-temperature
environment. Herein, a combined strategy of electrocatalysis and pore sieving
effect is put forward to dissociate the Li+ solvation structure to stimulate the
free Li+ diffusion, further improving sulfur redox reaction kinetics. As a
protocol, an electrocatalytic porous diffusion-boosted nitrogen-doped
carbon-grafted-CoP nanosheet is designed via forming the N–Co–P active
structure to release more free Li+ to react with sulfur species, as fully
investigated by electrochemical tests, theoretical simulations and in situ/ex
situ characterizations. As a result, the cells with diffusion booster achieve
desirable lifespan of 800 cycles at 2 C and excellent rate capability
(775 mAh g−1 at 3 C). Impressively, in a condition of high mass loading or
low-temperature environment, the cell with 5.7 mg cm−2 stabilizes an areal
capacity of 3.2 mAh cm−2 and the charming capacity of 647 mAh g−1 is
obtained under 0 °C after 80 cycles, demonstrating a promising route of
providing more free Li ions toward practical high-energy Li–S batteries.
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1. Introduction

The rapid developments of various portable
electronic devices and electric vehicles have
put forward an urgent necessity to develop
higher energy density storage systems.[1]

In comparison to commercial lithium ion
batteries, lithium–sulfur (Li–S) batteries
output ultrahigh theoretical energy density
of 2600 Wh kg−1, which are considered
as promising large-scale energy storage
systems.[2] However, the “shuttle effect”
of lithium polysulfides (LiPSs) and slug-
gish redox conversion kinetics of sulfur
species lead to unsatisfactory intercon-
version rate, which results from slow Li+

migration kinetics dissociated from large
Li+-solvation shell structure. In extreme
occasion, such as low-temperature sur-
roundings, the sever hinderance of larger
Li ion solvation structure further short-
ens cycling life of Li–S batteries,which
in turn prevents their capacities.[3]
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To solve the aforementioned issues, various nanostructured
materials with the functionalities of physical constraint,[4] chemi-
cal adsorption,[5] and electrocatalytic activity[6] toward LiPSs have
been developed to suppress polysulfide shuttling or accelerate
sulfur conversions. Although above-mentioned strategies con-
tribute to improve the electrochemical properties, the high-rate
performance and long-cycle life are still unsatisfactory and the
low-temperature performance of fabricated cells is still unknown.
Considering the complexity of sulfur redox conversions,[7] the
sulfur utilization is closely related with the insertion/extraction
amount of free Li ions and most strategies have ignored the des-
olvation processes of solvated Li+ at the electrode/electrolyte in-
terface, which inevitably lowers the migration of Li+ and thus re-
duces the conversion kinetics of sulfur species.[8] In typical ether
electrolytes, Li+ is generally associated with solvents, such as
dimethyl ether, forming the solvation sheath with large size.[9] To
a certain extent, such a solvation structure would bring about the
occurrence of co-insertion into cathode, deteriorating the stabil-
ity of cathode structure.[10] More efforts have also been devoted to
ameliorating the electrolyte to modulate outer anion-involved sol-
vation sheath. For example, the application of high concentration
electrolyte (>3 m) could significantly improve the ratio of anions
to solvents in the electrolyte and realize the entry of anions into
the solvation sheath.[11] On the other hand, the constructions of
porous morphology with sieving effect, i.e., metal–organic frame-
works (MOFs), and covalent organic frameworks (COFs), have
been demonstrated effectively for fast desolvation.[12] However,
the heavy utilization of electrolyte salt burdens the cost and the
electrochemical instability of MOFs and COFs would make poor
desolvation capability in the later cycles.

Beyond conditioning the engineering of electrolyte or poor
morphology, recently, the emerging electrocatalysis is proposed
to facilitate the dissociation of Li+-solvents to release more free
Li ions. For example, our group indicated that a MOF-Carbon
bridged catalytic network is beneficial for promoting the forma-
tion of anion-involved Li+ solvation structure, catalyzing the Li+-
solvents dissociation kinetics and providing a fast channel for
Li+ transport.[13] As pointed above, owing to the instability of
MOFs and the lack of active sites, the strategy might fail in the
low-temperature environments, limiting the dissociation of sol-
vent molecules from the solvation sheath of cations, which is
detrimental to the catalytic efficiency of obtaining free Li ion to
propel polysulfide conversions. Therefore, designing a stable yet
highly catalytic layer to accelerate the dissociation of Li+-solvents
in low-temperature environment is of great significance to gen-
erate more free Li ions to facilitate sulfur redox reaction kinetics.

