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Synergistic adsorption and electrocatalytic effect of Mott-Schottky
heterostructure-functionalized separator for lithium-sulfur batteries

Jiapei Gu!, Chenxu Dong!, Cheng Zhou', Chunli Shen!, Yugiang Pi*" and Xu Xu!

ABSTRACT The low sulfur usage, strong shuttle effect, and
dilatory redox processes limit the practical application of li-
thium-sulfur batteries (LSBs). The method of separator
modification with a unique Mott-Schottky heterostructure
used in this work significantly alleviates these issues. This
unique structure is synthesized by in situ polymerizing the
conductive polymer polypyrrole (PPy) on the surface of
Bi,M0Os nanosheets to form Bi,M0oOs-PPy nanosheets. This
unique heterostructure can minimize the redox energy barrier
on polysulfides due to the strong adsorption effect, high cat-
alytic activity, and built-in electric field of Bi,M0Os-PPy na-
nosheets. The battery demonstrates good cycling stability
when assembled with the functional separator modified by
Bi,Mo0OQOs-PPy nanosheets, with an ultralow capacity decay of
0.045% per cycle over 500 cycles at 2 C. Furthermore, even
with a high sulfur loading (7.5 mg cm™2), the battery retains an
areal capacity of 6.3 mA h cm™ at 0.2 C after 80 cycles. As a
result, the suggested Mott-Schottky heterostructure-based
Bi,M0QOs-PPy nanosheets-modified separator (Bi,MoOg-
PPy@PP separator) successfully suppresses the shuttle effect,
providing an effective strategy for deploying efficient LSB.

Keywords: functionalized separator, lithium-sulfur batteries,
Mott-Schottky heterostructures, synergistic effect

INTRODUCTION

To keep up with the rapid growth of mobile electronics,
unmanned aerial vehicles, and other technologies, advanced
large-scale energy storage systems must continuously increase
their energy density, prolong the cycle life, and lower the costs.
Lithium-sulfur batteries (LSBs) with high theoretical capacity
(1675 mA h g™), high energy density (2600 W h kg™!), and great
cost effectiveness are gaining popularity as an environmentally
benign and technologically advanced alternative to lithium-ion
batteries (LIBs) [1-3]. However, low real capacity due to the
insulated sulfur cathode, and poor cycle life and rate perfor-
mance due to intermediate dissolution limit the practical uses of
LSBs [4-8]. The shuttle effect is especially challenging, because
the polysulfide intermediate formed at the cathode dissolves and
diffuses to the anode during cycling, resulting in irreversible loss
of the active material and lowering the battery life and Cou-
lombic efficiency [9-12]. As a result, suppressing the shuttle

effect is a crucial yet difficult technical issue for the practical
implementation of LSBs [13-17].

Modifying separators is the most successful method among
different measures proposed to solve the shuttle effect of LSBs
[18-21]. Carbon materials (graphene, carbon nanotubes, carbon
spheres, carbon nanofibers, and conducting polymers) [22],
metal compounds (metal oxides, metal sulfides, metal carbides,
metal nitrides, and metal phosphorus) [23-26], metal-organic
frameworks (MOFs) [27,28], and covalent organic frameworks
(COFs) [29] have been reported as modified materials. Carbon
compounds, for example, have high electrical conductivity and
can physically adsorb polysulfides, but their adsorption capacity
is low. The metal compounds have high electrocatalytic activity
and a substantial adsorption effect on polysulfides, but their
electrical conductivity is modest. Based on the foregoing, the
composite structure of these two types of materials may exhibit
the benefits of strong adsorption, high catalytic activity, and
high conductivity [30-32].

Bismuth molybdate (Bi;Mo0Os) nanosheets have a distinct
layered structure that is made of alternate stacking of [Bi,O,]
and [MoO4] layers [33-35]. Meanwhile, Bi,Mo0Os has a strong
polar surface and may chemisorb polysulfides as a binary tran-
sition metal oxide (BTMO) [36-38]. Bismuth, molybdenum, and
oxygen, for example, can form distinct chemical interactions
with polysulfides [39-41]. Bi;MoOs nanosheets have mostly
been used in visible light-responsive photocatalysis [42,43].
Furthermore, because of their high theoretical capacity,
Bi,MoOg nanosheets can be employed as anode materials for
LIBs [44,45]. The primary limitation of Bi,MoOs nanosheets is
their low electrical conductivity [46,47]. As a result, mixing them
with conductive materials boosts the electrochemical perfor-
mance of Bi,MoOs nanosheets significantly. Polypyrrole (PPy) is
a type of conductive polymer with strong electronic conductivity
and outstanding mechanical elasticity [48-50]. The strong
interaction could substantially reduce polysulfide dissolution,
thereby inhibiting the shuttle effect of LSBs.

