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a b s t r a c t 

Despite progress of functionalized separator in preventing the shuttle effect and promoting the sulfur utiliza- 
tion, the precise and non-destructive investigation of structure-function-performance associativity remains lim- 
ited so far in Li-S batteries. Here, we build consecutive multiscale analysis via combining X-ray absorption fine 
structure (XAFS) and X-ray computational tomography (CT) techniques to precisely visit the structure-function- 
performance relationship. XAFS measurement offers the atomic scale changes in the chemical structure and 
environment. Moreover, a non-destructive technique of X-ray CT proves the functionalized separator role for 
microscopic scale, which is powerful chaining to bridge the chemical structures of the materials with the overall 
performance modulation of cells. Benefiting from this consecutive multiscale analysis, we report that the uniform 

doping of Sr 2 + into the perovskite LaMnO 3- 𝛿 material changes the Mn oxidation states and conductivity (chemical 
structure), leading to effective lithium polysulfide trapping and accelerated sulfur redox (separator function), and 
resulting in outstanding cell performance. 
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. Introduction 

Lithium-sulfur (Li-S) batteries are among the most promising candi-
ates for next-generation electrochemical devices due to the high spe-
ific theoretical capacity (1672 mAh g − 1 ) and the use of earth-abundant
lement sulfur [1–6] . Currently, the practical application of Li-S battery
echnology is limited by low sulfur utilization and severe shuttle effects,
hich are caused by the low electronic conductivity of the sulfur species

S 8 /Li 2 S 2 /Li 2 S) and the dissolution of intermediate polysulfides (Li 2 S x ,
 ≤ x ≤ 8) during the cathode process [7–11] . In addition, these limita-
ions escalate at high and realistic sulfur loadings. Tremendous effort has
een made to enhance the electrochemical stability of the sulfur cathode
nd to effectively overcome the shuttle phenomenon. One efficient route
s to use a functional separator to increase sulfur utilization efficiency,
mprove redox kinetics and physically shield the diffusion of Li 2 S x to
he anode [ 12 , 13 ]. While research has been predominantly focused on
arbon and polymer modified functional separators [14–21] , metal ox-
des [22–26] have arisen recently as conductive and polar-functional
odifier due to their unique advantages in: 1) chemical shielding of the
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iffusion of polysulfides, and 2) reactivating inactive deposits of sulfur-
ontaining species. It is therefore important to rationalize how the chem-
cal structure improvement at atomic scale leads to the superior function
1 and 2) above, and finally to the increase of battery storage capacity.
his is a multi-scale problem that involves atoms, microstructures, and
verall cell performance, calling for a consecutive multiscale analysis. 

The chemical shielding of polysulfides and reactivation of sulfur de-
osits occur at microscopic scale during the charge and discharge of
he battery, while the chemical modification of the separator happens
t atomic scale. Lack of the non-destructive probing method in vali-
ating those functions is the bottleneck in understanding the structure-
unction-performance relations. Currently, the study of chemical shield-
ng effect is limited to ex situ UV-vis observation of colour change in
olysulfide solution when applying the separator [27–33] , and the U-
ype polysulfide diffusion [ 15 , 34 ] experiment to simulate the diffusion
f lithium polysulfides through the separator. The behaviours of the sep-
rator in the assembled battery remains an unexplored black box. Here
e couple the X-ray Computed Tomography (CT) with X-ray absorption
ne structure (XAFS) to rationalize the structure-function relation of the
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eparator. X-ray CT is a non-destructive imaging method at microscopic
cale to acquire high-spatial resolution three-dimensional (3D) images
35–39] of complete cell before and after charge/discharge cycles. This
nables three-dimensional image analysis to quantify microstructural
volution processes, facilitating the identification of potential failure
nd degradation mechanisms [ 40 , 41 ]. XAFS studies the average oxida-
ion state of metal cations and their location coordination environment
f the modified separator, providing the insight into the atomic and elec-
ronic structures. The coupling of XAFS-CT analysis here is the first time
or energy storage systems. 

In the design of functional separator, we successfully dope Sr 2 + of 0.3
olar ratio into a perovskite-type LaMnO 3 membrane, showing high-

st electronic conductivity and positive polysulfide adsorption effect,
hen further validate its function in shielding polysulfide that leads to
he increase of the storage capacity via above-mentioned consecutive
ulti-scale technique containing XAFS, Scanning Transmission Elec-

ron Microscopy (STEM), X-ray CT and electrochemical performance.
AFS technique reveals the oxidation state increase of Mn, forming
n 3 + / Mn 4 + pair with weak John Teller effect that leads to high conduc-

ivity, which can help the electron transfer with high loading cathode
o improve the cell performance. As a result, high electron hopping con-
uction of 28.61 S cm 

