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Lithium—sulfur (Li—S) batteries are considered to have great potential due to their high theoretical specific
energy and natural abundance of sulfur. However, the practical specific energy and cycle life of Li-S pouch
cells are significantly hindered by thin sulfur cathodes, flooded electrolytes and excess Li metal anodes.
Here, an ultrathin and highly efficient boron nitride/single-wall carbon nanotube (BN/SWCNT) interlayer
(UHEI) achieves excellent Li—S pouch cell performance with high sulfur loading and a lean electrolyte.
Compared with the reported interlayer materials, the UHElI can not only hinder the diffusion of
polysulfides, but also promote further redox reactions and allow Li* to pass through easily. Meanwhile,
this UHEI can significantly improve lean electrolyte performance (E/S ratio of 8 L mg™?!) and both high
-2

and low plateau capacities of Li—-S batteries with a high sulfur loading (10 mg cm™“). Moreover,

a normalized ‘ratio of the areal loading interlayer to sulfur (I/S)" was proposed and two ‘“interlayer
efficiency index (IEl)” were obtained by using I/S to quantify the efficiency of interlayers at a certain
current density and guide the design of high-efficiency interlayers. The IEI of our UHEI@PP is dozens of

Received 7th December 2021 times higher than previously reported results. Li-S cells with UHEI@PP delivered a remarkable discharge
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capacity of 6.6 mA h cm™2 after 100 cycles at 0.2C for pouch cells (4.1 mg cm~2 per side, E/S ratio of 10

DOI: 10.1039/d1tal0444f ul mg™). The work provides new insights into separator modification for the practical application of
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Introduction

Lithium-sulfur (Li-S) batteries with a high theoretical specific
energy of 2600 W h kg™ ' and a high reversible capacity of
1675 mA h g~ ' are considered to have great potential as next-
generation batteries." Unfortunately, the energy density of
practical Li-S cells is far from the theoretical values resulting
from the following factors, such as the electrical insulation
nature of sulfur and Li,S/Li,S,,> the large volume change of
sulfur (almost 80%),> the migration of soluble intermediate
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lithium—sulfur batteries in the future.

product polysulfides (Li,S,, 4 = x = 8)* (shuttle effect) and the
safety issues of the Li anode.>® Various approaches have been
reported to address the above-mentioned issues.” For instance,
carbon-based materials,*'° conductive polymers and metal
oxides/sulfides/nitrides'**® were used as sulfur hosts to
enhance charge transfer, reduce the volume strain’ and
suppress the shuttle effect.'® However, the synthetic processes
of these cathodes are complex and costly."” Meanwhile, most
studies were evaluated under ideal conditions with a low sulfur
loading cathode (<2 mg cm™?), flooded electrolytes (electrolyte/
sulfur ratio, E/S ratio, is typically more than 20 uL mg S™*) and
a thick lithium metal anode.* Cells show a low specific capacity
and short cycle life with increasing sulfur loading and
decreasing electrolyte.”®*” Therefore, practical capacity and
stability with high sulfur loading and a low E/S ratio are crucial
for Li-S batteries.

In contrast, interlayers, which can suppress the shuttle effect
and improve cycling stability, are considered as a promising
pathway to industrial production.”* Porous carbon,” carbon
nanotubes (CNTs),>*?*%® reduced graphene oxide (rGO),* metal
oxides/sulfides and carbides/nitrides (Al;03,* TiO,,"* V,05,”
MoS,,?® NbC,* TiN* etc.>*>°) were used as interlayers to hinder
polysulfides, which can improve the performance of Li-S
batteries. However, the excessive mass and thickness of an
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interlayer can increase the use of electrolyte and decrease the
practical energy density of Li-S cells. Moreover, standards or
methods to evaluate the efficiency of interlayers or other non-
active components are absent. Generally, an ultrathin, ultra-
light and highly efficient interlayer is very essential for prac-
tical Li-S batteries.

