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is considered as one of the most prom-
ising candidates for the next generation of 
high energy storage system.

Since proposed in the 1960s,[3] Li–S 
battery experienced an infancy stage in 
1970–1990s, when researchers devoted to 
the fundamental redox reactions of sulfur 
in various electrolytes,[4] and a flourishing 
period after 2000 when high performance 
was achieved through sulfur/carbon (S/C) 
cathode and sulfurized-polyacrylonitrile 
(SPAN) cathode in ether- and carbonate-
based electrolytes, respectively.[5] After 
2009, great efforts have been made to fur-
ther enahnce Li–S battery, including fabri-
cating conductive cathode,[6] incorporating 
electrocatalyst,[7] modifying separator,[8] 
optimizing electrolyte,[9] and protecting 
lithium anodes.[10] The rational design of 
electrode structure with various carbon 
materials (1D, 2D, and 3D) greatly boosts 
the electrochemical performance of sulfur 
cathode.[11] Although the cycle stability is 
still struggling with 100 cycles, the gravi-
metric energy density (WG) of Li–S pouch 

cells has improved remarkably to promote the applications 
in which weight matters more than longevity. For example, 
Sion Power, a pioneer corporation in Li–S battery technology, 
has developed several prototypical Li–S cells with energy den-
sity of 350 Wh kg−1/325 Wh L−1 for powering Airbus’s Zephyr 
7 drone for an 11-day nonstop flight in 2014.[12] Oxis Energy, 
another manufacture of Li–S battery, announced a new target 
of 500 Wh kg−1 in the near future after achieving 400 Wh kg−1/ 
300  Wh L−1 for e-Buses, trucks, and marine applications.[13] 
Research institutions from China have also reported pouch 
Li–S cells with the energy density up to 400–-600 Wh kg−1 for 
the potential application in unmanned aerial vehicle.[14] It is 
remarkable that the WG of Li–S battery has exceeded that of 
the best Li-ion batteries (250–300  Wh kg−1) with Ni-rich oxide 
cathode from Contemporary Amperex Technology Co., Ltd. 
(CATL), a giant manufacture of Li-ion batteries (Figure 1). With 
such great advantages, Li–S battery is possible to compete with 
commercial Li-ion batteries in specific field where high WG is 
the primary concern.

Despite the attractive high WG, Li–S battery pales in com-
parison with Li-ion batteries in terms of volumetric energy 
density (WV).[18] Figure  1 compares WV and WG between Li–S 
and Li-ion batteries. With Ni-rich metal oxide as cathode, 
Li-ion batteries have already reached 700 Wh L−1 and can even 
exceed 1000 Wh L−1 for WV when coupling with high capacity 

Lithium–sulfur (Li–S) batteries hold the promise of the next generation 
energy storage system beyond state-of-the-art lithium-ion batteries. Despite 
the attractive gravimetric energy density (WG), the volumetric energy density 
(WV) still remains a great challenge for the practical application, based on 
the primary requirement of Small and Light for Li–S batteries. This review 
highlights the importance of cathode density, sulfur content, electroactivity 
in achieving high energy densities. In the first part, key factors are analyzed 
in a model on negative/positive ratio, cathode design, and electrolyte/
sulfur ratio, orientated toward energy densities of 700 Wh L−1/500 Wh kg−1. 
Subsequently, recent progresses on enhancing WV for coin/pouch cells 
are reviewed primarily on cathode. Especially, the “Three High One Low” 
(THOL) (high sulfur fraction, high sulfur loading, high density host, and low 
electrolyte quantity) is proposed as a feasible strategy for achieving high WV, 
taking high WG into consideration simultaneously. Meanwhile, host materials 
with desired catalytic activity should be paid more attention for fabricating 
high performance cathode. In the last part, key engineering technologies 
on manipulating the cathode porosity/density are discussed, including 
calendering and dry electrode coating. Finally, a future outlook is provided for 
enhancing both WV and WG of the Li–S batteries.

1. Introduction
High energy density is the primary concern for the most appli-
cations of energy storage, particularly for power sources in 
modern mobile society. In the past three decades, as a represent-
ative of high energy batteries, commercial lithium-ion (Li-ion) 
batteries have made great achievements with the energy density 
upgraded triply from 100 Wh kg−1 to around 280 Wh kg−1. How-
ever, restricted by the intercalation chemistry of electrode mate-
rials, Li-ion batteries have almost approached the upper limit 
of their energy density (≈350 Wh kg−1).[1] Lithium–sulfur (Li–S) 
battery, with sulfur as cathode and lithium as anode, offers high 
theoretical energy densities up to 2600 Wh kg−1 or 2800 Wh L−1, 
based on mass or volume, respectively.[2] Therefore, Li–S battery 
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anodes.[18b,19] In contrast, Li–S pouch cells are limited within 
200–400 Wh L−1 for WV.[16,20] It seems to be hard to achieve both 
high WG and WV for Li–S battery simultaneously under the cur-
rent technologies. Such imbalance between WV and WG, alto-
gether with the battery cycle life, makes people to exclude the 
possibility of Li–S battery as potential alternative to Li-ion bat-
teries. In particular, Li–S battery would lose market interest in 
certain applications where high WV is fundamental necessary, 
such as portable devices or electric vehicles.[21] In these appli-
cations, batteries are required to provide enough energy in 
limited space. For example, apart from WG, WV is very sensi-
tive to a smart phone in the palm. For electric vehicle, though 
high WG is desired for driving heavy vehicles, the battery packs 
cannot occupy the manned space. Specifically, the total space 
designed for battery packs is ≈220 L for a car and 400 L for 
a sports utility vehicle.[22] The newly emerging cell-to-pack 
technology from CATL, which skips the module process and 
directly integrate cells into packs, is just aimed at improving 
the space utilization for achieving higher energy densities.[23] 
Even though WG is satisfied for Li–S battery, it is still unre-
alistic to put a “fat” Li–S battery into the confined space to 
power a car. Therefore, both WV and WG are significant for 
the practical applications, based on the primary requirement 
of Small and Light for future Li–S battery. Researchers expect 
future Li–S battery to have WV of 700  Wh L−1 that is compa-
rable to state-of-the-art Li-ion batteries (Figure  1).[18a] Such 
advancement on WV for Li–S battery can not only promote its 
application in niche market, such as drones or military fields, 
but also potentially make a great impact on the electric vehicle 
market.[24] However, the WV of 800 Wh L−1 on the up edge in 
Ragone plot still looks like an impossible mission for Li–S bat-
tery based on the current technologies. As a result, WV is a 
great challenge for further development of Li–S battery at cur-
rent stage.[18a]