− 1 for Sr 2 + doping (0.3 molar ratio) compared to
.15 S cm 

− 1 for pristine LaMnO 3 is achieved. Non-destructive 3D X-ray
T offers the visualized evidence of polysulfide diffusion before and af-
er cycles, revealing how to block the polysulfide shuttle effect through
r-doping modified separator. Benefiting from both high conductiv-
ty and excellent trapping ability, Li-S batteries with La 0.7 Sr 0.3 MnO 3- 𝛿
LSMO-0.3) modified separator delivers a high reversible capacity of
32 mAh g − 1 and outstanding cycle stability with only 0.2% capacity
ade per cycle over 300 cycles at a high sulfur loading of 6.9 mg cm 

− 2 .To
he best of our knowledge, it is the first time to reveal that a sub-
anometre change of the materials (radius of the Sr 2 + is 118 pm) can
ead to the significant performance improvement of a 20 mm cell. Our
tudy provides new insight into how the atomic-level structure and prop-
rties of materials affect microscopic scale membrane changes observed
y state-of-the-art XAFS, X-ray CT and simulation technique, and further
ead to the enhancement of overall electrochemical performance. 

. Experimental section 

.1. Fabrication of LMSO-0.3 modified and LMO-modified separator 

La 0.7 Sr 0.3 MnO 3- 𝛿 powder was fabricated via a classic sol-gel method.
n a typical process, 1.516 g La(NO 3 ) 3 ⋅6H 2 O (Sinopharm Chemical
eagent Co., Ltd.), 0.317 g Sr(NO 3 ) 2 (Sinopharm Chemical Reagent Co.,
td.), 1.255 g Mn(NO 3 ) 2 ⋅4H 2 O (Sinopharm Chemical Reagent Co., Ltd.)
nd 1.260 g citric acid monohydrate (Sigma-Aldrich) were dissolved in
0 mL deionized water. Then, the solution was evaporated at 80 °C un-
er stirring for 12 h to obtain the yellow precursor. Finally, the precur-
or was pre-sintered at 400 °C for 3 h and sintered at 800 °C for 2 h
n the atmosphere to obtain the LSMO-0.3 powder. The La 1- x Sr x MnO 3- 𝛿
owder (x = 0-0.5) was fabricated by the same method with different
toichiometric ratio. The LSMO-0.3 modified separator was prepared by
ixing 60 wt.% LSMO-0.3, 30 wt.% super P, and 10 wt.% polyvinyli-
ene difluoride (PVDF) in N-Methyl pyrrolidone (NMP) to form a ho-
ogeneous slurry. This slurry was coated on one side of a commercial
elgard separator with a glass rod, and then dried in an oven at 80 °C for
 h. After drying, the LSMO-0.3 modified separator was cut into wafers
ith a diameter of 18 mm for cell assembly. The LMO-modified sep-
rator was fabricated via the same method with the reactants 2.165 g
a(NO 3 ) 3 ⋅6H 2 O, 1.255 g Mn(NO 3 ) 2 ⋅4H 2 O, and 1.260 g citric acid mono-
ydrate. 

When the stoichiometry of Sr-doping exceed 0.5, higher tempera-
ures are required for phase-pure fabrication, which leads to larger par-
cles compared to stoichiometry of Sr-doping below 0.5 [44] . So the
a 1- x Sr x MnO 3- 𝛿 ( x = 0-0.5) was selected in this work because smaller par-
86 
icles can offer more adsorption positions which promotes the effect of
unctional membrane. 

.2. Electrochemical measurements 

All the electrochemical measurements were tested using 2032 coin
ells with Li foil as anode, and the electrolyte consists of 1 M lithium
is(trifluoromethanesulfonyl)imide (LiTFSI) in a mixed solution of 1, 2-
imethoxyethane (DME) and 1, 3-dioxolane (DOL) (1:1 v/v) with LiNO 3 
2 wt.%). The sulfur cathode was prepared by mixing commercial sul-
ur powder, super P, LA133 in a weight ratio of 65: 25: 10 in deionized
ater. The slurry was coated on aluminum (Al) foil (S loading below
 mg cm 

− 2 ) or carbon paper (S loading above 3 mg cm 

− 2 ), and then
ried at 80 °C overnight in an oven. The mass of carbon paper is about
.1 mg cm 

− 2 , which is similar to the Al foil current. Finally, the electrode
as punched into round discs with a diameter of 8 mm. The mass load-

ng in the cathode ranges between 2-8.5 mg cm 

− 2 . The loading of coating
n the separator is about 0.75 mg cm 

− 2 . The ratio of sulfur to electrolyte
s 0.05 mg μL − 1 for all the cells. The CV measurement was conducted on
n electrochemical workstation (CHI614b) at a scan rate of 0.05 mV s − 1 

ith a voltage range of 1.7-2.8 V at room temperature. All galvanos-
atic charge and discharge tests were performed with a voltage window
f 1.7-2.8 V on a battery measurement system (Land, China). 