Herein, a combined functionality of electrocatalysis and
pore sieving effect originated from electrochemical porous
nanosheets is proposed to accelerate the dissociation of Li+-
solvent molecules, driving to release large numbers of free Li+

to promote the redox kinetics of sulfur species and to further im-
prove the utilization. Concretely, taking advantages of nitrogen-
doped carbon grafted porous CoP with electrocatalytic effect, a
Li+ diffusion booster (EPDB-CgCP) is programmed to catalyze
Li+ desolvation or sieve large size solvent molecules. As revealed
by in situ/ex situ characterizations, theoretical simulations and
electrochemical detections, the EPDB-CgCP facilitates the des-
olvation effect with higher Li ion conductivity and Li+ transfer-
ence number. Encouraged by these merits, the Li–S cells with

EPDB-CgCP ion diffusion booster provide an excellent rate capa-
bility (775 mAh g−1 at 3 C) and a promising life expectancy with a
low specific capacity decay of 0.048% per cycle after 800 cycles at
2 C. Especially under a severe condition of high mass-loading or
low-temperature environment, the cell with EPDB-CgCP main-
tains a respectable areal capacity of 3.2 mAh cm−2 at an ultra-
high sulfur addition of 5.7 mg cm−2 and a fascinating capacity
of 647 mAh g−1 under the low temperature of 0 °C after 80 cy-
cles, paving the way for the practical use of high-efficiency Li–S
batteries.

2. Results and Discussion

The synthesis procedure of the electrocatalytic porous nitrogen-
doped carbon-grafted-CoP nanosheets diffusion booster (EPDB-
CgCP) is illustrated in Figure 1A. In detail, with the aid of 2-
Methylimidazole (2-MIM) ligand, the Co-based precursors trans-
form to form hexagonal nanosheets under a mediating effect
of the cetyltrimethylammonium bromide (CTAB) surfactant via
a self-assembly method. Subsequently, after a solid/gas-phase
phosphorization reaction in Ar atmosphere under high tempera-
ture, the porous nitrogen-doped carbon-grafted-CoP nanosheets
diffusion booster is obtained with the formation of N–Co–P
active structure. The scanning electron microscopy (SEM) im-
ages in Figure S1 (Supporting Information) show that the as-
prepared precursor exhibits a highly uniform smooth hexagonal
structure. After different annealing conditions, both the EPDB-
CgCP (Figure 1B) and the controlled carbon-grafted CoO (CgCO)
(Figure S2, Supporting Information) retain the regular hexag-
onal morphology with different pore sizes in the range of 50–
100 nm. In the transmission electron microscopy (TEM) im-
ages (Figure 1C), the pore on the nanosheet is obvious and
a lattice fringe of 0.282 nm is observed, which is consistent
with the (011) crystal plane of CoP.[14] Furthermore, distinct in-
terfaces between CoP and nitrogen-doped carbon coating are
identified in Figure S3 (Supporting Information). The energy-
dispersive spectroscopy (EDS) mapping results present homoge-
neous elemental distributions of Co, P, and N in the as-fabricated
EPDB-CgCP (Figure 1D). The X-ray powder diffraction (XRD)
patterns in Figure 1E clearly demonstrate the successful trans-
formation to EPDB-CgCP and CgCO with/without phosphoriza-
tion, respectively. The N2 adsorption–desorption isotherms of
EPDB-CgCP and CgCO were characterized. In comparison with
the CgCO, the EPDB-CgCP displays a decreased specific sur-
face area, which might be ascribed to the heavier weight of CoP
at equal mole amount than that of CoO in CgCO (Figure S4A,
Supporting Information). In contrast to the larger pore sizes
in CgCO, mesopores and micropores dominate after phospho-
rization (Figure S4B, Supporting Information), which facilitates
the sieving effect on solvated lithium ions at the sub-nanometer
level (from 0.2 to ≈1 nm).[12,15] To ascertain the bonding chem-
ical surroundings, X-ray photoelectron spectroscopy (XPS) was
conducted (Figure S5A, Supporting Information). In the high-
resolution Co 2p spectrum of EPDB-CgCP (Figure 1F), the peaks
located at 778.7 and 793.7 eV can be attributed to Co–P bonds in
EPDB-CgCP,[16] which corresponds well to the peaks at 130.0 (P
2p1/2) and 129.2 eV (2p3/2) in the P 2p deconvoluted sub-spectra
(Figure 1G).[17] Notably, a pair of peaks come out at 783.2 and
799.3 eV, which are ascribed to the formation of Co–N bonds
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Figure 1. A) Schematic illustration for the preparation of EPDB-CgCP. B) SEM and C) TEM and lattice images of EPDB-CgCP. D) The elemental mapping
images of EPDB-CgCP. E) XRD patterns of EPDB-CgCP and CgCO. F) Comparison of high−resolution Co 2p spectra in the EPDB-CgCP and CgCO. G)
High−resolution spectra of N 1s and P 2p in the EPDB-CgCP.