Two-dimensional (2D) materials, such as graphene and
hexagonal boron nitride (h-BN), have been extensively inves-
tigated in recent years.*** In particular, h-BN nanosheets
with a unique hexatomic ring molecular structure, thermal
stability and outstanding mechanical strength have been
considered as a promising candidate for electrochemical
energy storage.’’ Meanwhile, h-BN nanosheets are not only
composed of light atoms but can also offer adequate active
sites for polysulfide adsorption.*® Most importantly, electro-
positive B atoms can combine with the S,>~ of lithium poly-
sulfides and electronegative N atoms can combine with Li"
according to Lewis acid-base theory.** Therefore, with dual
Lewis basic and acidic sites, h-BN nanosheets can not only
hinder polysulfides as a physical barrier, but also be a more
effective adsorbent than graphene.** However, their electronic
insulation nature impedes their application as an interlayer.
Carbon nanotubes (CNTs) are the most efficient electronic
conductive substrate for sulfur species.® Surrounding h-BN
nanosheets with CNTs can significantly increase electronic
conductivity and realize the reutilization of polysulfides.
Moreover, the mixture of h-BN nanosheets and CNTs is a high
Li* conductive material and can enable Li* transfer easily
across the interlayer, leading to promoted redox kinetics and
increased rate capability.®®

Herein, a nitride-BN nanosheet/carbon nanotube (BN/
SWCNT) layer was used as an ultrathin and highly efficient
interlayer (UHEI) with dual Lewis basic/acidic sites, high Li"
conductivity and catalytic ability for polysulfide conversion
for high sulfur loading/lean electrolyte Li-S batteries. As
illustrated in Fig. 1a, b and 2h, this UHEI shows a few
advantages: First, the UHEI is very thin, light and highly
efficient, which significantly increases the practical specific
capacity of the whole system. Second, the UHEI can suppress
polysulfide diffusion and accelerate the conversion to Li,S/
Li,S,, which is conducive to lean electrolytes and high sulfur
loading performances. Third, the UHEI enables Li" transfer
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Fig. 2 Photos of UHEI@PP: (a) front side, (b) back side, (c) folded, and
(d) unfolded. SEM images of (e) the surface of the UHEI and (f) cross-
section of the UHEI. TEM images of (g) UHEI. (h) Thickness of various
interlayers reported before.

easily across the interlayer, which significantly increases the
redox kinetics of polysulfide conversion and improves the
interlayer efficiency.

Experimental
Preparation of h-BN nanosheets

The fabrication process of h-BN nanosheets was reported
previously.*” Typically, the exfoliation of h-BN was carried out by
grinding. First, 2 g bulk BN and 8 g SiC were mixed and placed
inside a grinding cell. After grinding for 270 min, the as-ground
mixture was dispersed into isopropanol (IPA), and the resulting
solution was kept for 8 h. After that, green SiC and unexfoliated
h-BN were precipitated at the bottom of the bottle and h-BN
nanosheets dispersed stably in the supernatant. Therefore,
the upper 3/4 supernatant was transferred by using a pipette
and centrifuged to obtain the final h-BN dispersion.

Preparation of the UHEI

The UHEI was coated on a Celgard 2400 membrane (PP sepa-
rator) by vacuum filtration. First, the as-obtained h-BN nano-
sheets were dispersed in IPA to obtain a mixed solution. Second,
the SWCNT solution (0.4%, TUBALL) and the h-BN/IPA solution
with a solute mass weight ratio of 1:3, were mixed under
ultrasonication at 200 W for 20 min. Finally, the mixture was
filtered through the PP separator and dried at 60 °C in a vacuum
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Fig. 1 Schematics showing (a) a Li—S battery with an UHEI and (b) the advantages of h-BN.
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oven for 12 h, and denoted as UHEI@PP. The mass loading was

kept at 0.17 mg cm 2.