.3. Characterization 

XRD patterns were obtained using a lab-based diffactometer (Hol-
and, PANalytical X’pert PRO-DY2198) with the X-ray source set to
0 mA and 40 kV, using characteristic Cu K 𝛼 radiation. The structure
nd morphology of LSMO were measured using SEM (Sirion 200, FEI,
SA). Bright Field (BF) and High Angle Annular Dark Field (HAADF)
TEM images were acquired on probe-corrected (CEOS) Scanning Trans-
ission Electron Microscope (JEM ARM 200CF, JEOL, Japan) at 200 kV

cceleration voltage. Energy-Dispersive X-ray Spectroscopy (EDS) and
lemental mapping data were obtained on the same microscope. The
runauer-Emmett-Teller (BET) surface area was calculated according to
he adsorption data in the relative pressure range of 0.06 to 0.2. The
onductivity is tested by 4-point probe method. The LSMO-0.3/Li 2 S 4 
hemicals prepared from the visual adsorption experiments in supple-
entary Fig. 11 after 12 h. The LSMO-0.3/Li 2 S 4 samples are dried in the

lovebox and transferred to XPS while sealing with Ar gas. XPS analy-
is was conducted with a Kratos Analytical spectrometer (AXIS ULTRA
LD-600W) and Al K 𝛼 (1486.6 eV) X-ray source, and the binding energy
alues were calibrated by the C 1s peak at 285.0 eV. 

XAFS spectra of Mn K-edge, Sr K-edge, La L 3 -edge and L 1 -edge were
cquired at Beamline B18 of the Diamond Light Source (UK). All mea-
urements were performed in transmission mode using a QEXAFS setup
onsisting of a Si (111) double crystal monochromator and ionisation
hamber detectors. Mn foil, La 2 O 3 and SrO standards were used for en-
rgy shift calibration. The La 1-x Sr x MnO 3- 𝛿 (x = 0-0.5) sample powder was
iluted with boron nitride and pressed into a 8 mm diameter pellet for
easurement. XAFS data was analysed using Demeter software. The am-
litude reduction factors S 0 2 of Sr K-edge and Mn K-edge were calcu-
ated to be 1.00 and 0.65 from EXAFS analysis of SrO and Mn foil and
sed as a fixed parameter for EXAFS fitting. 

The Near Edge X-ray Absoprtion Fine Structure (NEXAFS) measure-
ent was accomplished at the ISISS beamline of BESSY II (Germany).
EXAFS spectra at Mn L 3 /L 2 edge and O K-edge were measured in to-

al electron yield (TEY) mode under UHV condition (600l/mm plane
rating monochromator, 111 μm slit size, cff = 2.25). 

.4. X-ray micro-CT 

The bespoke Swagelok cell was assembled as the same components as
he aforementioned coin cells with electrode and carbon-coated Al foil
f 2.5 mm diameter, which is suitable for the X-ray transmission. This
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Fig. 1. Schematic illustration of consecutive multi-scale investigations with (a) XAFS, (b) STEM, (c) X-ray micro CT and (d) whole cell, in order to achieve the 
structure-function-performance relationship. 
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espoke Swagelok cell was assembled and imaged before and after cy-
ling on a Zeiss Xradia Versa 520 X-ray microscope operated at a source
oltage of 100 kV (Carl Zeiss XRM, CA, USA). The source-to-sample
nd sample-to-detector distances were set to 16 and 14 mm, respec-
ively, and when combined with 40 × optical magnification, resulted in
 voxel size of 0.36 μm and a field-of-view (FOV) of 360 × 360 μm 

2 .
-ray projections were collected every 30 s in even angular steps over
60° of rotation, equivalent to a step size of 0.15° and a total of 2401
rojections. These radiographic projections were then reconstructed by
 proprietary Feldkamp-Davis-Kress (FDK) algorithm in the Zeiss Xra-
ia XMReconstructor software. Images segmentation and volume frac-
ion analysis of the electrode component was conducted using Avizo 9.4
Thermo Fisher Scientific, UK). The thickness of different electrode lay-
rs was quantified using a MATLAB script by counting the constitutive
oxels of the segmented data in the depth direction. 

. Results and discussion 

.1. Multiscale methodology 

The relationship of material structure, function and performance
s investigated via consecutive multi-scale techniques ( Fig. 1 ). XAFS
robes the local coordination environment and chemical state of Sr 2 + 

nd Mn 3 + /4 + within a few angstroms (Å) ( Fig. 1 a). STEM confirms the
niform doping of the Sr 2 + across the whole La 1- x Sr x MnO 3- 𝛿 (LSMO)
article ( Fig. 1 b). The X-ray micro-CT validates the chemical shielding
unction of Sr doped LSMO separator ( Fig. 1 c). The cell performance is
hen evaluated to establish the structure-function-performance relation-
hip ( Fig. 1 d). This consecutive multiscale analysis can precisely visit the
erformance modulation of functionalized separator in Li-S batteries. 