during pyrolysis.[18] The Co–N bonds shift toward the direction of
high binding energy compared to the Co–O bonds, which might
be ascribed to the generation of a high catalytic active site for
Co–Nx species.[19] Meanwhile, the peak at 399.0 eV in the high-
resolution XPS spectra for N 1s (Figure 1G; Figure S5B, Support-
ing Information) is also assigned to Co–N bond. Figure S5C (Sup-
porting Information) displays the fitting peak centered at 286.6
eV is assigned to C–N bond, illustrating the forming of N-doped
carbon nanosheets.[20] These results comprehensively demon-
strate a chemical interaction between CoP and the N-doped car-
bon nanosheets with the network formation of P–Co–N–C active
structure.

In typical ether-based electrolyte, additional energy is required
to remove the solvent sheath and generate free Li+ at the elec-
trode/electrolyte interface. Briefly, as illustrated in Figure 2A, the
desolvation behaviors can be interpreted into two aspects. On the
one hand, the larger cluster of Li+-solvents are decomposed di-
rectly by the electrocatalytic effect of bridged N–Co–P bonds on

the surface, allowing the released bare Li+ to cross the pores with
a faster diffusion kinetics to participate in the catalytic conver-
sion reaction of LiPSs. On the other hand, the outer solvation
sheath layer can be sieved when these large-sized solvated Li+

complexes pass through the penetrating pores of EPDB-CgCP.
Consequently, the bare free Li ions participate and accelerate the
sulfur redox kinetics with lower barriers. To confirm this, Ra-
man investigation and a series of kinetic experiments were per-
formed. As well known, the conventional electrolyte usually ex-
hibits three kinds of ion structures, i.e., solvent separated ion pair
(SSIP), contact ion pair (CIP), and aggregate (AGG).[21] As shown
in Figure 2B, commercial liquid electrolyte (LE) in the systems
with pure PP, CgCO, and EPDB-CgCP were carried out by Ra-
man, respectively. In commercial electrolyte system with PP, the
main peak is located at 741 cm−1 (free TFSI−, one anion pairs with
zero Li+), while this peak moves toward the CIP (one anion pairs
with one Li+) at 744 cm−1 and AGG (one anion pairs with two
or more Li+) at 749 cm−1 with the introduction of EPDB-CgCP,
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Figure 2. A) Schematic illustration of desolvation behaviors catalyzed or sieved by EPDB-CgCP. B) Comparisons of Raman spectra of the ether electrolyte
with/without EPDB-CgCP. C) The ratio summary of Solvate TFSI−, CIP, and AGG in different systems. Comparisons of D) ionic conductivity and E) Li+

transference number under the two systems. F) CV curves of Li2S6 symmetric cells based on EPDB-CgCP and CgCO electrodes at 5 mV s−1, respectively.
G) Potentiostatic discharge profiles at 2.05 V on the two modified electrodes with Li2S8 catholyte.