However, the challenge on WV has not attracted enough 
attention yet, although a few papers have pointed out this 
issue.[18a,20,25] Since 2010, more than 6000 papers on Li–S bat-
tery have been published, and the vast majority of them has 
focused on WG and cycling. Whereas in fact less than 60 papers 
are concerned about the WV issue. This not only means the 
awkward situation of WV at present, but also may mislead the 
research direction in future. To improve the WV of Li–S bat-
tery, several important attempts have been made, which can 
be simply classified into two categories, i.e., high content of 
active sulfur and high density of sulfur cathode. For example, 
increasing the fraction of active sulfur and reducing the inac-
tive materials in cathode are effective to enhance the overall 
discharge capacity.[26] Freestanding type electrode without cur-
rent collectors can further increase the energy output for the 
whole cathode.[27] Introducing high density host materials,[28] 
designing compact electrode structure,[29] and employing cal-
endering technology[30] are helpful to improve the cathode 
density. Specifically, as reported in many publications, metal 
oxides/sulfides/carbides, with higher densities than carbon 
materials,[31] are demonstrated to be effective for improving the 
cathode density and accelerating the reaction kinetics simul-
taneously. Furthermore, some metal chalcogenides exhibit a 
similar electrochemical window (vs Li/Li+) to sulfur, and thus 
contribute extra capacity by acting as active materials.[32]

As aforementioned, WV is more important than WG in some 
commercial applications of batteries, such as portable devices 
and electric automobiles.[25] Therefore, WV, as one of the basic 
requirements for energy storage system, should receive more or 
at least as much attention as WG and cycle stability.[21] Attaching 
enough importance to WV, as well as WG and cycle stability, 
will lead to a more promising Li–S battery. To this end, the pre-
sent review highlights the significance of WV and establishes a 
mathematical model to analyze key factors of dominating WV 

Figure 1. Comparison of WV and WG of Li–S battery, Li-ion batteries and lithium secondary batteries. The data (triangles) of LiNi0.8Co0.1Mn0.1O2 
(NCM 811), LiNi0.8Co0.15Al0.05O2 (NCA), LiNi0.6Co0.2Mn0.2O2 (NCM 622), and LiFePO4 (LFP) are from commerical Li-ion batteries of CATL, Panasonic, 
LG, and BYD companies, respectively. For Li–S battery, the data (circles) are collected from Sion Power,[12a,15] Oxis Energy,[13] and Liu group.[16] The data 
(squares) of new lithium secondary batteries are obtained from Sion Power, with nickel-rich metal oxide as cathode material.[15,17]
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for Li–S battery. Besides, this review summarizes recent pro-
gress on WV for both coin and pouch Li–S cells, and discusses 
the possible engineering technologies used for tuning the pore 
structure of sulfur cathode, with a special focus on the complex 
effect of calendering on cathode density as well as sulfur redox. 
In particular, a “Three High One Low (THOL)” strategy is pro-
posed in this review for achieving both high WV and WG. In the 
last part of the review, practical strategies are provided for the 
improvement of WV in Li–S battery.

2. Key Factors of Dominating WV of Li–S Battery

2.1. The Influence of N/P Ratio and Sulfur Cathode

Table  1 illustrates the differences in the cathode between Li–S 
and Li-ion batteries with respect to areal loading and mass frac-
tion of active material, cathode density, porosity, as well as WV 
based on cathode and cell volume. Comparing with the com-
mercial LiNixCoyMn1−x−yO2 cathode, sulfur cathode in pouch 
cells usually has a low active material loading (≈5  mg cm−2) 
and fraction (50–70 wt%),[33] which are restricted mainly by 
the poor ionic/electronic conductivities of the thick electrode. 
In particular, due to the high porosity (≈70%) and low density 
(≈0.5 g cm−3) of sulfur cathode, WV for Li–S battery is far behind 
that of Li-ion batteries no matter whether lithium or graphite 
are used as anode materials. This suggests that WV of Li–S bat-
tery highly depends on the porosity and density, which are the 
key factors for dominating the cathode volume. Therefore, one 
effective strategy to enhance WV is to fabricate a highly compact 
sulfur cathode, with high sulfur content for ensuring high WG.