This paper presents Mott-Schottky-based Bi,MoOg-PPy het-
erostructure nanosheets with dual adsorption and catalytic
effects for LSB separator modification. Electrostatic adsorption
and in situ polymerization were used to modify the conductive
polymer PPy on the surface of Bi,MoOg nanosheets, and an n-n-
type heterojunction was formed between them. This structure
improves the adsorption capacity and redox dynamics of LiPSs
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by utilizing the built-in electric field generated by the accumu-
lation of positive and negative charges on both sides of the
heterojunction [51-53]. Theoretical calculations also demon-
strate that the Bi,MoOe¢-PPy heterostructure not only has a
stronger adsorption impact on polysulfides but may also sub-
stantially reduce the energy barrier required for polysulfide
conversion. As a result, at high rates, the LSBs with Bi,MoOs-
PPy@PP separator exhibit high sulfur utilization and out-
standing cycling stability. Bi,MoOg-PPy heterostructure
nanosheets based on Mott-Schottky have the potential to be used
in advanced LSBs.

EXPERIMENTAL SECTION

Chemicals and materials

All the chemicals were of analytical grade and were used without
further purification. Sodium molybdate dehydrate (Na,MoO,:
2H,0), bismuth (III) nitrate pentahydrate (Bi(NOs);-5H,0), and
iron trichloride hexahygrate (FeCl;:6H,O) were purchased from
Aladdin. Hexadecyl trimethyl ammonium bromide (CTAB) and
pyrrole were obtained from Macklin. 1,2-Dimethoxyethane
(DME) (99.5%), 1,3-dioxlane (DOL) (99.5%), and Li,S were
purchased from Alfa Aesar.

Preparation of Bi;M0QOs nanosheets

A surfactant-assisted one-pot hydrothermal reaction was used to
fabricate Bi;MoQOg nanosheets. In a typical experiment, 0.260 g
of Na,Mo0O,4-2H,0 and 1.05 g of Bi(NO;);-5H,0 were added to
50 mL of deionized water and stirred for 30 min. Next, 0.09 g of
CTAB was dissolved in 30 mL of deionized water, which was
then added to the above solution and stirred for 30 min. The
mixed solution was then placed in a 100-mL stainless steel
autoclave coated with Teflon and heated to 140°C for 18 h.
Finally, the product was centrifuged and washed several times
with deionized water and ethanol before drying at 60°C for 12 h.

Preparation of Bi,MoO¢-PPy nanosheets

Here, 0.100 g of Bi,M0Os nanosheets were dispersed in 10 mL of
deionized water, sonicated for 30 min, and stirred for 2 h. Next,
1 mL of pyrrole was dispersed in 10 mL of deionized water for
30 min and stirred for 2 h to form a homogeneous dispersion,
which was then added dropwise to a homogeneous solution of
Bi,MoO¢ nanosheets and stirred for 12h. Then, 0.040 g of
FeCl;-6H,O was added to the above suspension liquid, while it
was continuously magnetically stirred for another 12 h. Finally,
centrifugation was used to collect Bi,MoOg-PPy nanosheets,
which were then rinsed several times with alcohol and deionized
water before drying overnight at 60°C.

Preparation of the Bi,MoOs-PPy@PP separator

Here, 10 mg of Bi,MoO4-PPy nanosheets were ultrasonically
dispersed in 60 mL of absolute ethanol for more than 2 h. After
standing the homogeneous solution for another 2 h, the super-
natant was taken for vacuum filtration on polypropylene (PP)
separator to obtain a uniform Bi;MoOs-PPy@PP separator.
Finally, the Bi,MoOg¢-PPy@PP separator was dried for 8 h at
60°C. The same method was used to synthesize the PP separator
modified by Bi;MoOg nanosheets (Bi,MoOs@PP). The areal
loading of the Bi,M0QO¢ and Bi,MoOs-PPy modified layers was
set to 0.35 and 0.29 mgcm™, respectively. The obtained
separator was cut into a circular separator with a diameter of

1.7 cm.

Preparation of rGO/S cathode

In 13.3 mL of deionized water, 1.2 mL of graphene dispersion
(12.644 mg mL™") and 0.7 mL of sodium thiosulfate solution
(1 mol L) were mixed and stirred for 30 min. Next, 6.85 mL of
0.2 mol L™! hydrochloric acid was slowly dropped into the above
solution, stirred for 90 min, and centrifuged to collect the solid
product, and the volume was adjusted to 14.4 mL with deionized
water. 0.76 mL of sodium ascorbate (1 mol L™!) was added to the
mixed solution before quickly transferring 1.5 mL of the solution
into 10 small glass vials and placing the mixture in a 95°C oven
for 2 h to obtain reduced graphene oxide (rGO)/S. It was washed
three times with deionized water before being freeze-dried to
produce a freestanding rGO/S cathode. For the routine elec-
trochemical performance test, the sulfur content in rGO/S is
60%, and the sulfur loading is 2.5 mg cm™ (Fig. S1). The high
sulfur-loaded cathode was created by increasing the amount of
sodium thiosulfate solution, and the rGO/S cathodes had high

sulfur mass loadings of about 7.5 mg cm™.