.2. The La 1- x Sr x MnO 3- 𝛿 atomic structure 

The perovskite-type La 1- x Sr x MnO 3- 𝛿 (LSMO) has controllable chem-
cal component, cation valence, oxygen vacancy and high chemi-
al stability, which can be flexibly designed to work out the issues
n lithium-sulfur batteries. The X-ray diffraction (XRD) patterns of
a 1- x Sr x MnO 3- 𝛿 ( x = 0-0.5) show crystallized phase (Supplementary Fig.
). The diffraction peaks match well with the rhombohedral lattice with
pace group 𝑅 ̄3 𝑐 (JCPDS no. 86-1230). The lattice slightly shrinks to
maller lattice parameters with higher Sr doping. 

XAFS analysis over Mn K, L 3 -edge, Sr K-edge, La L 3 -edge and O K-
dge is carried out to obtain the complete structure information, in-
87 
luding oxidation states, electronic structure and the local coordination
nvironment of La 1-x Sr x MnO 3- 𝛿 at the atomic scale. Divalent Sr 2 + re-
laces the trivalent La 3 + at the same position in the lattice regardless
f Sr loading, as determined from the X-ray absorption near edge spec-
roscopy (XANES) and extended X-ray absorption fine structure (EXAFS)
Supplementary Fig. 2-4 and supplementary Table 1). Both the bulk and
urface oxidation states of Mn are increased upon Sr 2 + doping, as shown
n the blue shifts of white line position for Mn K-edge and L 3,2 -edge
ANES, respectively ( Fig. 2 a,b, supplementary Fig. 5). All the absorp-

ion edges lie between the Mn 3 + in Mn 2 O 3 and Mn 4 + in MnO 2 , indi-
ating the average valence of Mn in LSMO is between + 3 and + 4. The
haracteristic shoulder peak A ( Fig. 2 b) contained in all LSMO sample
s also corresponding to Mn 4 + absorption feature [42–44] , thus we con-
rm the transition from Mn 3 + to Mn 4 + during Sr 2 + doping. The average
n-O coordination number remains at 6.0 ± 0.2 upon Sr doping ( Fig. 2 c,

upplementary Fig. 6 and supplementary Table 2). The decrease of the
cattering feature at 3.38 Å suggests the substitution of La by Sr. The
n-O-Mn scattering appears at 3.92 ± 0.01 Å, corresponding MnO 6 oc-

ahedrons connected via one O vertex. The coordination number of both
r-O and Sr-Mn is very close to the theoretical value of 12 and 8. The
r-Mn distance decrease with higher Sr doping, which is consist of the
hrink of lattice and shift of XRD diffraction peaks ( Fig. 2 d, supplemen-
ary Fig. 1, 2 and supplementary Table 1). 

The origin of conductivity in the perovskite stems from electron hop-
ing conduction [45] . In the case of Mn 3 + / 4 + pair, the electron hops
rom Mn 3 + to Mn 4 + in two neighbouring MnO 6 octahedra via the lin-
ar shape Mn 3 + -O-Mn 4 + orbital overlap (3 d z 2 and 2 p z ) ( Fig. 2 ). The
robability of such hopping conduction is depended on the ratio of
n 3 + /Mn 4 + and the Jahn-Teller distortion of the Mn(III)O 6 octahe-

rons ( Fig. 2 e), both of which can be modified by Sr doping in the
a 1- x Sr x MnO 3- 𝛿 system. The probability of electron hopping is studied
ia O K-edge Near edge X-ray absorption fine structure. Two absorption
eatures are found at 529.5 eV and 532 eV ( Fig. 2 f), corresponding to
he electron transition from O 1 s to the e g ↑ + t 2g ↓ orbitals (green)
nd e g ↓ orbital (yellow) in the O 2 p and Mn 3 d hybridization (The ↑
nd ↓ suggest the final spin state of the excited O 1s electron) [46] . Ac-
ording to the literature, materials with weak Jahn-Teller distortion of
n 3 + that leads to similar energy levels of Mn 3 + e g ↑ (3 d z 2 ), Mn 4 + e g 
 (3 d z 2 ) and O 2 p z will have high conductivity. Such weak Jahn-Teller
istortion is shown in a small full width half maximum (FWHM) of the
 1 s to the e g ↑ and t 2g ↓ transition ( Fig. 2 f green) [46] . From 0.1 to 0.5
r-doping, the FWHM drops to the minimum at 0.3 Sr and slightly in-
reases afterwards ( Fig. 2 g red). Accordingly, the conductivity increases
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Fig. 2. Characterization of La 1- x Sr x MnO 3- 𝛿 ( x = 0 ∼0.5). (a) XANES spectra of La 1- x Sr x MnO 3- 𝛿 at Mn K-edge. (b) NEXAFS spectra of La 1- x Sr x MnO 3- 𝛿 at Mn L 3 -edge 
and L 2 -edge. (c) k 2 -weighted R-space EXAFS spectra of La 1- x Sr x MnO 3- 𝛿 at Mn K-edge. (d) k 2 -weighted R-space EXAFS spectra of La 1- x Sr x MnO 3- 𝛿 at Sr K-edge. (e) 
Schematic energy level diagram of Mn 4 + and Mn 3 + with weak and strong Jahn-Teller effect. Crystal field splitting, exchange splitting and J.T. splitting are listed as 
ΔO , Δex and ΔJ . J.T. effect in Mn 3 + split the e g into d x2-y2 , d z2 , and t 2g into d xy , d xz and d yz . (f) NEXAFS spectra of La 1- x Sr x MnO 3- 𝛿 at O K-edge. In full range O K-edge 
NEXAFS spectra (Supplementary Fig. 7), Absorption peaks at 529.6 eV, 536.0 eV and 543.8eV, attributed to the hybridisation between O 2 p orbitals and Mn 3 d , La 
5 d / Sr 4 d and Mn 4 s,p / La 6 s,p / Sr 5 s,p orbitals, respectively. (g) Plot of O K-edge peak FWHM (red) and conductivity (black) as a function of Sr doping amount. 
The FWHM results are calculated from peak fitting of O K-edge NEXAFS (Supplementary Fig. 8) and are listed in Supplementary Table 3. The conductivity is tested 
by 4-point probe method. (h) Plot of conductivity as a function of O K-edge peak FWHM. 