Essentially, the low density of sulfur cathode stems from the 
active sulfur itself. Thermally stable α-sulfur has a true density 
and tap density of 2.07 and ≈1.0 g cm−3, respectively, which are 
much lower than those of the ternary oxide LiNixCoyMn1−x−yO2 
cathode (≈4.7 and ≈2.5 g cm−3, respectively), apart from the even 
lighter Li2S with a true density of 1.66  g cm−3. More severely, 
large amounts of carbon nanomaterials (nearly 30 wt%) are gen-
erally introduced into cathode as sulfur host for good utilization 
of active material. The light-weight carbon nanomaterials, with 
a low tap density of ≈0.1 g cm−3, further results in low density 
and high porosity of cathode. Besides sulfur cathode, lithium 
excess and electrolyte quantity, characterized by negative/posi-
tive (N/P) ratio and electrolyte/sulfur (E/S) ratio, also influence 
the WV of a full Li–S cell,[18b,20,34] and will be discussed in the 
following text.

Due to complexity of Li–S battery, it is essential to include 
all the key parameters of dominating WV in a mathematical 
model, such as density, porosity, sulfur loading, and fraction on 

the sulfur cathode, N/P ratio, and E/S ratio. Figure  2a shows 
the schematic illustration of a prismatic Li–S pouch cell con-
sisting of multilayer sulfur cathodes and lithium anodes with 
double side coating. To simplify the analysis, a single battery 
model, consisting of Cu foil, lithium anode, separator, sulfur 
cathode, and Al foil is adopted for calculation and discussion 
(Figure  2b). In this model, the electrode slurry is coated on 
single side of current collectors, and therefore the thickness of 
Al/Cu foils is calculated as a half of the real value. With this 
model, we propose that WV can be derived by

V
S areal S

cathode Li Al Cu separator
=

⋅ ⋅
+ + + +

−W
U m q

d d d d d
 (1)

in which U is the nominal voltage (2.1  V), mS-areal is the areal 
sulfur loading with single side coating (mg cm−2), qS is the 
average specific capacity of sulfur (1000 mAh g−1), dcathode, dLi, 
dAl, dCu, and dseparator are thickness of cathode, lithium anode, 
aluminum foil (7.5  µm), copper foil (4.5  µm), and separator 
(15 µm), respectively. According to International Union of Pure 
and Applied Chemistry (IUPAC), the symbol W is adopted to 
represent the energy capacity (work) of a practical cell upon dis-
charge under specified conditions.[36] In literatures, symbol E is 
sometimes used for the cell energy, which should be noted to 
avoid confusion.[18b,20,32b,37]

The calculated WV would be a little higher than that of a 
real cell due to the absence of the integrated consideration. 
Equation  (1) is founded based on three optimistic assump-
tions: 1) No cell swelling occurs; 2) Electrode volume remains 
unchanged upon cycling; 3) Electrolyte is accommodated in 
the pores of cathode and separator (ideally, lithium has no 
pore structures), and does not takes up extra volume. In prac-
tice, cell swelling possibly occurs because of the side reac-
tions between ethereal solvents and lithium that generate 
volatile decomposition products, such as CH4 and H2.[35b,38] 
Conversion-type sulfur cathode and lithium anode suffer large 
shrinkage or expansion upon cycling. After coupling together, 
their volume change can offset each other and the pouch 
cell has maximum volume at full charge state and reaches 
minimum volume at the end of discharge. The volume vari-
ation is around 5% and can be controlled by limiting the 
voltage range.[35a] The effect of electrolyte is a little bit com-
plicated. Lean electrolyte, which is often the case for pouch 
Li–S cells, makes assumption 3) reasonable and Equation  (1) 
valid. If flooded electrolyte is used, the effect of electrolyte 
will be non-negligible, which will be discussed separately in  
Section 2.2. Therefore, despite the rather optimistic assump-
tions, Equation  (1) still offers rational analysis of key param-
eters that dominate WV of a full Li–S cell.

Table 1. Comparison of Ni-rich intercalation cathode and sulfur cathode.

Characteristics Active material loading  
[mg cm−2]

Active material fraction  
[wt%]

Density  
[g cm−3]

Porosity  
[%]

WV-cathode  
[Wh L−1]

WV-cell [Wh L−1]

With lithium With graphite

LiNixCoyMn1−x−yO2 cathode 17 80–90 3 30 2000 1000 750

Sulfur cathode 5 50–70 0.5 70 880 550 410
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Density and porosity are two critical parameters to dominate 
the cathode volume. Density refers to the ratio of mass to the 
apparent volume, and porosity (ε) is the ratio of pore volume to 
the apparent volume, which is calculated by[39]

1
areal

electrode
ε ρ

= −
⋅∑m

w

d

i

i  (2)

in which mareal is the areal loading of electrode (mg cm−2), 
including sulfur, host, conductive agent, and binder, but not 
the current collector. wi and ρi are mass fraction (wt%) and 
true density (g cm−3) of the individual electrode component. 
delectrode is the electrode thickness (µm) without the current 
collector. The mass density (ρ) of cathode is related to the 
porosity by

1ε ρ
ρ

= − ⋅∑
wi

i
 (3)

For a conventional S/C cathode consisting of 70 wt% sulfur, 
20 wt% carbon nanotube (CNT), and 10 wt% poly(vinylidene flu-
oride) (PVDF), one can easily obtain the slope (≈0.4846) using 
Equation (3), as listed in Table S4 (Supporting Information).