Materials characterizations

The X-ray diffraction (XRD) patterns of crystal structure were
recorded using a smart lab diffractometer (Rigaku, Japan) with a
Co Ka radiation source (A = 1.79 A) at 30kV and 10 mA.
Scanning electron microscopy (SEM) images of the material’s
structure and morphology were examined using a scanning
electron JEOL JSM-7100F microscope (JEOL, Japan). Images of
transmission electron microscopy (TEM) were captured using a
JEM-2100F/Titan G2 60-300 microscope (JEOL, Japan). A Titan
G2 60-300 with an EDS image corrector was used to collect
high-resolution TEM (HRTEM) images. A VG MultiLab 2000
instrument was used to collect X-ray photoelectron spectra
(XPS). At room temperature, Raman spectra were obtained
using a Renishaw Invia Raman spectrometer with a 633-nm
excitation laser. A Nicolet 6700 IR spectrometer was used to
collect Fourier transform infrared (FT-IR) spectra (Thermo
Fisher Scientific Co., USA).

Electrochemical measurement

In an argon gas-filled glovebox, CR2025 coin cells were assem-
bled. Both the water and oxygen levels were less than 0.1 ppm.
The as-prepared dry rGO/S samples served as the cathode, while
the lithium foil served as the anode. The general separator was
Celgard 2500 PP, and the functional separator was Bi,MoQOs-
PPy@PP. The electrolyte was a 1 mol L™ LiTFSI solution in
DEM and DOL (1:1 volume ratio) with 0.1 mol L™! LiNO; as an
additive. The electrolyte to S ratio is 15(uL):1(mg), and the Li
metal anode had a diameter of 16 mm and a thickness of
600 um. The galvanostatic charge/discharge cycling and cycling
measurements were performed in a multichannel battery testing
system (Wuhan LAND Electronic Co., Ltd.) at different current
densities in the potential range of 1.7-2.8 V (vs. Li/Li*). The
cyclic voltammetry (CV) curves and electrochemical impedance
spectroscopy (EIS) tests (0.1 Hz-100 kHz, 5 mV) were per-
formed using an electrochemical workstation (Autolab PGSTA
T302N).

Ionic conductivity
All the separators were sandwiched between two stainless sheets
of steel to be assembled into batteries. The ionic conductivity
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was determined using the following equation:
o= L/(RA), (1)
where ¢ denotes the ionic conductivity (S cm™), L denotes the

thickness of the separator (cm), R, denotes the resistance (Q),
and A denotes the area of the stainless steel electrode (cm?).

Lithium-ion diffusion coefficient
The lithium-ion diffusion coefficient was calculated using the
Randles-Sevick equation and CV plots of cells with different
separators at different scan rates:

I,=2.69% 10525 4D " o,scmvo,s’ )

where I, denotes the peak current (A), n denotes the charge
transfer number, A denotes the area of the cathode (cm?), Dy,
denotes the Li* diffusion coefficient, Ci;* denotes the Li* con-
centration (mol L™!), and v denotes the scan rate (V s7}).

Theoretical computations

The Vienna Ab-initio Simulation Package with the projector
augmented wave method was used to perform the first principle
density functional theory (DFT) calculations. To evaluate the
immobilization effect of Li,S, in Bi;MoOg-PPy, the binding
energies of BbMoOg and Bi,MoQOg-PPy with Li,S, (n =1, 2, 4, 6,
and 8) were computed. The exchange-functional was described
by the generalized gradient approximation of the Perdew-Burke-
Ernzerhof (PBE) functional. The plane wave cutoff energy was
set to 400 eV, and the internal perpendicular forces on each
atom were set to be less than 0.05eV A~! for the geometry

g - |
I Bi(NO,),5H,0 140°C 18 h - . |
I Na,MoO, 2H,0 : |

CTAB - .

! . - C 5 |

| % Pyrrole FeCl, i
I

| Bi,MoO.-PPy@PP I

Bi,MoO,-PPy [ > |

I I

I I

Figure 1
adsorption and catalysis of polysulfides.

Strong adsorption

relaxation convergence criterion. Here, 2 x 2 x 1 k-point meshes
were used to sample the Brillouin zone integration. The self-
consistent calculations used a 107°eV energy convergence
threshold. In the simulation, the DFT-D3 functional was used to
account for the physical van der Waals interaction. Finally, the
adsorption energies (E,q;) were calculated as Egs = Eadssub — Ead —
Eqp, where Egjup, Eag, and Egy are the total energies of the
optimized adsorbate/substrate system, the adsorbate in the
structure, and the clean substrate, respectively. The following
equation was used to calculate the free energy:

G =E, +ZPE-TS, 3)

where G, E.4, ZPE, and TS denote the free energy, total energy
from DFT calculations, zero-point energy, and entropic con-
tributions, respectively.