Fig. 3. STEM image and EDS mapping of LSMO-0.3. (a) BF-STEM image and (b) HAADF-STEM image. The d -spaces of (122) and (012) facets are identified as 1.75 Å
and 3.89 Å, respectively. (c) HAADF-STEM image at large scale and (d) corresponding EDS spectra of the whole area. (e-h) EDS element mapping at the same area 
of (e) O K 𝛼 emission, (f) Sr K 𝛼 emission, (g) Mn K 𝛼 emission and (h) La L 𝛼 emission. 
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rom 12.55 S cm 

− 1 to 28.61 S cm 

− 1 from 0.1 Sr 2 + to 0.3 Sr 2 + and then
ecreases to 25.33 S cm 

− 1 at 0.5 Sr 2 + ( Fig. 2 g black). A negative corre-
ation is found between the conductivity and the FWHM of the O 1 s to
n 3 d e g ↑ and t 2g ↓ transition ( Fig. 2 h). The La 0.7 Sr 0.3 MnO 3- 𝛿 (LSMO-

.3) has the highest conductivity due to the desired Mn 3 + /Mn 4 + ratio
nd the least Jahn-Teller distortion of the MnO 6 octahedrons [45] . This
xcellent conductivity of LSMO-0.3 also changes the kinetic of redox
eaction of sulfur. When the conductivity increased from 0.15 S cm 

− 1 

f LMO layer to 28.61 S cm 

− 1 of LSMO-0.3 layer, the potential of an-
dic peak decreased by 0.14 V, and related two cathodic peaks have
ncreased potential from LMO to LSMO-0.3 (Supplementary Fig. 9). The
ower anodic peaks and higher cathodic peaks of LSMO-0.3 show better
inetic of redox reaction comparing to the LMO’s. 
88 
The lattice fringes are clearly visible in the BF-STEM andHAADF-
TEM images ( Fig. 3 a,b). The La/Sr and Mn layer are clearly visible with
he lattice fringes of 1.75 and 3.89 Å for (122) and (012) facets, respec-
ively. The energy dispersive X-ray spectroscopy (EDS) shows features
or La L 𝛼, Sr K 𝛼, L 𝛼, and Mn K 𝛼 emissions. The corresponded element
aps show the uniform distribution of La, Sr, Mn, and O ( Fig. 3 c- 3 h).
itrogen physisorption measurements also reveal that LSMO-0.3 has a
orous structure with a specific surface area of 14 m 

2 g − 1 (Supplemen-
ary Fig. 10). The aforementioned XAFS and STEM analysis studies the
ffect of Sr-doping with atomic accuracy, providing structure evidence
or the improved electron hopping conduction, which will result in en-
ancing the function of LSMO modified separator. 
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.3. The function of La 1- x Sr x MnO 3- 𝛿 separator 