Preparation of the sulfur cathode

2 2

High sulfur loading cathodes (2.2 mg cm™, 5.3 mg cm™~ and
10.1 mg cm™ %) were obtained®® without immersion in ammo-
nium molybdate tetrahydrate ((NH,)¢Mo0,0,,-4H,0) aqueous
solution. First, bacterial cellulose hydrogels purchased from
Hainan Yida Food Industry Co., Ltd were washed with deionized
water until neutral. Second, the hydrogels were frozen in liquid
nitrogen and freeze-dried. Third, the dried aerogels were
carbonized in an argon-filled tube furnace at 1000 °C for 2 h to
produce a freestanding aerogel. Finally, the freestanding aero-
gel and sulfur powder (99.5%, Alfa Aesar) with different mass
loadings were mixed in a Teflon container and heated to 155 °C
for 12 h to obtain cathodes with high sulfur loading. A sulfur
cathode for low electrolyte condition tests in coin cells was
fabricated as follows. First, Super P (SP) and sulfur powder with
a mass ratio of 3 :7 were mixed in a Teflon container and
heated to 155 °C for 12 h to obtain SP/S. Second, the SP/S, SP
and polyvinylidene fluoride (PVDF) binder with a mass ratio of
7 : 2 : 1 was dispersed in N-methyl-2-pyrrolidone (NMP) to form
a slurry. Finally, the slurry was coated onto a carbon-coated Al
foil and dried in a vacuum oven at 60 °C for 12 h. The active
material loading was kept at 1.5-2.0 mg cm > The sulfur
cathode for pouch cells was fabricated in the same manner
under low electrolyte conditions, except the active material
loading was kept at 4.1 mg cm ™ per side.

Permeation experiments of the UHEI@PP and PP separators

First, 1.6 g sulfur powder and 0.46 g lithium sulfide (99.5%, Alfa
Aesar) were mixed and dissolved in 10 mL 1,2-dimethoxyethane
(DME)/dioxolane (DOL) (volume ratio of 1 : 1). The mixture was
stirred at 60 °C in a glove box to obtain the 1 M Li,S, electrolyte.
Second, the 1 M Li,Sg solution was diluted into 0.01 M and
injected into the left chamber of an H-shaped device. The blank
electrolyte was added into the right chamber at the same
voltage. Finally, a UHEI@PP or PP separator was placed between
the two chambers and digital photos were taken after 0.5 h, 24 h
and 48 h.

Materials characterization

Scanning electron microscopy (SEM, FEI Nova NanoSEM 430, 10
kV) was used to characterize the morphologies and structures of
the samples. Transmission electron microscopy (TEM) images
were taken by using an FEI Titan ETEM G2 microscope at 80 kV
and an FEI Tecnai F30 at 300 kV. The UV-Vis spectra were ob-
tained by using a Varian 5000.

Preparation of Li-S coin cells

For coin cells, the sulfur cathode was cut into a square plate
with a side length of 10 mm. The electrolyte was prepared by
dissolving lithium bis-trifluoromethanesulphonylimide
(LITFSI, 99%, Acros Organics, 1 M) and lithium nitrate
(LINO3, 99.9%, Alfa Asea, 0.1 M) in DME and DOL (1:1 by

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

volume). All cells were assembled in an Ar-filled glove box, with
a sulfur cathode, Li foil, a UHEI@PP or PP separator, and the
electrolyte mentioned above. The common electrolyte/sulfur (E/
S) ratio in most coin cells was controlled to be 20 ul mg ™.

Preparation of Li-S pouch cells

Sulfur cathodes (4.1 mg cm 2 per side) and Li foil (0.1 mm
thickness on Cu foil) of pouch cells were cut into 40 mm. A
UHEI@PP or PP separator was placed between a sulfur cathode
and a Li anode, and 3-layer Li-S pouch cells were obtained. The
Al tab was ultrasonically welded on the as-prepared cathodes,
and the Ni tab was ultrasonically welded on the Cu foil current
collector. The electrolyte used in Li-S pouch cells is the same as
that used in coin cells. Finally, the electrolyte (E/S = 10 pL mg ")
was injected into the stack, and the package was sealed under
vacuum.

Electrochemical measurements

The electrochemical performances were measured using coin
and pouch cells. Galvanostatic charge/discharge tests were
performed on a LAND galvanostatic charge/discharge instru-
ment. The voltage range for charge/discharge was 1.7-2.8 V. 1C
corresponding to 1675 mA g~ '. All experiments were performed
at room temperature.