RESULTS AND DISCUSSION

Material synthesis and characterization

Fig. la depicts the preparation processes for the Bi,MoOs@PP/
Bi,Mo0QOs-PPy@PP separator. First, surfactant-assisted one-pot
hydrothermal reactions were employed to synthesize Bi,Mo0Os
nanosheets. Then, using electrostatic adsorption and subsequent
in situ polymerization, a specific amount of pyrrole monomer
was used to generate PPy on the surface of Bi,MoOs nanosheets.
Finally, Bi;MoO¢-PPy nanosheets were assembled into dense
stacks on the PP separator using a simple vacuum filtration
method. Fig. 1b depicts a schematic of the working mechanism.
The Bi,MoOs-PPy@PP separator has great potential in the

PPy

Bi,MoO,

Bi,MoO-PPy-Li,S Mott-Schottky
heterojunctions

(a) Schematic illustration of the preparation processes of Bi,MoOs@PP and Bi,MoQg-PPy@PP separator; (b) Bi,MoOg-PPy@PP separator for the
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application of LSBs due to the synergistic effect of the strong
adsorption of polysulfides by PPy as a conductive polymer and
the fast catalysis of polysulfides by Bi,MoOg as BTMO, as well as
the unique Mott-Schottky heterogeneous layer structure of
BizMOOG—PPy.

SEM and HRTEM images were used to examine the
morphologies of BiM0oOs and Bi,Mo0QOs-PPy nanosheets. The
pristine two-dimensional Bi,MoOg nanosheets with uniform size
were prepared using the surfactant-assisted method, as shown in
the SEM images (Fig. S2a). Fig. 2a shows an SEM image of
Bi:M0Os-PPy nanosheets obtained after PPy modification. The
modified nanosheets retain a two-dimensional nanosheet
structure similar to the pristine Bi:MoOs. HRTEM images
confirm the sheet-like structure of Bi,M0Os and Bi,MoOg-PPy
nanosheets with an average diameter of 60-80 nm (Fig. S2b and
Fig. 2b). The uniform PPy modification layer has a thickness of
about 4 nm, as shown in Fig. 2c. Bi,M0oOg nanosheets also have a
lattice stripe with a layer spacing of 0.273 nm corresponding to
the (002) plane (Fig. S2f). The surface modification with PPy has
no effect on the overall crystal structure of the Bi,MoOs
nanosheets, as shown in Fig. 2d. Here, the characteristic crystal
planes of Bi;Mo0Os nanosheets were still observed, while the
amorphous structure of PPy has no specific lattice d-spacing.
According to the elemental mapping, Bi, O, and Mo elements
are distributed uniformly in Bi,MoOg nanosheets (Fig. S2c-e).
Bi, O, Mo, and N elements are evenly distributed throughout the
Bi;M0Os-PPy nanosheets (Fig. 2e-h). Fast electron transfer is
enabled by the heterointerface contact formed between Bi,MoOs

and PPy. The PPy mass content is 17 wt% as determined by
thermogravimetric analysis (TGA, Fig. S3).

XRD patterns were used to determine the phase purity and
crystal structure of the prepared BiMoOs and Bi,MoOs-PPy
nanosheets. As illustrated in Fig. 2i, Bi,Mo0OQs diffraction peaks
can be seen at 11.0°, 28.3° 32.7°, 47.1°, 55.7°, and 58.6°, which
correspond to the orthogonal phase Bi,MoOs diffraction planes
(020), (131), (002), (260), (133), and (262) (JCPDS No. 21-0102).
The XRD pattern of Bi;MoOg¢-PPy is identical to that of
Bi,MoQs, confirming the amorphous structure of PPy. This
indicates that the addition of PPy has no discernible effect on the
crystal structure of Bi,Mo0QOs. The structure of the as-prepared
samples was then examined using Raman spectroscopy (Fig. 2j).
The bending motion of MoOs octahedra and BiO; tetrahedra is
represented by the Raman bands at 285, 350, and 402 cm™". The
stretching vibrations of the twisted MoOg octahedra in the y-
Bi,MoQgs structure are responsible for the bands at 719, 801, and
843 cm™'. The 900-1600 cm™' wavenumber range, which cor-
responds to the vibrational modes of PPy, distinguishes well-
defined phonon modes, confirming the formation of Bi,MoOg-
PPy. Two small peaks at 970 and 1359 cm™" correspond to the
PPy characteristic peaks, while the typical peaks at 1560 and
1051 cm™! are attributed to the C=C stretching vibration and the
C-H in-plane deformation vibration in pure PPy, respectively.
Fig. 2k depicts the FT-IR spectra of Bi,M0oOg and Bi,MoOs-PPy
nanosheets. The strong bands at 562, 728, and 847 cm™ in
pristine Bi,MoOg samples are attributed to the stretching modes
of Bi-O, Mo-0O, or M-O-Mo groups. The FT-IR spectra of
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Figure 2 (a) SEM image; (b-d) various magnification TEM images; (e-h) TEM elemental mapping images of Bi, O, Mo, and N of Bi,MoOg-PPy nanosheets.
(i) XRD patterns, (j) Raman spectra, and (k) FT-IR spectra of Bi,MoOg and Bi,MoOg-PPy.
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Bi,M0Os-PPy nanosheets reveal PPy-specific peaks.