The adsorption of lithium polysulfides is shown by the colour change
f Li 2 S 4 solution upon the addition of LSMO samples (Supplementary
ig. 11). When the Sr content x is between 0.2 and 0.5, an almost colour-
ess solution is achieved. To further verify the adsorption rate and capac-
ty, we design the high concentration of Li 2 S 4 solution of 2 mg mL − 1 as
he standard solution, and the ratio of active mass (LMO and LSMO-0.3)
o Li 2 S 4 solution maintain 10 mg mL − 1 . Then we observe the changes
f Li 2 S 4 solution colour every one hour to evaluate the adsorption rate
nd capacity. The fresh solution with both LMO and LSMO-0.3 is yellow
olour and the LSMO-0.3 solution turn colourless after 5 h. In contrast
o LSMO-0.3, the colour r of LMO solution need 16 h to turn colourless.
Supplementary Fig. 12) So the sorption rate of LSMO-0.3 is more than
hree times of the LMO’s. The adsorption of the Li 2 S 4 can be understood
s the chemical interactions between S 4 2 − and Mn 3 + /4 + pair in the pre-
ious paper [47] . To confirm the interaction between Mn cations and
olysulfides, we measured the XPS spectra of La, Sr and Mn in LSMO-
.3 and LSMO-0.3/Li 2 S 4 (Supplementary Fig. 13). The peaks of Mn 2p
pectra shift to lower binding energy revealing the chemical interac-
ion between Mn cations and polysulfides. Combining the high electron
opping conduction and polysulfides adsorption ability. the LSMO-0.3
s chosen to coat on the surface of the Celgard separator with a thick-
ess of ∼7 μm (Supplementary Fig. 14 and 15). X-ray micro-CT was
sed to validate the design concept of LSMO-0.3 functionalized separa-
or via observation of the microstructural changes of cathode, functional
embrane, and separator. An as-prepared sulfur electrode, the LSMO-
.3 modified separator and Li foil were assembled in a bespoke 1/8-inch
wagelok cell ( Fig. 1 c). Such Swagelok cell has been proven to be fea-
ible for the X-ray CT analysis, and the performance decay is similar
o that of coin cell [ 38 , 40 ]. The virtual slices obtained from the tomo-
rams of the pristine cell and the same cell after 10 cycles at a 0.1 C rate
both acquired at full state of charge) demonstrate the changes occur-
ing within the cathode structure ( Fig. 4 ). The front view virtual slice
f the pristine cell shows the uniform dispersion of sulfur within the
50 μm thick cathode, where a ∼7 μm thick LSMO-0.3 layer ( Fig. 4 a)
an be visualized on top of the cathode. The red dots in the cathode layer
re the sulfur particles, which are uniformly distributed in the pristine
ell. The yellow islands represent assembly of primary sulfur particles
nto large aggregates. Those aggregates are possibly formed during the
ynthesis of cathode materials, or during the assembly of the cathode
 39 , 40 ]. Only very few of them are found in the pristine cell, located in
oth the cathode and cathode/LSMO interface. The size and dispersion
f sulfur particles and aggregates are further revealed by cross-sectional
irtual slices ( Fig. 4 b). Cycling at a current equivalent to a 0.1 C rate
or 10 cycles, the sulfur particles enrich at the cathode/ LSMO interface
nd have reduced intensity at the cathode/current collector interface
 Fig. 4 f). The amount of the sulfur aggregates significantly increases af-
er 10 cycles (yellow in Fig. 4 f). A dense layer is formed at the cathode/
SMO interface, with a few aggregates scatter throughout the other lo-
ations in the cathodes. Such redistribution of sulfur is also seen in the
omparison of the cross-sectional virtual slices between the cell ( Fig. 4 b)
nd cycled cell ( Fig. 4 g). The same changes can also be seen in the front
iew virtual slices (Supplementary Fig. 16 and 17). The proposed mech-
nism behind these observations is: 1) Aggregation from primary sulfur
articles into aggregates; 2) a collective movement of sulfur particles
nd aggregates from the cathode in the direction of the anode caused
y the shuttling of lithium polysulfide species; and 3) the successful
hielding of these sulfur particles at both cathode/LSMO-0.3 membrane
nterface and separator/LSMO-0.3 layer interface. This imaging study
hows that the aggregation of sulfur is inevitable but LSMO-0.3 cap-
ures and shields polysulfides, preventing their migration from cathode
o the anode. 

The transmission of X-ray is then quantified in the 2D radiographs
f the pristine and cycled cells ( Fig. 4 c,h). A magnified region-of-
nterest image, bound by the yellow dashed box, was selected to ob-
89 
ain a line profile of X-ray transmission ( Fig. 4 d,i). Less X-ray trans-
ission in the linear scan curves will be observed if the X-ray scan-
ing location has an enrichment of sulfur particles. A decrease of
ransmission from ∼10% to 8% is observed at the LSMO-0.3 layer
rom pristine cell to cycled cell ( Fig. 4 e,j), due to the adsorption of
olysulfide species. The same phenomenon is also observed on the
eparator/LSMO-0.3 and cathode/LSMO-0.3 interfaces, showing a gen-
ral enrichment of sulfur around LSMO-0.3 instead of random diffusion
cross the whole separator. The transmission of cathode far position
cathode/current collector interface) in cycled cell is higher than that
n the pristine cell, indicating the reduced sulfur content in the cycled
ell than that in the pristine cell, which is in good agreement with the
bove-mentioned reconstructed virtual slices ( Fig. 4 a,f). The X-ray CT
tudy thus validates the sulfur shielding function and the adsorption
bility of the LSMO-0.3 membrane during the charge and discharge
rocess. 