implying the variation of solvation structure of the Li+.[22] As
summarized in Figure 2C, EPDB-CgCP system displays the high-
est overall ratios of AGGs+CIPs (93%), much higher than CgCO
system (88%), and pure PP system (66%), suggesting the rapid
desolvation behaviors propelled by EPDB-CgCP. Later, the effect
of EPDB-CgCP on Li+ diffusion kinetics through sieving and tai-
loring of solvent molecules is also evaluated by ionic conductivity
(𝜎) (Equation S1, Supporting Information) and Li+ transference
number (tLi+ ) (Equation S2, Supporting Information).[23] As ex-
hibited in Figure 2D, the ionic conductivity in the EPDB-CgCP
system is determined to be 0.26 mS cm−1, which is about two
times higher than that in CgCO system (0.14 mS cm−1). Mean-
while, the Li+ transference number is greatly enhanced from
0.62 of CgCO to 0.86 of EPDB-CgCP (Figure 2E).[24] The ap-

parent ion diffusion kinetic improvements are undoubtfully at-
tributed to simultaneously electrocatalytic and sieving effects of
EPDB-CgCP.[25] Subsequently, to give insights into the effect of
formed free Li+ on sulfur redox reactions, polysulfide conversion
and Li2S precipitation experiments were performed. As demon-
strated in electrochemical impedance spectroscopy (EIS) mea-
surements (Figure S6A, Supporting Information), the charge
transfer resistance for EPDB-CgCP is much smaller than that
of CgCO (59 vs 101Ohm), indicating the charge transfer is sub-
stantially faster with the bridged EPDB-CgCP network.[26] Mean-
while, the symmetric cell based on pristine EPDB-CgCP elec-
trode demonstrates higher peak currents with lower polarization
than that cell with CgCO electrode in the cyclic voltammetry (CV)
curves (Figure 2F), confirming the facilitation of Li+ migration ki-
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Figure 3. A) Comparison of UV–vis spectra of Li2S6 solution adsorbed by EPDB-CgCP and CgCO (inset figure: optical image of Li2S6 adsorption test). B)
High resolution XPS spectra of S 2p for EPDB−CgCP after and before Li2S6 adsorption. C) Schematic diagrams of the atomic structures of EPDB-CgCP
and CgCO from different views after Li2S adsorption. D) Comparison of PDOS between EPDB-CgCP and CgCO adsorbed by Li2S. E) Schematic diagrams
of the atomic structures of EPDB-CgCP and CgCO from different views after Li+ adsorption. F) Comparison of PDOS between EPDB-CgCP and CgCO
adsorbed by Li+. G) Comparison of COHP calculation results for EPDB-CgCP and CgCO. H) Schematic diagrams of the atomic structures of EPDB-CgCP
and CgCO in different states. I) Comparison of the migration potential energy of Li+ on EPDB-CgCP or CgCO surface.

netics owing to the numerous free Li+ from the solvation struc-
ture catalyzed by EPDB-CgCP.[27] Figure 2G reveals that the cell
with EPDB-CgCP electrode and Li2S8 catholyte presents not only
a shorter time to reach the peak current (387 s), but also a higher
capacity of Li2S precipitation (150 mAh g−1) compared to the cell
with CgCO electrode (1137 s, 87 mAh g−1), indicating the fast for-
mation of Li2S on the EPDB-CgCP by the aid of free Li+.[28] In the
dissolution process (Figure S6B, Supporting Information), the
peak of the cell with EPDB-CgCP electrode appears much earlier
(844 s) than that of CgCO (1731 s) with higher current intensity
as well, reaffirming superior reversible performance due to fast
Li+ kinetics. In the cycled electrode, it is obvious that the large

amount of Li2S is uniformly deposited on the surface of EPDB-
CgCP electrode (Figure S6C, Supporting Information) while it
is random on CgCO electrode (Figure S6D, Supporting Infor-
mation), indicating the enhanced utilization of sulfur by EPDB-
CgCP.[29]

To explore the function of EPDB-CgCP on polysulfides, a static
adsorption experiment of Li2S6 solution (0.2m) was conducted.
As can be seen from the inset of Figure 3A, after sufficient in-
teraction for 6 h, the Li2S6 solution with EPDB-CgCP becomes
clearer and even transparent compared to the initial solution.
Successively, the UV–vis spectra display that the absorption peaks
of S6