In order to use the above model, we first estimate the N/P ratio. 
Apparently, the ideal case would be the perfect capacity matching 
of lithium and sulfur (N/P ratio = 1). However, the metallic 
lithium acts as both the anode active material and current col-
lector. It means that N/P ratio must be higher than 1, resulting 
in the reduction of the energy density (Figure  2d). Meanwhile, 
as lithium reservoir, metallic lithium anode suffers capacity loss 
due to its high sensitivity to organic electrolytes and inhomoge-
neous dissolution/deposition reactions, so that the excess lithium 
must be required to compensate the capacity loss. Therefore, N/P 
ratio is usually set to be near 2 in battery system, namely l00% 
lithium excess, which will be used in the following discussion of 
Section 2.1. and 2.2.

The dependence of WV on sulfur is shown in Figure  2e. 
Higher sulfur loading or fraction means more active mate-
rials in the cell and will no doubt enhance the energy density. 
Assuming the specific capacity of sulfur is 1000 mAh g−1, a 
frequently reported value in literatures, WV increases remark-
ably with increasing sulfur loading below ≈6  mg cm−2. For 
example, if the cathode density is 0.6  g cm−3 (≈71% porosity), 
a typical value for the state-of-the-art S/C cathode,[30b,31b] WV is 
estimated as 550 Wh L−1 at the sulfur loading of 6 mg cm−2 and 
the sulfur fraction of 70 wt%. When the sulfur loading exceeds 
6 mg cm−2, WV gradually reaches a plateau regardless of sulfur 

Figure 2. Key factors of dominating WV of Li–S battery: Influences of N/P ratio and sulfur cathode. a) Schematic of cross section of a pouch Li–S cell 
showing the multilayer cathodes/anodes with double side coating. b) A simplified cell model for calculating energy density, in which cathode and anode 
are coated on the single side of Al or Cu current collectors. In this case, the thickness of current collectors is calculated as a half of the real thickness in 
pouch cell. c) Schematic of sulfur cathode consisting of sulfur, host, conductive agent and binder. d) Dependence of WV on N/P ratio at different areal 
sulfur loadings. e) Dependence of WV on areal sulfur loading and sulfur fraction. f) Dependence of WV on areal sulfur loading and cathode density or 
porosity. g) Dependence of cathode density on the tap density of host materials and sulfur fraction of a cathode. To simplify the analysis, the calcluation 
in this review uses only the cell volume before discharge without considering the volume change caused by cathode expansion and litium shirnkage 
upon discharging. It should be noted that in practical electrode expansion/shrinkage and gaseous formation will alter the cell volume to some extent.[35]
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fraction. This implies that further increase of sulfur loading 
cannot enhance WV anymore, and we will call this the “plateau 
effect.” Given the utilization of sulfur decreases with increasing 
sulfur loading and fraction, it seems impossible for Li–S cells to 
reach 600 Wh L−1 by using the S/C cathode. Then, the cathode 
density or porosity begin to play a more influential role on WV. 
Figure 2f shows the dependence of WV on cathode density, in 
which sulfur fraction is set to be 70 wt%. In the sulfur loading 
of 6 mg cm−2, for instance, if the cathode density is increased 
to 0.9  g cm−3 (≈56% porosity) or 1.2  g cm−3 (≈42% porosity), 
WV can possibly reach 700 or 800 Wh L−1, comparable to that 
of Li-ion batteries. Interestingly, the “plateau effect” become 
less prominent at higher cathode density, indicating that higher 
sulfur loading is feasible to further enhance WV in this case. 
Specifically, WV can even reach 900 Wh L−1 when the cathode 
density is raised to 1.5  g cm−3 (≈27% porosity) at 7  mg cm−2 
sulfur loading. Note that ultrathin lithium foil below 30  µm 
is currently unavailable in industrial manufacture,[34] the WV 
below 3 mg cm−2 sulfur loading would be very optimistic.

Given the high dependence of WV on cathode density, the 
next question is how to effectively increase the cathode density. 
Generally, increasing the densities of all the components would 
be helpful for achieving this purpose (Figure 2c). Here, the tap 
density is introduced for the basic analysis. Tap density refers 
to the apparent density of powder material, which can be easily 
measured by the ratio of mass and volume after mechanically 
tapping the graduated cylinder or vessel with powder materials. 
Thus, the mass density of the cathode (ρ) can be roughly esti-
mated according to the mass balance as[31b]

wi

iρ ρ
≈ ∑

−

1

tap
 (4)

where ρi-tap is the tap density of each component within the 
cathode, including composite powder, binder, and conduc-
tive agent. Here, the cathode is the integral electrode (without 
current collector) that is prepared by conventional slurry casting 
without calendering process. The estimated cathode density 
from Equation  (4) is lower, but close to the real value.[31b] The 
difference can be attributed to the following factors, i.e., the 
porous electrode architecture of different components and 
adhesive effect of binder. In this review, the sulfur-based com-
posite and the corresponding tap density appear frequently. 
To avoid confusion, the sulfur-based composite refers in par-
ticular to the composite materials of sulfur and host materials 
(i.e., carbon, oxide, or sulfide) prepared by melt diffusion or 
chemical deposition, and the tap density of composite powder 
is measured as aforementioned.

Considering that sulfur, conductive carbon (CNT), and 
binder (PVDF), with tap densities of ≈1, 0.1, and 0.5 g cm−3, are 
usually permanent and hard to change, the feasible solution to 
tune the cathode density is to change the host materials.[31a,b] 
The relationship between cathode density and tap density of 
host is shown in Figure  2g. Similar to the dependence of WV 
on the sulfur loading, two regimes are observed with respect 
to the density relationship. Below ≈0.5  g cm−3, the cathode 
density increases sharply with increasing tap density of host. 
Above ≈0.5 g cm−3, “plateau effect” appears, meaning that the 
cathode density does not change much with further increasing 

tap density of host. This inspires us that, on the one hand, 
increasing the tap density of host is effective in enhancing the 
cathode density; but on the other hand, chasing the highest tap 
density of host materials is not a wise strategy for host selection. 
When the density plateau appears, other criteria, including con-
ductivity, adsorption ability and catalytic activity should be con-
sidered in order to make the cathode more electroactive. What’s 
more, higher sulfur fraction also favors a higher cathode den-
sity because sulfur generally has a larger tap density than other 
components (i.e., conductive carbon and binder).