Results and discussion

The UHEI was uniformly coated on the PP separator by vacuum
filtration, and no irreversible destruction could be observed
after folding/unfolding tests (Fig. 2a-d), indicating a stable
structure. The morphology of the pristine separator, BN and the
UHEI were characterized by SEM. The surface of the pristine
separator (Fig. S1a, ESIt) was full of slit pores with sizes of about
hundreds of nanometers, while the UHEI completely covered
the pores of the PP separator by overlapping hexagonal BN
nanosheets (Fig. S1bt) and folded SWCNTs (Fig. 2e). The cross-
sectional SEM image shows that the thickness of the UHEI is
0.86 pm (Fig. 2f), which is thinner than most interlayers re-
ported*®>**! (Fig. 2h). The TEM images show the h-BN nano-
sheets with a size of several micrometers (Fig. Sict) and the
SWCNTs surrounding the h-BN nanosheets (Fig. 2g). HRTEM
images (Fig. S1dt) show that the lattice spacing of h-BN is
0.22 nm, corresponding to the (100) phase.

The permeation experiments of the UHEI@PP and PP sepa-
rators were conducted by using an H-shaped device (Fig. 3a).
The Li,Se solution was injected into the left chamber, and the
blank electrolyte was added into the right chamber. When
UHEI@PP was placed between the two chambers, the color of
the right side was nearly unchanged after 48 h. In contrast, after
0.5 h, the color of the side with the PP separator started to
change to yellow and became much deeper after 24 h, con-
forming to the UV-Vis spectra (Fig. S3at). The Li" transfer
number and Li" conductivity are important for a separator with
an interlayer. An ideal interlayer for Li-S batteries should be ion
selective, which means that it should be polysulfide blocking,
but Li" passing. Compared with the PP separator (0.66),
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Fig. 3 (a) Polysulfide diffusion process of the PP separator and
UHEI@PP. (b) Li* transference number of the PP separator and
UHEI@PP.

UHEI@PP (0.69) shows almost the same Li* transfer number
(Fig. 3b) and Li" conductivity (Fig. S3b and Table S17).

To demonstrate the properties of UHEI@PP, Li-S coin cells
were assembled with a high sulfur loading cathode, Li plate
anode and UHEI@PP or PP separator. High sulfur loading
cathodes were fabricated and charged/discharged at 0.1C rate.*®
With sulfur loading from 2.2 mg cm ™ to 10.1 mg em ™2, Li-S
batteries with UHEI@PP maintain two well-defined plateaus,
while cells with a PP separator present nearly no plateau,
especially with a sulfur loading of 10.1 mg cm > (Fig. 4a—c). The
cycling stability and coulombic efficiency of Li-S batteries with
an UHEI@PP or a PP separator at 0.1C with different sulfur
loadings further demonstrate significant improvement in the
capacity and stability of Li-S batteries with UHEI@PP (Fig. 4d-
f). According to the redox reaction of the two plateaus
mentioned above, the capacity ratio of each plateau represents
the contribution of UHEI@PP during each Sg redox reaction
process. Bar graphs were used to visualize them (Fig. 5a and c).
With a sulfur loading of 2.2 mg cm ™2, 5.3 mg cm ™2, or 10.1 mg
cm 2, the high plateau (2.35 V) UHEI@PP/PP ratio (the specific
capacity of Li-S batteries with an UHEI@PP at 2.35 V divided by
the specific capacity with a PP separator) is 1.32, 1.83, and 16.95,
respectively, which depends on the redox of Sg to long chain
lithium polysulfides, mostly up to the electronic conductivity of
the cathode and interlayer.** Obviously, UHEI@PP improved
the electrochemical kinetics of the high plateau reaction

a b
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Fig.4 Charge/discharge profiles of Li—S batteries with an UHEI@PP or
a PP separator at 0.1C with sulfur loading of (a) 2.2 mg cm~2, (b) 5.3 mg
cm™2, and (c) 10.1 mg cm™2. The cycling stability and coulombic
efficiency of Li-S batteries with an UHEI@PP or a PP separator at 0.1C
with sulfur loading of (d) 2 mg cm™2, (e) 5.3 mg cm™2, and (f) 10.1 mg