Furthermore, the chemical state and surface elemental com-
position of the specimen were assessed using XPS spectroscopy
(Fig. S4). The full measured spectra in Fig. S4a show the pre-
sence of Bi, Mo, O, and N over a wide energy range. The
characteristic peaks at 164.2 and 158.8 eV (Fig. S4b) correspond
to Bi 4fs, and Bi 4f;),, respectively, indicating the presence of Bi
in its trivalent oxidation state. The peaks at 235.3 and 232.1 eV
(Fig. S4c) are attributed to Mo 3ds; and Mo 3ds;, for Mo,
respectively, and the peaks at 529.2, 529.9, and 5309 eV
(Fig. S4d) are attributed to the presence of oxygen in the sample.
The N 1s peak of Bi,M0QOs-PPy at 398.7 eV in Fig. S4e further
demonstrates the successful modification of PPy. Furthermore,
the Bi,MoOg-PPy binding energies were all shifted toward
higher binding energies (Fig. S4b—d), which is attributed to the
strong chemical interaction between Bi;M0oOs nanosheets and
PPy. The successful preparation of Bi,M0oOs and Bi,MoOg-PPy
nanosheets was further confirmed by XRD, Raman, FT-IR, and
XPS analysis.

Table S1 shows the surface area and pore structure of Bi,MoOg
and Bi;MoOg-PPy. The specific surface areas of Brunauer-
Emmett-Teller (BET) are 22.59 and 29.04 m? g™/, respectively.
The contact area of Bi,MoQOg¢-PPy is slightly larger than that of
Bi;Mo0Os. The pore volume decreases from 0.17 to 0.09 cm® g™!
after loading PPy on the surface of Bi,MoOg nanosheets, indi-
cating that PPy effectively reduces nanosheet agglomeration.
Meanwhile, Fig. S5 demonstrates that the N, adsorption and
desorption curves of BiM0Os and Bi,MoQOs-PPy are type IV
isotherms, which are typical of mesoporous materials. As a
result, the mesoporous structure and large surface area con-

PP Bi,MoO,@PP

Bi,MoO,-PPy@PP

Before

6=44.8°

taining conductive polymers allow for easy electron transfer and
sufficient polysulfide adsorption sites. Furthermore, the four-
probe method was used to measure the electrical conductivity of
Bi,M0QOs-PPy (141.9 S cm™), which is significantly higher than
that of Bi:MoQOg (< 0.075S cm™'). The modification of the
conductive polymer PPy improves the electronic conductivity of
the nanosheets as well.

Separator characterization

The functional separators were fabricated using a facile and
scalable method of vacuum filtration of Bi,Mo0Ogs and Bi,MoQs-
PPy nanosheets dispersed in ethanol. The surface of
Bi;MoOs@PP and Bi,MoOg¢PPy@PP separators had a uniform
and dense morphology when compared with the porous surface
of PP separator (Fig. S6a, b and Fig. 3a). The thicknesses of the
Bi;M0Os and Bi,M0Os-PPy nanosheets-modified layers were
approximately 15 and 12 pm, respectively, as shown in the cross-
sectional SEM images (Fig. S6c and Fig. 3b). Tensile tests were
performed on three different separators to further validate the
mechanical toughness of the modified separators. The dis-
placement of the Bi,MoOs-PPy@PP separator is much larger
than that of PP separator, as shown in the stress-strain curves
(Fig. 3¢), indicating that the modified separator has better tensile
resistance and mechanical properties. Thermal stability is critical
for increasing the safety of LSBs. PP, Bi,MoOs@PP, and
Bi,M0Os-PPy@PP separators were all treated for 1 h at 120°C.
The shape and surface color of Bi,MoOs@PP and Bi;MoOs-
PPy@PP separators did not change after 1-h heating when
compared with the curled PP separator, as shown in Fig. 3d,
indicating that the thermal stability of the modified separator
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Figure 3 (a) SEM image of the surface and (b) the cross-sectional SEM image of Bi,MoOg¢-PPy@PP separator; (c) stress-strain curves of PP, Bi,MoOs@PP,
and Bi,MoQOs-PPy@PP separators; (d) digital photographs of PP, Bi,MoOs@PP, and Bi,M0oOs-PPy@PP separators before and after thermal treatment at 120°C
for 1 h; (e) static contact angle measurements with electrolyte for PP, Bi,MoOs@PP, and BiMoOg-PPy@PP separators.
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was significantly improved. Furthermore, we folded and curled
Bi,MoOs-PPy-modified separator numerous times to ensure the
mechanical integrity of the modification layer. As shown in
Fig. S7, the modified Bi,MoOg-PPy@PP separator recovered its
initial state without breaking or peeling, indicating that the
modification layer firmly adhered to the PP separator. The static
contact angle test can be used to determine the wettability of the
separator to the electrolyte. The contact angle of the electrolyte
on the surface of the pristine PP separator is approximately
44.8°. The contact angle on the surface of Bi,MoO@PP
separator is approximately 14.3°. In contrast, when the electro-
lyte drops on the surface of Bi,MoOs-PPy@PP separator, it
immediately diffuses completely. Its contact angle is approxi-
mately 0°, as shown in Fig. 3e. It is demonstrated that Bi,MoOg-
PPy@PP separator has excellent electrolyte wettability. The effect
of different separators on polysulfide trapping was investigated
using permeation tests on a double-L device, as shown in Fig. S8.
Separators of pristine PP, Bi,MoOs@PP, and Bi,MoOs-PPy@PP
separated the Li,Ss solution and the blank electrolyte on both
sides. It is clear that heavy polysulfide diffusion occurred over