2− species at ≈264 nm are the weakest one (Figure 3A),
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suggesting the majority of polysulfides have been conversed by
EPDB-CgCP.[6a] Subsequently, the special chemical interactions
between EPDB-CgCP and LiPSs were studied by XPS analysis.
As indicated in Figure S7A (Supporting Information), a new
peak attributed to Li–P bond appears at 55.7 eV, demonstrat-
ing the binding ability of EPDB-CgCP with Li2S6.[30] In the S 2p
spectra (Figure 3B), a more pronounced shift of the absorption
peak toward the lower binding energy appears and a significant
bond of Co–S forms, indicating a relatively strong interaction be-
tween EPDB-CgCP and Li2S6.[31] In addition to a negative shift of
≈0.6 eV observed in the Co 2p spectra (Figure S7B, Supporting
Information), more remarkably, a new peak at 777.3 eV attributed
to a chemical bond-like Co–S bond can greatly demonstrate the
chemical interaction capability and further suppress the shuttle
effect.[17,32] The same negative shift in binding energy can also
be evidently observed in the P 2p spectra (Figure S7C, Support-
ing Information).

To theoretically verify robust chemical interactions, the rela-
tionships between polysulfide or Li ion and EPDB-CgCP or CgCO
were calculated, respectively. The adsorption structures of Li2S
on EPDB-CgCP and CgCO are exhibited in Figure 3C. As far
as we know, the too strong adsorption would tend to catch the
active materials tightly, which is inferior to the further chemi-
cal transformation. The enormous binding energy of −12.38 eV
(Equation S3, Supporting Information) for CgCO case indicates
the poisoning of Li2S on CgCO surface, while EPDB-CgCP pos-
sesses the mediate adsorption energy (−3.88 eV),[33] which en-
ables EPDB-CgCP to participate in and refresh further catalytic
conversion of Li2S6 in the adsorption test of polysulfide, result-
ing in lower concentrations of Li2S6 in the solution. As elucidated
in the projected density of states (PDOS) images (Figure 3D), hy-
bridization between Co_3d and S_3p orbitals after adsorbing Li2S
is obvious. However, for the CgCO case, the newly hybridization
of O_2p and Li_2s dominates the interactions between CgCO and
Li2S, proving that the interactions of EPDB-CgCP and Li2S to
form the Co–S bond. To verify the mobility of Li+, the electronic
properties and Li+ diffusion across the EPDB-CgCP and CgCO
were analyzed. The optimized structures display that the Li+ is
located above the surface of EPDB-CgCP, while Li+ is strongly
adsorbed into the surface by oxygen atoms for CgCO (Figure 3E),
forming different binding modes. Similarly, PDOS images illus-
trate that the s orbitals of Li and the p orbitals of P below the Fermi
energy level are crosslinked to a weaker extent and weakly hy-
bridized, which can implement the Li desorption more effectively
(Figure 3F). To further determine the strength of chemical bonds
and to quantify the bonding strength, crystal orbital Hamilton
population (COHP) analyses are disclosed (Figure 3G). Obtained
from the comparison of the curves in the occupied bound states
(–COHP>0), Li–O possesses an enhanced bonding ability com-
pared to Li–P, demonstrating a stronger Li–O bond formation
and inhibiting the possible Li ion diffusion. In this way, the diffu-
sion barrier of Li+ on the surface of EPDB-CgCP and CgCO were
compared and shown in Figure 3H,I. The dramatic reduction of
the energy barrier displays that EPDB-CgCP provides more ex-
ceptional electrochemical properties and more encouraging Li+

migration kinetics (0.36 vs. 0.58 eV), significantly demonstrating
the capability of EPDB-CgCP in boosting ion diffusion for high-
efficient sulfur redox kinetics.[34]