cm
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Fig. 5 (a) The high plateau specific capacities and the UHEI@PP/PP
ratio of Li—S batteries with an UHEI@PP and PP separator with different
sulfur loadings at 0.1C (the UHEI@PP/PP ratio is the specific capacity of
Li-S batteries with an UHEI@PP divided by the specific capacity with
a PP separator). (b) Comparison of high plateau capacity ratios with
different sulfur loadings of our UHEI@PP with other interlayers in
previous reports. (c) The low plateau specific capacities and the
UHEI@PP/PP ratio of Li-S batteries with an UHEI@PP and PP separator
with different sulfur loadings at 0.1C. (d) Comparison of low plateau
capacity ratios with different sulfur loadings of our UHEI@PP with
other interlayers in previous reports (: this work, @: P/C-C-N-Co
(the single-atom cobalt-anchored nitrogen-doped carbon nano-
sheets and dual network of the carbon nanotube-cellulose nanofiber
hybrid),*® @: CGF (mesoporous cellular graphene framework),* @:
NCM (NbC-coated membrane),?® : ZnHMT (zinc-hexamethylene-
tetramine coordination complex),*? @: nFGF-MoS,/C-TiN (microfiber
glass filter-molybdenum disulfide/carbon-titanium nitride),** @: ZnS/
NCNS (zinc sulfide nanoparticles embedded in nitrogen-doped 3D-
carbon nanosheets),** @: TiB,@G (metallically conductive TiB, coupled
with two-dimensional graphene),*® @: PZ| (polymeric zwitterion)?).

process, especially with a high sulfur loading. The low plateau
(2.12 V) UHEI@PP/PP ratio (the specific capacity of Li-S
batteries with UHEI@PP at 2.12 V divided by that of Li-S
batteries with a PP separator) is 1.53, 2.08, and 2.91, which
represents the contribution of UHEI@PP during the redox of
lithium polysulfides to Li,S,/Li,S.** The increase in the low
plateau (2.12 V) UHEI@PP/PP ratio further demonstrates that
UHEI@PP not only adsorbs more polysulfides, but also
promotes the polysulfide redox process, especially with a high
sulfur loading. The comparison of each plateau capacity ratio of
our UHEI@PP and other interlayer materials previously re-
ported is illustrated in Fig. 5b, d and Table S2.1 Cells with the
UHEI@PP show excellent performances both from the two
plateau capacity and the overall capacity aspects compared to
those with other interlayer materials, especially at a high sulfur
loading.

As we all know, the conversion of Li,S, to Li,S is challenging
at high sulfur loading and the reasons can be summarized as
follows: First, with the increase in areal sulfur loading, more
polysulfides will accumulate and the concentration gradient
force will increase, which make the shuttle effect more crucial.
Second, the accumulated polysulfides will separate from the
conductive frame and dissolve into the electrolyte, which
further increases the electrolyte viscosity and impedes the

This journal is © The Royal Society of Chemistry 2022
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electrochemical reaction. Third, the polysulfides shuttled to the
anode side will react with lithium metal and result in the
passivation of the lithium anode. Therefore, a highly efficient
interlayer with abundant polysulfide adsorption sites that can
not only adsorb the accumulated polysulfides but also convert
them to the final products is significant for high sulfur loading
Li-S batteries.