time in the device with the pristine PP separator, and the
Bi,MoOs@PP separator also showed a small amount of poly-
sulfide penetration after 12 h, whereas the blank electrolyte in
the device with the Bi,MoOs-PPy@PP separator was barely
penetrated by polysulfides even after 12 h. The results show that
Bi;M0Os-PPy@PP separator has a strong synergistic effect on
polysulfides in terms of physical adsorption and chemical lim-
itation. Furthermore, the Li* transport capacity of the pristine
PP, Bi,MoOs@PP, and Bi,MoOsPPy@PP separators was eval-
uated using EIS measurements (Fig. S9a). The Li* conductivity
of Bi;MoOg-PPy@PP separator is 0.6738 mS cm™!, which is
higher than that of PP (0.1631 mS cm™) and Bi;MoOs@PP
(0.5666 mS cm™), indicating that Bi,MoOs-PPy@PP separator
reduces the Li-ion diffusion barrier and improves Li* transport
capability (Fig. S9b).

Electrochemical performance

The Mott-Schottky analysis is widely used for determining the
semiconductor type (n- or p-type) [54-56]. As shown in Fig. 4a,
the Mott-Schottky curves of Bi:M0oOs and Bi,MoOg-PPy both
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have positive slopes, indicating that Bi,MoOg is a typical n-type
semiconductor and that when an n-n-type heterojunction is
formed between Bi,MoOs and PPy in Bi,MoQO¢-PPy, the Mott-
Schottky heterostructure can effectively promote the catalytic
conversion of LiPSs [57]. The possible mechanism of the
Bi:MoOgs-PPy heterostructure before and after contact is simu-
lated in Fig. 4b, c. The work functions of BiM0Os and PPy were
calculated to be 3.93 and 4.36 eV, respectively, based on the
results of ultraviolet photoelectron spectroscopy (Fig. S10). As a
result of the potential difference, electrons in the semiconductor
Bi:MoOs with a low work function will spontaneously transfer to
PPy through the interface until the system reaches the same
Fermi energy level equilibrium. At the Bi,MoOs/PPy hetero-
interface, PPy will spontaneously induce an electric field directed
toward the semiconductor BiMoQs, causing charge redistribu-
tion. The resulting built-in electric field allows polysulfide
anions, once adsorbed on PPy, to more easily migrate to the
positively charged Bi,MoOs side, promoting polysulfide catalytic
conversion. Furthermore, the built-in electric field-induced
charge redistribution accelerates electron transport and Li-ion
diffusion, improving the kinetics of electrochemical reactions.
Because of the built-in electric field generated by the accumu-
lation of positive and negative charges on the Bi,MoOs side and
the PPy side, respectively, this structure is beneficial in the LSB
system to enhance LiPS binding capacity and redox kinetics.

CR2025 coin cells with freestanding rGO/S composite cath-
odes were assembled to evaluate the electrochemical perfor-
mance of the modified separators. The modified separators’
catalytic ability for the redox of LiPSs was first investigated using
CV testing of coin cells assembled with PP, Bi,MoO¢@PP, and
Bi:M0oOs-PPy@PP separators. The two cathodic peaks of the
battery based on Bi,MoOs-PPy@PP separator are located at 2.32
and 2.03 V, respectively, as shown in Fig. 4d, and are attributed
to the formation of Sg to long-chain polysulfides to solid Li,S,
and Li,S. The anodic peak at 2.39 V can be attributed to the
conversion of solid-state Li;S; and Li,S to long-chain poly-
sulfides to Sg, and it is lower than that of the cell assembled with
PP (2.52V) and Bi;MoOs@PP (2.64V). The battery with
Bi:M0oOgs-PPy@PP separator, on the other hand, showed a
smaller potential gap in the redox peak and higher current
density, indicating that the presence of n-n-type heterojunction
in Bi;MoOg-PPy can accelerate the polysulfides redox kinetics to
improve sulfur utilization. Furthermore, as shown in Fig. 4e, f,
the Tafel slopes of cells assembled with different separators were
obtained by fitting the cathode peaks. Bi,MoOs-PPy@PP
separators have lower Tafel slopes than PP and Bi,MoOs@PP
separators, demonstrating that the Bi,MoOs-PPy-modified
separator effectively accelerates the redox reaction kinetics of
LiPSs. To investigate the Li* diffusion coefficient, the CV curves
of the LSBs with pristine PP, Bi,MoOs@PP, and Bi,MoOs-
PPy@PP separators were measured at scan rates of
0.1-0.4 mV s™! (Fig. Sl11a-c), as well as the corresponding linear
relation of peak current (I,) versus the square root of scan rate.
The fitted slopes of the peak current vs. square root of the scan
rate lines at different redox peaks, according to the Randles-
Sevick equation, positively reflect the L* diffusion coefficient.
Bi:M0oOgs-PPy@PP separator has a much higher L* diffusion
coefficient than Bi,MoOs@PP and PP separators at all redox
states (peaks 1, 2, and 3), implying accelerated Li* diffusion
behaviors and LiPS kinetics conversion (Fig. S11d-f).