To evaluate the electrochemical performances in sulfur cath-
ode, 2025-type coin cells with EPDB-CgCP and CgCO modified
separators (noted as EPDB-CgCP@PP and CgCO@PP, respec-
tively) were assembled, respectively. As depicted in the CV pro-
files (Figure S8A, Supporting Information), the cell with EPDB-
CgCP ion diffusion booster delivers higher reduction potentials
with the smaller potential hysteresis than that of CgCO@PP, in-
dicating the driving effect of EPDB-CgCP on the conversion ki-
netics of sulfur redox due to the promising Li+ diffusion.[35] To
better visualize the catalytic effect of the EPDB-CgCP accelerator,
the differences in Tafel slopes (Figure 4A; Figure S8B, Supporting
Information) were analyzed according to the two reduction peaks
(I and II).[36] During the sulfur reduction reactions, the cell with
EPDB-CgCP exhibits smaller Tafel slopes (90 and 89 mV dec−1)
than that with CgCO (118 and 128 mV dec−1) thanks to its acceler-
ated Li+ dissociation ability.[37] Similarly, the enhanced migration
of Li+ can be investigated from the corresponding diffusion co-
efficient of Li+ (Equation S4, Supporting Information) through
galvanostatic intermittent titration technique (GITT). As shown
in Figure 4B and Figure S9 (Supporting Information), the migra-
tion rate of Li+ is accelerated with the electrocatalytic action of
EPDB-CgCP during charge and discharge processes.[38] Thanks
to the accelerated Li+ desolvation of the diffusion booster, the cell
with EPDB-CgCP@PP unsurprisingly delivers a higher initial
discharge capacity of 1169 mAh g−1 at 0.2 C than the cell with
CgCO@PP (967 mAh g−1) and a smaller polarization potential
(ΔV = 181 mV) (Figure 4C). With a detail analysis, the cell with
EPDB-CgCP@PP displays a higher QL/QH ratio (2.5 vs. 2.0), indi-
cating a progressive sulfur utilization.[39] After 100 cycles, the cell
with EPDB-CgCP@PP displays a capacity of 899 mAh g−1, higher
than that of 731 mAh g−1 in the CgCO@PP system (Figure 4D).
It is worth noting that the EPDB-CgCP composite shows negli-
gible Li ion storage ability (Figure S10, Supporting Information).
Figure 4E displays the Li–S cell with EPDB-CgCP@PP delivers
discharge capacities of 1159, 1022, 922, 826, and 775 mAh g−1 at
0.2, 0.5, 1, 2, and 3 C, respectively, while the cell with CgCO@PP
only exhibits 244 mAh g−1 at a higher current rate of 3 C, much
lower than that with EPDB-CgCP@PP, implying the outstand-
ing contribution of EPDB-CgCP electrocatalyst for forming rapid
ion diffusion to the enhanced performance.[40] In addition, the
overpotential gaps at different rates were also summarized for
comparison. As displayed in Figure 4F and Figure S11 (Support-
ing Information), the overpotential gaps increase slowly with the
ion diffusion booster propelled by EPDB-CgCP. However, for the
CgCO one, the discharge plateau of the cell seems lost and the
overpotential gap is enlarged as higher as 811 mV at 3 C. In the
long-term cycles at 2 C, the fast generation and movement of Li+

boost the cell with EPDB-CgCP@PP to deliver an initial capacity
of 833 mAh g−1 and a desirable lifespan of 800 cycles at 2 C with
a low fading rate of 0.048% per cycle (Figure S12, Supporting In-
formation).

High mass-loading and low temperature tolerance are the two
main obstacles to realize the commercial potential of Li–S bat-
teries. To reveal the superiority of the EPDB-CgCP electrocata-
lyst for the high sulfur loading cell, favorable capacities of 990,
850, 634, and 517 mAh g−1 are preserved under a sulfur load-
ing of 3.0 mg cm−2 from 0.1 to 1 C (Figure 4G). Evaluating the
sulfur loading up to 5.7 mg cm−2 (Figure 4H; Figure S13, Sup-
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Figure 4. A) The corresponding Tafel plots derived from CV curves. B) Diffusion coefficients of Li+ in the discharge process. C) Voltage curves and D)
cycling performance of the two cells with EPDB-CgCP or CgCO at 0.2 C. E) Rate performance of EPDB-CgCP and CgCO modified cells. F) Comparison
of overpotential gaps at different rates. G) Rate performance of high−mass−loading cell (3.0 mg cm−2) with EPDB-CgCP. H) Cyclic performance of the
cell employed with a high sulfur loading up to 5.7 mg cm−2 with EPDB-CgCP at 0.1 C. I) Cyclic performance of EPDB-CgCP modified cell at 0.1 C under
a low−temperature environment of 0 °C.