2.2. The Influence of E/S Ratio

Electrolyte quantity is an important parameter for full Li–S cell. 
As aforementioned, Equation  (1) is valid under lean electrolyte 
conditions. If flooded electrolyte is incoorporated, electrolyte will 
exert some effects on WV because it takes up extra volume in 
the cell. To elucidate such effect, an assumption is first made, 
i.e., electrolyte fills into the pores of cathode and separator with 
priority and then the gaps between separator and electrodes. 
Lithium anode is considered as completely compact without any 
pore structures. The minimum electrolyte quantity filling up 
the pores is defined as the E/S threshold, which is porosity- or 
density-dependent and shows limited dependence on areal sulfur 
loading (Figure 3a). For a cathode with 6 mg cm−2 sulfur loading 
and 70 wt% sulfur fraction, the E/S threshold for 71%, 56%, and 
42% porosity is 1.8, 1.0, and 0.6 µL mg−1, respectively. Note that 
the E/S threshold should change with the porosity variation of 
sulfur cathode upon cycling, and here only the full-charge state is 
considered to simplify the discussion.

When E/S ratio exceeds the threshold, the calculation of WV 
can be given by amending euqation (1) as

V
S areal S

cathode Li Al Cu separator electrolyte
=

⋅ ⋅
+ + + + +

−W
U m q

d d d d d d
 (5)

in which delectrolyte refers to the thickness of electrolyte. Clearly, 
WV declines remarkably with electrolyte quantity (Figure  3b), 
thus suggesting the nessecity of reducing E/S ratio. Also, it 
is interesting to note that WV in this case is independent of 
cathode porosity or density, as shown by the completely over-
lapping curve for 6 mg cm−2 sulfur cathode. This is a universal 
phonommenon and can be easily understood if electrolyte and 
cathode are taken as a whole. Equation (S17) (Supporting Infor-
mation) confirms that when E/S ratio exceeds E/S threshold, 
the sum of cathode thickness and electrolyte thickness is a fuc-
tion of sulfur fraction and areal sulfur loading, with no relation 
with cathode porosity or density. To further elucidate the effect 
of electrolyte quantity, the relationship between E/S ratio and 
gravimetric energy density (WG) is analyzed according to

E/S ratio
G

S areal S

S areal electrolyteρ ρ( )=
⋅ ⋅

∑ ⋅ + ⋅ ⋅
−

−
W

U m q

d mi i
 (6)

in which di and ρi are the thickness and mass density of each 
part of the cell (cathode, anode, separator, Al foil, and Cu foil), 
respectively. ρelectrolyte is the mass density (≈1.1 g cm−3) of con-
ventional ether electrolyte, i.e., 1 m LiTFSI and 2 wt% LiNO3 
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in 1,3-dioxolane (DOL)/1, 2-dimethoxyethane (DME) (1:1 by 
volume). The estimated energy density should be optimistic 
due to the absence of packages. It is shown in Figure  3c that 
low E/S ratio and high sulfur loading are both indispensable 
for high WG. For a cell (6  mg cm−2 sulfur loading) to achieve 
500, 400, and 300 Wh kg−1, the minimum E/S ratio should be 1, 
2, and 3.6 µL mg−1, respectively. Figure 3d compares the mass 
and volume percentage of each component within a cell under 
2 µL mg−1 electrolyte, a value close to the common E/S ratio in 
pouch Li–-S cells.[30b,40] It is seen that cathode and electrolyte 
account for the biggest share of volume and mass, respectively, 
thus highlighting their critcal role in dominating the WV and 
WG. In lean electrolyte of 2 µL mg−1, the influence of electrolyte 
on WV is limited, as shown by the low volume percentage 
(≈5%) in Figure  3d. But this influence will become notable if 
excess electrolyte is used. At 2.5 and 3  µL mg−1, the volume 
percentages of electrolyte sharply increase to 15.7% and 24.1%, 
respectively. This suggests that low E/S ratio is important to 

both WV and WG of Li–S cells. Table 2 shows the critical param-
eters for achieving target energy densities, including sulfur 
loading, sulfur fraction, cathode density, cathode porosity as 
well as E/S ratio. Note that although low E/S ratio benefits the 
energy density, lean electrolyte Li–S cell still faces many prob-
lems because of the sluggish reaction kinetics and aggravated 
polysulfides shuttle, which is well addressed in some excellent 
papers[41] and beyond the scope of this review.