.4. The cell performance with La 1- x Sr x MnO 3- 𝛿 separator 

XAFS and X-ray CT study determines the structural changes upon
r 2 + doping, the origin of high conductivity and the sulfur shielding
unction. In the LSMO (Sr = 0-0.5) system, the LSMO-0.3 has the highest
onductivity of 28.61 S cm 

− 1 ( Fig. 2 g) and strong adsorption. So the Li-
 battery equipped with the LSMO-0.3 functionalized separator is then
ssembled to reveal the overall improvement of the storage capacity. In
he cyclic voltammogram (CV) at a scan rate of 0.05 mV s − 1 , the cathodic
eaks located at ∼2.30 and 2.05 V is identified, corresponding to the re-
uction reaction of S 8 to high-order polysulfides (Li 2 S x , x = 4-8), and
hen to low-order Li 2 S 2 /Li 2 S, respectively ( Fig. 5 a). In the subsequent
nodic process, two oxidation peaks are observed at ∼2.35 and 2.40 V,
hich relate to the reverse reaction of Li 2 S 2 /Li 2 S to higher-order poly-

ulfides (Li 2 S x , x = 4-8), then to S, respectively. The voltage-capacity
urves show two discharge plateaus located at ∼2.30 and 2.05 V, and
wo adjacent charge plateaus at ∼2.30 and 2.40 V, which are in good
greement with the CV results ( Fig. 5 b). The rate performance of the cell
ith LSMO-0.3 membrane reveals a reversible capacity of 1346, 1187,
014, 916 and 802 mAh g − 1 at 0.1, 0.2, 0.5, 1 and 2 C, respectively,
hich is much higher than the cell with a LaMnO 3 (LMO) membrane,
nd the cell without any functional membrane. When the C-rate is re-
et back to 0.1 C after running at various rates, a reversible capacity
f 1188 mAh g − 1 is recovered, corresponding to a capacity retention of
8.3% ( Fig. 5 c). Such an exceptional rate performance of the cell with
he LSMO-0.3 membrane is ascribed to the high electronic conductiv-
ty with Sr-doping. At 0.5 C rate and during the initial 10 charge and
ischarge cycles, the capacity of cell without LSMO-0.3 layer decreases
apidly from 1046 to 798 mAh g − 1 , which is much faster than the cell
ith LSMO-0.3 layer (from 1138 to 1089 mAh g − 1 , Fig. 5 d). On one
and, the X-ray CT study visualizes the sulfur shielding for the LSMO-
.3 layer, maintaining the majority of the sulfur within cathode, whereas
he cell without LSMO-0.3 layer suffers from major sulfur loses in our
revious study [ 48 , 49 ]. On the other hand, such LSMO-0.3 layer signif-
cantly improves the initial cycling performance from 248 mAh g − 1 to
nly 49 mAh g − 1 decay. The combination of the X-ray CT, visual ad-
orption experiment and cycling performance validates our hypothesis
n the shielding effect of the LSMO and its ability to reactivating in-
ctive deposits of sulfur-containing species. The capacity of LMO layer
s between LSMO free and LSMO-0.3 layer cells. This is attributed to
he weak electronic conductivity of the LMO, providing the physical
hielding and low chemical adsorption of polysulfides. In the long-term
ycling tests, the cell with the LSMO-0.3 membrane achieves an initial
apacity of 1138 mAh g − 1 and maintains 675 mAh g − 1 after 400 cy-
les (0.5 C), corresponding to a capacity fade of only 0.1% per cycle
 Fig. 5 d). This result is indicative of excellent capacity retention and
ycle stability. In addition, the Coulombic efficiency (CE) of the cell is
tabilized at > 99% during long-term cycling. Moreover, the capacity
ade of 0.12% with LSMO-0.3 layer is lower than that of 0.14% with
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Fig. 4. (a) 3D reconstructed volumes of pristine cell. Red dots: primary sulfur particles; yellow islands: assembly of primary sulfur particles into large aggre- 
gates. (b) 3D cross-sectional virtual slices of pristine cell. (c) 2D radiographs of pristine cell. (d) Magnified region-of-interest image from (c) and (e) corre- 
sponding linear scan of X-ray transmission. (f) 3D reconstructed volumes of the same cell after 10 cycles. (g) 3D cross-sectional virtual slices of the same cell 
after 10 cycles. (h) 2D radiographs of the same cell after 10 cycles. (i) Magnified region-of-interest image from (h) and (j) corresponding linear scan of X-ray 
transmission. 