porting Information), the fabricated cell exhibits an initial ca-
pacity of 4.0 mAh cm−2 (734 mAh g−1) at 0.1 C and stabilizes
a capacity of 3.2 mAh cm−2 (522 mAh g−1) for 80 cycles. Mean-
while, the high-capacity cell is capable to provide a stable power
supply for an electric LED lamped with “ECUST” (Figure 4H in-
set), demonstrating a considerable energy storage ability. Subse-
quently, the separators for the cell with high sulfur loading up
to 5.7 mg cm−2 before and after cycling were subjected to SEM
analyses. Compared to the original separator (Figure S14A, Sup-
porting Information), the cycled EPDB-CgCP@PP is morpho-
logically unchanged and EPDB-CgCP material still fits tightly to
PP without any collapse (Figure S14B, Supporting Information).
Meanwhile, the CV profiles were similarly applied to demon-
strate the improved sulfur redox kinetics under a high sulfur
loading (Figure S15, Supporting Information). Considering the
low-temperature Li–S batteries are closely affected by the hin-
derance effect of large solvated Li ions and also restricted by
the ion diffusion kinetics in harsh environment, the cell with
EPDB-CgCP diffusion booster was tested at a temperature as low
as 0 °C (Figure 4I; Figure S16, Supporting Information). The
fabricated cell initially exhibits a charming specific capacity of

972 mAh g−1 at 0.1 C and stabilizes an exceptional specific ca-
pacity of 647 mAh g−1 for 80 cycles. Alternatively, the CV test was
designed to specify the elevated redox kinetics of sulfur species
due to facilitated Li+ diffusion kinetics by EPDB-CgCP diffusion
booster at low temperature down to 0 °C (Figure S17, Supporting
Information). These results strongly reveal that the EPDB-CgCP
is well able to promote the formation and migration of free Li+

at both room temperature and low temperature, thus inhibiting
the shuttle effect and propelling the redox conversion reactions.

In order to further probe the catalytic mechanism, in situ Ra-
man spectroscopy tests were implemented. The structure con-
figuration of the Li–S cell is exhibited in Figure 5A. The time-
resolved Raman spectra of Li–S battery based on PP separator
(Figure 5B,C) during discharge process at 0.2 C reveal that three
Raman characteristic peaks attributed to Li2S8 are identified at
150, 216, and 482 cm−1 at the beginning of the discharge process
(at ≈2.3 V).[41] Further discharged to 2.18 V, the Raman peaks of
Li2S8 located at 150 and 216 cm−1 progressively disappear, while
other two strong Raman peaks (at 401 and 452 cm−1) correspond-
ing to Li2S6 and Li2S4 + Li2S5 start to emerge, respectively. Un-
der a fully discharged state, the intensities of some characteristic

Adv. Funct. Mater. 2023, 33, 2302624 © 2023 Wiley-VCH GmbH2302624 (7 of 10)

 16163028, 2023, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202302624 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [04/01/2024]. 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

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. A) Schematic illustration of in situ Raman for Li–S battery. In situ time−resolved Raman spectra obtained during the discharge process with
B) PP and D) EPDB-CgCP modified separators. The orange curves represent the discharge process. Selected Raman spectroscopy of Li–S cells based
on C) PP and E) EPDB-CgCP modified separators. F) ToF−SIMS S−, LiS−, and total mappings on the top surfaces of the cells with EPDB-CgCP and
CgCO. ToF−SIMS G) S− and H) LiS− depth profiles after 10 cycles at 0.2 C. I) 3D rendering secondary ions depth profile images of the cycled cells with
EPDB-CgCP and CgCO. J) Illustrated mechanism of the EPDB-CgCP to accelerate sulfur redox kinetics.

peaks diminish quickly except for the peak at 482 cm−1, which
should be ascribed to the ingredients in liquid electrolyte (LE)
(Figure S18, Supporting Information). In contrast, with EPDB-
CgCP ion diffusion booster, weak Raman signals of Li2S8, Li2S6
and Li2S4 + Li2S5 are detected throughout the discharge pro-
cess except for the peak at 482 cm−1 induced by the electrolyte
(Figure 5D,E), indicating relatively fast interactions and conver-
sions between EPDB-CgCP and LiPSs.