3. Recent Progress on WV of Li–S Battery

3.1. Li–S Coin Cells with Slurry Cast Cathode

Typically, sulfur, host, conductive agent, and binder are mixed 
to form an aqueous or nonaqueous slurry, which is then coated 
on the current collector to fabricate the slurry cast cathode. 
This technology is compatible with the large-scale production 

Figure 3. The influences of E/S ratio on WV/WG of Li–S battery. a) The minimum electrolyte quantity, or E/S ratio threshold, that fills up the pores of 
cathode and separator as a function of cathode density/porosity, based on the assumption that lithium surface is completely flat without pore struc-
tures. b) Dependence of WV on electrolyte quantity when E/S ratio exceeds the threshold by assuming N/P ratio is 2 and sulfur fraction is 70 wt%. 
When excess electrolyte is used, electrolyte fills not only the pores of cathode and separator but also the gaps between electrode and separator, and 
thus takes up some volume of the cell. c) Dependence of WG on E/S ratio and areal sulfur loading. d) Volume and mass fraction of each component 
(cathode, anode, electrolyte, Al foil, Cu foil, and separator) in a full Li–S cell at E/S ratio of 2 µL mg−1. Sulfur cathode and electrolyte occupy the highest 
volume share (59%) and weight share (42%) of the full cell, respectively.
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of electrodes and is the most reported in literatures (Table 3). 
Unless otherwise noted, the current collector is not considered 
for calculating energy densities of cathode, as discussed in the 
text and in Table 3.

3.1.1. High WV Based on Compact Carbon Host

Carbon nanomaterials, such as CNT, graphene, carbon fibers, 
and ketjen black (KB), are the most widely used hosts of sulfur 
due to the high conductivity, abundant pores, and high spe-
cific area. As aforementioned, although high WG is obtained 
by using carbon nanomaterials as host materials, such light-
weight hosts inevitably decrease the cathode density and WV. 
Replacing the porous carbon with compact carbon could be a 
feasible approach to improve WV.

For instance, Liu group designed a sandwich-type sulfur/
graphene composite with functionalized graphene sheets/
stacks.[55] The composite, with 70 wt% sulfur, presents  
a high tap density of 0.92  g cm−3

-composite, superior to the  
0.35–0.40 g cm−3

-composite of the conventional sulfur/mesoporous 
carbon composite, leading to the high volumetric capacity 
of 464 mAh cm−3

-composite at 1C rate. Generally, microsized 
spheres possess the relatively high tap density due to the closely 
packed structure, and the contact resistance between micro-
sized spheres could be reduced owing to the lower number 
of particle–particle interfaces.[28] Inspired by this, Wang group 
prepared porous spherical carbon (PSC) with both microsized 
spherical morphology and hierarchical mesoporous structure 
using a combination of the emulsion polymerization and evap-
oration induced self-assembly method. The tap density of the 
S/PSC composite (75 wt%) is 1.08 g cm−3

-composite, much higher 
than that of the S/super P composite (0.39 g cm−3

-composite). Soon 
later, the high tap densities of 0.95 and 1.13 g cm−3

-composite were 
also obtained by the same group for sulfur-based composites 
with CNT-interpenetrated N-doped carbon spheres (Figure 4a) 
and pyrolyzed polyacrylonitrile-KB, respectively.[65] The high 
tap density can also be achieved by the space-efficient packing 
of nanosized primary particles in the microsized secondary 
particle, as demonstrated in the compact pomegranate-like 
carbon cluster-encapsulated sulfur cathode.[51]

By tuning the pore structure, graphene can be used as sulfur 
host to achieve a high density.[42,47,66] Yang group prepared a com-
pact sulfur/reduced graphene oxide (S/rGO) composite utilizing 
H2S as both sulfur source and reducing agent to trigger the 
self-assembly of rGO. The S/rGO composite has a high density 
up to 1.53 g cm−3

-composite at a low sulfur fraction of 32 wt%.[42] 
Graphene bulk materials with “ink-bottle-like” pores (Figure 4b) 

have the advantage of high density (0.6–1.2  g cm−3) by com-
pressing the pore percentage from 69% to 29%, superior to the 
light graphene or CNT (≈0.3 g cm−3).[47] With the help of such 
compact graphene, the sulfur cathode with the sulfur loading 
of 5.3 mg cm−2 and 54 wt% fraction shows the high density of 
1.13 g cm−3

-cathode, and high WV of 1131 Wh L−1
-cathode based on 

the cathode volume. The similar dense integration of graphene 
can be also demonstrated in sulfur-based composites with the 
corresponding tap density as high as 1.265 g cm−3

-composite.[66]

Except for microsized or bulk carbon, the tightly packed nano-
sized carbon can also provide high density. For example, the 
compact sulfur cathode, with the interconnected close-packed 
N-doped porous carbon nanospheres as host (Figure  4c), pre-
sents the high density of 1.68  g cm−3

-cathode and overwhelming 
WV of 2619  Wh L−1

-cathode based on cathode volume.[46] Owing 
to the highly ordered structures composed of metal ions and 
organic ligands, metal–organic-frameworks (MOFs) could derive 
heteroatom- and metal-doped carbon by carbonization or etching 
method without structural destruction. The refined structure 
makes these carbon materials suitable for compact host of sulfur. 
For instance, Kang group prepared 3D interconnected and open 
porous carbon by self-assembly of Zn, Co-bimetallic ZIF nano-
particles and following pyrolysis process (Figure  4d).[29b] The 
resultant cathode exhibits the high density of 1.24 g cm−3

-cathode at 
the sulfur loading of 10.3 mg cm−2, and achieves the desirable WV 
of 1777 Wh L−1

-cathode at 0.1C rate. When hollow N-doped carbon 
materials from imidazolium-based ionic polymer-encapsulated 
zeolitic imidazolate framework-8 are used as host, the high den-
sity of 1.36 g cm−3

-cathode and high WV of 1892 Wh L−1
-cathode can 

be obtained for the cathode under the sulfur fraction of 58.5 wt% 
and sulfur loading of 3.6 mg cm−2.[53]