L  

2  

w  

0  

f  

3  

L  

i  

(  

w  

T  

c
 

e  

b  

t  

8  

t  

s  

t  

t  

w  

a  

s  

c
l  

c  

c  

p  

h  

t  

s  

t  

d  

t  

s

MO and 0.16% with pure sulfur (bare Celgard separator) in the first
00 cycles in Fig. 5 d. The shielding effect of the functional membrane
as investigated by comparing the self-discharge behaviours of LSMO-
.3, LMO, and pure sulfur cells ( Fig. 5 e-g). All cells were run at 0.2 C
or 7 cycles (C 

7th ), then held at 2.1 V during the 8th discharge (C 

8th ) for
 days before resuming discharge. Discharge capacity of the cell with
SMO-0.3 membrane drops from 1197 to 1152 mAh g − 1 , correspond-
ng to 3.76% self-discharge rate according to (C 

7th -C 

8th )/C 

7th × 100%
 Fig. 5 e). In comparison, 7.71% and 12.05% rates are observed for cell
ith LMO membrane and with no membrane, respectively ( Fig. 5 f,g).
he self-discharge is mainly due to the diffusion of Li 2 S x , which is suc-
essfully suppressed with the LSMO-0.3 membrane. 

Sulfur loading is one of the key factors determining the actual en-
rgy density of Li-S batteries. The electrochemical performance of the
attery usually deteriorates with increasing S loading. Towards realis-
ic conditions in commercial cells, S loading is increased from 3.1 to
.4 mg sulfur cm 

− 2 to evaluate the high energy performance of cells con-
aining the LSMO-0.3 membrane. All the cathodes achieve a reversible
90 
pecific capacity of about 1000 mAh g − 2 at 0.1 C, showing high S utiliza-
ion ( Fig. 6 a). Compared with the low sulfur loading cell (3.1 mg cm 

− 2 ),
he high loading cell achieve similar reversible specific capacity but
ith a much higher areal specific capacity ( Fig. 6 b,c). In addition, the
real capacity and corresponding Coulombic efficiency at 0.1 C rate also
how good cyclability regardless of sulfur loading ( Fig. 6 d). A long-term
ycling test was performed for an electrode with a 6.9 mg sulfur cm 

− 2 

oading ( Fig. 6 e). The initial capacity is 932 mAh g − 1 , with a reversible
apacity that stabilized at 370 mAh g − 1 and 2.6 mAh cm 

− 2 after 300 cy-
les, showing outstanding cycle stability with only 0.2% capacity fade
er cycle. Together with the XAFS and X-ray CT study, we demonstrate
ere that the Sr 2 + doping at the atomic scale can significantly improve
he conductivity and shielding effect of the LSMO membrane, leading to
uperior performance of the Li-S cell with very high sulfur loadings. If
he scientists want to further enhance the LSMO effect, it is suitable to
esign the combined cathode with LSMO and carbon in nano-scale struc-
ure as core-shell (LSMO-carbon) or a multi-layered structure, which
hould improve the electrochemical performance. 
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Fig. 5. (a) CV curves of the cell with LSMO-0.3 modified membrane between 1.7 and 2.8 V. (b) Charge and discharge profiles of the cell with LSMO-0.3 modified 
membrane at 0.5 C for the 5th, 6th and 9th cycles. (c) Rate performance of cells with different membranes at the rates from 0.1 to 2 C rate. (d) Cycling performance 
and corresponding Coulombic efficiency based on pure sulfur, LMO membrane and LSMO-0.3 membrane cells. (e) Self-discharge tests of LSMO-0.3 membrane cells. 
(f) Self-discharge tests of LMO membrane cells. (g) Self-discharge tests of pure sulfur cells. The current of (e-g) is 0.2 C rate. 

Fig. 6. Effects of S loading for cells with LSMO-0.3 membrane. (a) Voltage vs. specific capacity profiles at 0.1 C with various sulfur loadings. (b) Voltage vs. areal 
capacity profiles at 0.1 C with various sulfur loadings. (c) Comparison of areal discharge capacity and gravimetric specific capacity of different sulfur loadings. (d) 
Areal capacity and corresponding Coulombic efficiency at 0.1 C. (e) Cycling performance of the high loading cell with 6.9 mg sulfur cm 

− 2 at 0.2 C. 
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. Conclusions 

In summary, considering the high electron hopping conduction and
olysulfide adsorption effect, we have designed an LSMO-0.3 modified
eparator in Li-S system. The doping of Sr 2 + leads to the partial oxi-
ation of Mn 3 + to Mn 4 + and coordination environment change, which
ot only improves electronic conductivity but also facilitates the ad-
orption interaction between Mn cations and polysulfides. The origin of
igh conductivity, the in situ role of polysulfides shielding, and the high
ulfur loading battery performance are investigated through a consecu-
ive multiscale analysis. Our study reveals how the structural geometric
hanges of Sr-doping at atomic scale analysed via XAFS technique can
reatly improve its function at microscopic scale visualized through X-
ay CT and finally leading to superior electrochemical performance. 
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