To trace the evolution and distribution of polysulfides, the
cells with EPDB-CgCP was executed after being fully discharged
by the measurement of time-of-flight secondary-ion mass spec-
troscopy (ToF-SIMS; Figure 5F–I). As displayed in Figure 5G,H,
in comparison with the intensities of S− and LiS− secondary
ions in the EPDB-CgCP-based cell cathode, the cell cathode with
CgCO@PP presents higher intensities of the S− and LiS− species
either at the beginning or in the later. Meanwhile, as depicted

Adv. Funct. Mater. 2023, 33, 2302624 © 2023 Wiley-VCH GmbH2302624 (8 of 10)
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in 2D specie distribution images, the cell with CgCO@PP ex-
hibits bright and higher intensity in the selected area. There-
fore, the total ions on the surface of the cathode with CgCO@PP
present a higher polysulfide concentration aggregation on the
surface, indicating that polysulfide shuttle is significantly inhib-
ited by EPDB-CgCP with the ability of fast ion diffusion booster
to rapidly converse polysulfides.[42] Subsequently, the depth anal-
yses and 3D distribution of the S− and LiS− species were fur-
ther analyzed (Figure 5I). Apparently, more S−, Li+, and LiS− sec-
ondary ion species are restricted in the cathode interior with uni-
form distribution in the EPDB-CgCP system. In sharp contrast,
the LiS− species in the CgCO system display a random distribu-
tion, demonstrating that the cathode using EPDB-CgCP booster
could also uniformize the Li2S evenly.[43] These results strongly
confirm the EPDB-CgCP electrocatalysis improves the desolva-
tion kinetics for fast conversions of sulfur species. Subsequently,
the catalytic and pore sieving functions of EPDB-CgCP on sulfur
species by rapid desolvation to generate Li+ are visually illustrated
by a schematic diagram (Figure 5J). First, EPDB-CgCP acts as a
physical barrier to LiPSs, which suppresses the shuttle effect to a
certain extent. Second, the EPDB-CgCP provides electrocatalytic
and sieving functions for dissociating Li+-solvents and releasing
free Li+. Finally, the abundant reactive sites tailor the large-sized
solvent molecules and accelerate the diffusion of bare Li+ to the
sulfur cathode, allowing more Li+ to participate in the conversion
processes of LiPSs, thus ultimately catalyzing the conversion of
sulfur species in Li–S chemistry.

3. Conclusion

In summary, the electrocatalytic porous N-doped carbon grafted
CoP nanosheets are synthesized to facilitate the dissociation of
Li+-solvents for releasing free Li+ to propel sulfur redox conver-
sion kinetics, especially in low-temperature environment. The
structure with penetrating pores has a physical screening effect
on sieving the solvent molecules while CoP provides chemical
electrocatalytic sites in tailoring and dissociating the solvation
sheath to promote rapid Li+ transport, as comprehensively in-
vestigated by spectroscopical and electrochemical tests, and the-
oretical simulations. Consequently, the Li–S cells utilizing the
EPDB-CgCP booster offer high-rate performance (775 mAh g−1

at 3 C) and long cycling life (800 cycles at 2 C). Increasing the
sulfur mass loading to 5.7 mg cm−2, the cell with EPDB-CgCP
still exhibits a promising areal capacity of 3.2 mAh cm−2. An ap-
pealing capacity of 647 mAh g−1 is also achieved after 80 cycles
under the ambient temperature to 0 °C, suggesting the fast des-
olvation ability propelled by EPDB-CgCP diffusion booster. This
work points out a feasible strategy for improving the conversion
kinetics of LiPSs by simultaneously catalyzing and sieving the
solvation structure of Li+, raising a bright way to realize high-
performance Li–S batteries.
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