For the light-weight carbon nanomaterials as host of sulfur, 
increasing sulfur fraction is also a feasible way to enhance the 
cathode density.[67] As shown in Figure  4e, after increasing 
sulfur fraction from 54 to 90 wt%, the density of sulfur/
aligned CNT composite can be increased gradually from 0.4 to 
1.98  g cm−3

-composite, leading to a marked improvement of WV 
from 420 to 2232  Wh L−1

-cathode.[26] In the case of the hybrid  
S/rGO-VS2 composite, similar tendency is observed, where the 
tap density increases stepwise from 1.02 to 1.84 g cm−3

-composite 
with increasing sulfur fraction from 64 to 89 wt%.[57] To obtain 
a compact cathode, Nazar group reported a comprehensive 
approach by coupling a multifunctional and hierarchically 
structured sulfur composite with an in situ cross-linked binder 
(Figure  4f).[29a] The in situ esterification results in a compact 
and crack-free sulfur cathode with a high sulfur loading up 
to 14.9  mg cm−2 and decent electrochemical performance at 
low E/S ratio of 3.5  µL mg−1. Correspondingly, the cathode 

Table 2. Representative energy densities at different parameters for Li–S battery.

Sulfur loading  
[mg cm−2]

Sulfur fraction  
[wt%]

Cathode density  
[g cm−3]

Cathode porosity  
[%]

E/S ratio  
[µL mg−1]

WV-cell  
[Wh L−1]

WG-cell  
[Wh kg−1]

4 60 0.6 71 3 390 290

6 70 0.6 71 3 420 330

6 70 0.9 56 3 420 330

6 70 0.9 56 2 520 400

6 70 1.2 42 2 520 400

6 70 1.2 42 1 700 500
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has an improved density of 0.76  g cm−3
-cathode and WV of 

1035 Wh L−1
-cathode at 0.06C rate.

3.1.2. High WV Based on Carbon-Free or Hybrid Host

Carbon-free host materials refer to metal oxides, sulfides, 
nitrides and carbides herein. Compared with light-weight 

carbon, carbon-free host intrinsically possesses a higher den-
sity and therefore has the natural advantage in fabricating a 
compact cathode, as discussed in Figure 2g. The tap densities 
of sulfur-based composites based on porous carbon, com-
pact carbon, and carbon-free host are illustrated in Figure 5e. 
Introducing carbon-free host into cathode can date back to 
2004, when Mg0.5Ni0.5O was utilized as a nanosized adsorbing 
additive,[68] followed by a variety of materials, such as TiO2,[69] 

Table 3. Gravimetric/volumetric energy densities of slurry cast sulfur cathodes and corresponding full cells.

Sulfur host C-rate Sulfur  
loading  

[mg cm−2]

Sulfur  
fraction  
[wt%]

Areal  
capacity  

[mAh cm−2]

Cathode  
density  
[g cm−3]

Cathode  
thickness  

[µm]

Voltage  
[V]

Cathodea) E/S  
[µL mg−1]

Cellb) Ref.

WV  
[Wh L−1]

WG  
[Wh kg−1]

WV  
[Wh L−1]

WG  
[Wh kg−1]

Graphene 0.5C 0.576 25.6 0.434 1.07 21 2.1 433.4 405 — 155 101 [42]

Super P/MWCNT 0.1C 1.5 80 1.1 0.83 22.6 2.1 ≈1050 ≈1260 — 396 232 [43]

Graphene/graphite 0.1C 3.6 55.3 — — — 2.1 1565 — — 326 [44]

Ketjen black 0.01C 6 67.5 7.8 0.61 146 2.1 1132 1857 — 543 393 [45]

3D carbon network 0.1C 10.9 74 10.3 1.24 118 2.05 1777 1433 6 904 446 [29b]

Carbon nanospheres 0.05C 5 59.5 5.3 1.68 50 2.1 2249 1331 6 831 364 [46]

Ketjen black 0.1C 4 64 3.9 1.04 60 2.1 1360 1280 — 664 351 [30b]

Aligned CNT 0.1C 1.2 76.5 0.893 1.98 8 2.0 2232 1127 — 539 200 [26]

Dense graphene 0.1C 5.6 54 5.8 1.16 89 2.1 1371 1182 — 685 362 [47]

Carbon 0.1C 4 61 5.4 0.765 86 2.1 1319 1729 4 552 346 [48]

MWCNT 0.06C 4 64 4.73 0.52 120 2.1 828 1590 3.3 450 351 [16]

Ketjen Black 0.1C 3.5 64 3.5 0.68 80 2.1 919 1344 — 518 337 [49]

Acetylene Black 0.06C 6.7 75.4 7.5 0.74 120 2.1 1312 1773 5 660 414 [50]

Carbon cluster 0.2C 2 63 2.2 1.27 25 2.1 1848 1455 — 512 263 [51]

Super P 0.2C 1 49.3 1.02 0.95 21 2.1 1004 1054 — 268 166 [52]

Hollow carbon 0.1C 3.6 58.5 4.03 1.36 45 2.1 1892 1383 10 701 332 [53]

Carbon nanotiles 0.06C — 65.3 — 1.5 — 2.1 1790 1193 — [54]

Graphene 0.1C — 56.8 — 1.6 — 2.1 1827 1133 — [55]

Active Mo6S8  
(42.25 wt%)

0.05C 6.2 42.75 7.8 1.2 121 2.1 1217 1015 2.4 702 384 [32b]

La0.8Sr0.2MnO3 0.024C 6.2 65 7.2 1.7 54 2.05 2727 1551 7 901 392 [31b]