To further illustrate the properties of UHEI@PP under low
electrolyte conditions (E/S ratio of 8 uL. mg '), Li-S half cells
with a UHEI@PP or PP separator were charged/discharged at
0.1C. Cells with UHEI@PP can maintain a reversible capacity of
1124 mA h g (2™ cycle) and have an ultralow capacity fading
rate of 0.30% per cycle at 0.1C under lean electrolyte conditions
(Fig. S61). Meanwhile, a double side coated Li-S pouch cell with
an average areal sulfur loading of 4.1 mg cm™? per side was
tested at 0.2C with an E/S ratio of 10 pL. mg ™. A high reversible
areal capacity of 6.6 mA h cm > was retained after 100 cycles,
which is nearly twice as high as the areal capacity of the state-of-
the-art LiNi,Co,Mn,_,_,0, cathode (Fig. 6a). The fluctuating
coulombic efficiency of the pouch cell with a UHEI can be
attributed to the following reasons: First, the pouch cells with
a UHEI were tested at a low E/S (10 pL mg™ ') ratio, which will
lead to awful electrolyte infiltration and increased polysulfide
viscosity in the sulfur cathode side. These two conditions
contribute to the low utilization of polysulfides and a low
coulombic efficiency. Second, the low N/P ratio exacerbates the
effect of polysulfides on the lithium anode, which leads to
a decrease in the coulombic efficiency. Third, unlike coin cells,
the pouch cells with a UHEI were tested without any pressure.
The literature reported before> demonstrated that high pres-
sure was proven to improve the sulfur cathode connectivity and
avoid cracking over cycling with high sulfur loading, which is
beneficial to sulfur utilization and coulombic efficiency. Finally,
the reaction heterogeneity in Li-S pouch cells leads to a fluctu-
ating coulombic efficiency.”’
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Currently, most researchers focus on reducing the thickness
of the interlayer materials and the proportion of the interlayer
materials in all components to increase the energy density of
the whole cells, but pay little attention to the efficiency of the
interlayers. Typically, superior electrochemical performance
has been reported to illustrate the efficiency of interlayers.
However, considering objective factors among different studies
(such as different compositions of cathodes), it is more
convincing to compare the performance divergence with and
without an interlayer. Moreover, an interlayer should be
normalized based on unit active materials to ensure that the
intrinsic effect of the interlayer is exhibited. Hence, a normal-
ized “ratio of areal loading of the interlayer to sulfur (I/S)” was
proposed, and the “interlayer efficiency index (IEI)” was ob-
tained by using I/S to quantify the efficiency of the interlayers at
a certain current density. A schematic of a Li-S pouch cell with
a multilayer sulfur cathode (double side coating) and lithium
anode is shown in Fig. S6a.t To simplify the analysis, a simple
model with Cu foil, a lithium anode, a separator, an interlayer,
a sulfur cathode, and Al foil is presented for calculation and
discussion (Fig. S6bt). In this model, all components in the two
Li-S pouch cells were supposed to be the same except the
UHEI@PP or PP separator. As shown in Table S3,f the
normalized I/S ratio was obtained by calculating the ratio of the
areal loading of the interlayer and sulfur. I/S was used to
normalize the performance divergence with and without an
interlayer at a certain current density to obtain the IEI. One IEI
(Hmass) calculated from the energy density of pouch cells was
obtained as:

. Eyimn interlayer
Hmass I
Ewithoul interlayer X /S

corresponding to the increased ratio of gravimetric energy
density per mass (g) interlayer based on 1 g sulfur in pouch
cells. In this equation, E is the energy density of a Li-S cell upon

a;‘ 12 _ b 200
£ PPN W . oo w100 32 * This work
O 10{ & Vet o S
> 160~
= 02C R, 2l )
E 8. Areal sulfur loading: 4.1 mg cm2 (per side) -80 ,§ - ZEocr:])ng:lgLi;e Superior IEI from
= E/S ratio: 10 pL/mg o & . i mass aspect!
= w 8 104
[T} o £ )
© 0o N .,)o
% 40 'g 5 MgN, . Organic compounds
o = P truct
= ‘ State-of-art LiNi,Co,Mn,.,.,0, cathode [ 2 g 2+ OFOUS SHLUCIE
2 “7 Pouch cell PP Separator 3 Sk .
E [€€ELE [€EEEEEEEEEEeEaaaaEaEeaeaeeeaeaaaaeeeaaeeede [€CCEEEEEeeeeeees o
0 T T T T 0 -5 T T T T T
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0 25