The CV curves of the symmetric cells were also used to

evaluate the catalytic ability of different separators (Fig. S12),
and the current response of the symmetric cells with Bi,MoOg-
PPy@PP separators was significantly higher than that of PP
separators, demonstrating that the sulfur utilization rate and
redox kinetics were significantly improved. The charge transfer
resistance (Ry) of cells with Bi,MoOsPPy@PP separator
(18.1 Q) is much smaller than that of Bi,MoOs@PP (60.5 Q)) and
PP separator (94.1 Q), indicating that Bi,MoQOg-PPy can accel-
erate kinetic redox reactions for the catalytic conversion of LiPSs
(Fig. S13a). In addition, linear sweep voltammetry (LSV) was
used to assess the electrochemical stability and electrocatalytic
activity of various separators (Fig. S13b). Bi,MoOg-PPy exhibits
excellent electrochemical stability as well as a higher current
response. According to the findings, BiMoOg-PPy effectively
accelerates the redox reaction kinetics of LiPSs.

DFT calculations confirmed the novel structure’s synergistic
adsorption-electrocatalytic effect. First, in Fig. 4g and Fig. S14,
the optimized geometric models of long-chain Li,S, binding to
Bi;M0oOs and Bi,MoOs-PPy are shown, and the calculated
binding energies are shown in Fig. S15. Bi,MoOg has binding
energies of —1.86, —1.48, and —1.64 eV to Li,S4, Li,Ss, and Li>Ss,
respectively, while Bi,MoQO¢-PPy has binding energies of —3.32,
—2.86, and —2.48 eV. The results show that the separator
modified by the Bi,Mo0QOs-PPy heterojunction has a higher
polysulfide adsorption capacity. The calculated Gibbs free
energies required for the conversion of each polysulfide by
Bi,MoOg and Bi;MoQOg¢-PPy are also shown in Fig. 4h. As pre-
viously stated, the conversion from Li,S, to Li,S is the rate-
limiting step in the entire process. The Gibbs free energy of Li,S
formation on Bi,MoQOe-PPy is 0.93 eV, which is lower than the
Gibbs free energy of Bi,MoOs (1.27 eV). Furthermore, the Gibbs
free energy of Bi,MoOs-PPy is lower than that of Bi,MoOs
during the transformation process, demonstrating that the het-
erogeneous structure of Bi,MoQOg-PPy has a better catalytic effect
in promoting polysulfide conversion. In addition, to demon-
strate the superiority of the Bi,MoQs-PPy heterostructure for
LiPS adsorption, we added equal masses (5 mg) of Bi,M0Os and
Bi;M0Og-PPy to 3 mL of Li,Ss solution (2 mmol L) for visual
static adsorption tests. After 24 h of adsorption at room tem-
perature, the color of the supernatant of Bi,MoOs-PPy becomes
almost colorless (Fig. 4i, inset). After adsorption, the ultraviolet-
visible (UV-vis) absorption spectra of the supernatant were
measured (Fig. 4i), and the blank group showed Li,S¢ char-
acteristic peaks between 250 and 300 nm, whereas Bi,MoOg and
Bi,MoO¢-PPy showed weaker absorption peaks, indicating that
Bi,M0Os-PPy has more effective anchoring ability for LiPSs.
Furthermore, XPS measurements of Bi,MoOg¢-PPy were per-
formed before and after the adsorption test to further investigate
the chemical interaction between the Bi,MoOs-PPy and the
polysulfides. As shown in Fig. S16a, b, Bi,M0Os-PPy nanosheets
have two typical Bi 4fs;, (164.2 eV) and Bi 4f;/, (158.8 eV) peaks
for Bi and two typical Mo 3d;, (235.3eV) and Mo 3ds
(232.1 eV) peaks for Mo®, which obviously shift toward lower
binding energies after anchoring the Li,Se. The electron transfer
from negatively charged LiPSs to positively charged Mo ions is
primarily responsible for this, indicating a strong interaction
between the polysulfides and Bi,MoOgPPy. Notably, typical
S 2p and Li 1s peaks appear following Li,S¢ adsorption
(Fig. S16¢, d). These findings clearly show that Bi,MoQOs-PPy has
a strong chemical effect on LiPSs, which can effectively suppress
the shuttle effect in LSBs.
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After confirming the benefits of the Bi,MoOs-PPy hetero-
structure in LSBs, the electrochemical performance was assessed.
Fig. 5a depicts the cycling performance of LSBs with PP,
Bi;MoO¢@PP, and Bi,MoOs-PPy@PP separators at 0.5C.
Because of the high catalytic activity of Bi,MoOs nanosheets,
Bi:MoOs@PP and Bi,MoQOs-PPy@PP separators have higher
capacity in the initial stage, and the high capacity retention rate
after 100 cycles indicates that the modified separator has higher
adsorption and catalytic efficiency. Fig. 5b depicts the initial
charge/discharge curves of cells assembled with PP and
Bi:M0oOs-PPy@PP separators at 0.2 C. The Bi,MoOsPPy@PP
separator battery also has a lower polarization potential than the
PP separator battery. Fig. 5c¢ depicts the rate performance of
batteries with various separators. The highest discharge capa-
cities of Bi,M0oQOgs-PPy@PP separator were 1635, 1130, 979, 813,
and 666 mA hg™' at 0.2, 0.5, 1, 2, and 3 C, respectively, and
when the current rate was reduced to 0.2 C, the discharge
capacity recovered to 1068 mA h g™', indicating good rate per-
formance. The conversion of LiPSs catalyzed by Bi,MoOg-PPy
heterostructure accounts for the excellent rate capability of
Bi:MoOs-PPy@PP. Fig. 5d and Fig. S17 show the charge/dis-
charge curves at various current rates, and the polarization