Cycle Number

IIs

Fig. 6 (a) Cycling stability and coulombic efficiency of Li—S pouch cells with the UHEI@PP and PP separator at 0.2C with a high sulfur loading
(4.1 mg cm™2 per side, double sides) and lean electrolyte (E/S ratio = 10 L. mg ™) for 100 cycles. (b) Comparison of the IEl and /S of our UHEI@PP
with previous reports from the specific capacity (Zmass) aspect (*: this work, @: CGF (mesoporous cellular graphene framework, Advanced
Science, 2016),** @ NCM (NbC-coated membrane, Advanced Functional Materials, 2018),2° @: ZnHMT (zinc-hexamethylenetetramine coordi-
nation complex, Journal of Materials Chemistry A, 2020),%? %: AS PC-Sn4Ps (acorn shell porous carbon/Sn4Ps nanodot, Nano Energy, 2020),*° @:
HC-PDDA (poly(diallyl dimethyl ammonium chloride) on honey comb-like porous carbon, Energy Storage Materials, 2021),* @: PPZ-HG-CCP
(polyphosphazene covalently modified holey graphene/carbonized cellulose paper, Advanced Materials, 2021),>° : PM (0.4 M)-CNT (porous

Mxene membrane, Small, 2021),°* M,N,: (M: metal, N: nonmetal)).
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discharge under specified conditions (W h kg™ ').*¢ However, not
all interlayers reported before were tested in pouch cells.
Therefore, the IEI (Z,,,ss) Was proposed to simplify Hiass- Zmass
was calculated from the practical specific capacity of coin cells
as:

Ywith interlayer
Ywithoul interlayer X I/S

Zinass =

corresponding to the increased ratio of practical specific
capacity by per mass (g) interlayers based on 1 g sulfur in coin
cells. In this equation, Yuim interiayer iS the practical specific
capacity based on sulfur (mA h g~') with interlayer materials,
and Yyithout interlayer 1S the practical specific capacity based on
sulfur (mA h g~ ') with a PP separator. More details are available
in the ESL.}

In this WOI‘k, Yuwith interlayer is 794.1 mA h gila Yuwithout interlayer
is 108.9 mA h g™, I/S is 0.041, and Zyae is 182.30. The
comparison of the IEI from the specific capacity aspect of our
UHEI@PP and other interlayers previously reported are illus-
trated in Fig. 6b and Table S3.1 Fig. 6b shows the relationship
between the I/S and the IEI of different studies. The Z,,¢ of our
UHEI@PP at 0.2C after 100 cycles is dozens of times higher than
those of previous reports, which demonstrates its superior
“interlayer efficiency”. Moreover, by proposing these factors, the
following considerations can be achieved. First, with a similar
electrochemical performance improvement, the smaller the I/S
is, the better the efficiency of the interlayer is. Second, with
a similar Z,,,,4, lowering the mass percentage of interlayers in
all components gives a higher H,,s. Third, with a similar /S,
a lighter interlayer provides more adsorption sites which
promotes better electrochemical performance improvement.
Finally, 2D conductive compounds with polar adsorption sites
and low density promote a higher IEI. Based on these indica-
tions, more efficient interlayers will be designed and used for
high performance Li-S batteries. Similar deduction methods
can be used to evaluate the efficiency of other non-active
components in Li-S batteries. Therefore, this work may bridge
the gap between lab-scale research and industrialization.

Conclusion

In summary, an ultrathin and ultra-light UHEI with dual-
functional lithium polysulfide adsorption sites was prepared
for high sulfur loading/lean electrolyte Li-S batteries. Mean-
while, a normalized coefficient, the ratio of areal loading of the
interlayer to sulfur (I/S), was proposed and an interlayer effi-
ciency index was obtained by using I/S to quantify the efficiency
of interlayers at a certain current density. Compared with other
reported interlayer materials, the UHEI can not only hinder
polysulfide diffusion but also promote redox reactions and
allow Li" to pass through easily. Our UHEI@PP can significantly
improve the lean electrolyte performance (E/S ratio of 8 uL
mg ') and both the high and low plateau capacities of Li-S
batteries with a high sulfur loading (10 mg cm™?). Moreover, the
IEI of our UHEI@PP is dozens of times higher than that of
previous reports. Li-S batteries with UHEI@PP delivered
a remarkable discharge capacity of 6.6 mA h cm™? after 100
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cycles at 0.2C for pouch cells (4.1 mg cm ™2 per side, E/S ratio of
10 puL mg™"). The IEI offers a pathway for the design of high
sulfur loading/lean electrolyte Li-S batteries, which could be
extended to other electrochemical energy storage systems.
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