o
8
8

voltage of the separators increases significantly with increasing
current density. The Bi;MoO4-PPy@PP separator has a lower
polarization voltage (Fig. 5e) and a higher QL (quantity of
charge of the long-plateau) ratio, especially at high rates (Fig. 5f).
The results show that Bi,MoOg¢-PPy@PP separator can capture
and transform polysulfides effectively. To confirm the long-term
cycling performance of batteries assembled with various
separators, 500 cycles at 2 C were tested (Fig. 5g). The battery
assembled with Bi,MoQOs-PPy@PP separator demonstrates an
initial discharge capacity of 773 mA h g™!, which is significantly
higher than those with PP separator (137 mAhg™) and
Bi,MoOs@PP separator (445 mA h g™!). The capacity remains
around 596 mA h g™! after 500 cycles, and the capacity decay
rate per cycle is only 0.045%, which is lower than those of most
functionalized-based PP separators (results are shown in
Table S2). In the commercial application of LSBs, sulfur areal
loading is an important indicator. As a result, we evaluated the
battery performance of various separators at a high sulfur
loading of 7.5 mg cm™. As illustrated in Fig. 5h, the battery with
Bi;M0Os-PPy@PP separator demonstrates an initial discharge
capacity of 1121 mA h g™' (8.4 mA h cm™) at 0.2 C and remains
at 839 mA h g™ (6.3 mA h cm™) after 80 cycles, which is sig-
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Figure 5 Electrochemical performance of the LSBs with different separators. (a) Cycling test at 0.5 C; (b) galvanostatic charge-discharge profiles at 0.2 C in
the potential window from 1.7 to 2.8 V; (c) rate performance; (d) galvanostatic charge-discharge profiles of the LSBs with Bi,M0QOs-PPy@PP separator at
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sulfur loading; (i) EIS test.
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nificantly higher than those of the batteries with Bi,MoOs@PP
and PP separators, indicating that Bi,MoOs-PPy@PP separator
can effectively suppress the shuttle effect of LiPSs even when
sulfur levels are high. The results of EIS (Fig. 5i) reveal that the
battery assembled with Bi,MoOs-PPy@PP separator has a low
charge transfer resistance due to its high catalytic ability and fast
charge transfer kinetics.

Furthermore, after cycling at 2 C with a PP separator, the
surface of the Li anode for LSBs is rough and uneven, with
needle-like clusters. In contrast, the Li anode surface of LSBs
with Bi,MoQOg-PPy@PP separator is smooth and uniform, and
no obvious peeling or change was observed after cycling at 2 C
(Fig. S18). Furthermore, Full XPS profiles show that the surface
of the Li anode is primarily composed of polysulfides and sul-
fates (Fig. S19). The S/Mo element ratio of the Li anode surface
of the battery with Bi,MoOs-PPy@PP separator after cycling is
smaller than that of the PP separator, as shown in Table S3,
confirming that Bi,MoOs-PPy@PP separator can effectively
suppress the shuttle effect.

CONCLUSIONS

In this study, Bi,MoOs-PPy nanosheets with a Mott-Schottky
heterostructure were used as separator modification layers for
LSBs. Bi,MoQOs-Ppy nanosheets’ unique Mott-Schottky hetero-
structure enables fast electron transfer channels and accelerates
polysulfide redox kinetics. Furthermore, with this functional
separator, the battery maintains its cycling stability and rever-
sible capacity of up to 596 mA h g™! after more than 500 cycles
at a high current density of 2 C. Even at a sulfur content of
7.5 mg cm™?, a high real capacity of 6.3 mA h cm™ is maintained
after 80 cycles. Finally, the novel Bi,MoOs-PPy Mott-Schottky
heterostructure proposed in this work opens up new avenue for
developing LSBs.
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