Organosulfur  
(70 wt%)

0.27C 7.07 70 5.05 2 51 1.96 1959 980 7.1 1001 410 [56]

Graphene/VS2 0.1C 2.56 71.2 2.6 1.64 22 2.1 2482 1515 10 681 305 [57]

Ti3C2Tx 0.03C 10.05 59 10.04 4.48 38 2.0 5281 1179 8 1286 412 [31c]

Ti3C2 MXene 0.05C 13.8 64.2 13.7 3.7 58 1.95 4599 1243 10 1311 440 [58]

Graphite C3N4 0.05C 5 60 4.27 0.56 150 2.1 602.5 1076 466 365 [59]

Graphene/C3N4 0.06C 5.2 65.5 5.15 0.76 105 2.1 1035 1362 5 597 378 [29a]

Co(OH)2/hydroxides 0.1C 3 52.5 3.04 1.27 45 2.1 1420 1118 620 304 [60]

CNT/TiS2 0.2C 2.8 68.9 2.24 0.9 45 2.1 1042 1158 10 576 315 [61]

LiNi0.8Co0.1Mn0.1O2 0.1C 1 49 1.26 1.96 10.4 2.1 2550 1239 10 312 166 [62]

SPAN 0.1C 3.5 38.4 5.07 1.54 60 1.8 1528 992 10.4 609 289 [63]

SiO2 0.2C 4 52 3.8 1.77 44 2.1 1850 1046 15 764 331 [64]

a)Without considering the current collector. The data are collected or derived from literatures; b)Renomorlized energy densities based on full cell for better comparison. 
The full cell configuration adopts the model in Figure 2b. N/P ratio is set to be 2 for areal sulfur loading exceeding 3 mg cm−2 and lithium foil of 30 µm is used for sulfur 
loading below 3 mg cm−2. To simulate the practical pouch cell, a E/S ratio of 2 µL mg−1 is assumed. Since the influence of lean electrolyte on WV is limited (shown in 
Figure 3d), the calculation of WV uses only cathode parameters, including the areal sulfur loading, sulfur fraction and cathode density according to Equation  (1). Two 
cathode parameters (areal sulfur loading and sulfur fraction) and one electrolyte parameter (E/S ratio) are used for calculating WG according to Equation (6).

Adv. Mater. 2020, 2003955



© 2020 Wiley-VCH GmbH2003955 (9 of 23)

www.advmat.dewww.advancedsciencenews.com

TiO,[70] Ti4O7,[71] MnO2,[72] CeO2,[73] MoS2,[74] VS4,[75] CoS2,[76] 
TiN,[77] Co4N,[78] MgB2,[79] Pt,[80] and Co.[81] In most cases, these 
publications concentrate on the adsorption or catalysis role of 
carbon-free host materials without consideration of the densi-
fication effect. Usually, the metal compound nanomaterials are 
supported on carbon matrix to form a hybrid host for further 
improving the adsorption or catalysis effect.

More recently, heavy and catalytic metal compounds are 
introduced into carbon-free host materials to enhance the WV 
for Li–S battery, including NiFe2O4,[83] NiCo2O4,[31a] CoOOH,[82] 
LiNi0.8Co0.1Mn0.1O2,[62] RuO2,[84] La0.8Sr0.2MnO3,[31b] and 
Nb18W16O93 (Figure  5).[85] These heavy metal oxides not only 
benefit the fabrication of the compact cathode, but also help 
to supress the shuttle of soluble lithium polysulfides (LiPS) 
through the superior catalytic feature or adsorption ability. 
Taking La0.8Sr0.2MnO3 nanofibers as example (Figure  5c), the 
metal oxide exhibits a high tap density up to ≈2.6 g cm−3. The 
good conductive framework constructed by nanofibers facili-
tates the high sulfur loading (65 wt% and >4  mg cm−2) and 
fast mass transfer of soluble LiPS. Correspondingly, the pre-
pared compact S/La0.8Sr0.2MnO3 cathode shows desired den-
sity and porosity of 0.98  g cm−3

-cathode and 55%, respectively 
(Figure 5f).[31b] Moreover, La0.8Sr0.2MnO3 can serve as efficient 
electrocatalyst for facilitating the conversion of soluble LiPS by 
enhancing the diffusion, adsorption, and charge-transfer pro-
cesses on the electrolyte/electrode interface. As a result, high 
WV of 1787  Wh L−1

-cathode and high WG of 1783  Wh kg−1
-cathode 

are obtained simultaneously for the S/La0.8Sr0.2MnO3 cathode 
under the sulfur loading of 6.2 mg cm−2 and electrolyte quantity 
of 7  µL mg−1 (Figure  5f). Besides, graphite C3N4,[59] Co9S8,[31d] 
Co(OH)2/hydroxides,[60] and CoMn2O4

[86] are also reported to 

serve as carbon-free host materials. Also, MXene-based host 
materials were recently introduced into sulfur cathode by Wang 
group (Figure  5d).[31c,58] The prepared flower-like Ti3C2Tx pos-
sesses a high electronic conducitivity up to 104 S cm−1, so that 
it serves as both carbon-free host and conductive agent. The 
resultant S/Ti3C2Tx cathode cathode synchronously acquires a 
high areal capacity of 10.04 mAh cm−2 which corresponds to the 
ultrahigh WV of 5281 Wh L−1

-cathode.
Combining carbon matrix and carbon-free nanoparticles 

to form a hybrid host is a common strategy in Li–S battery 
(Figure 6). The hybrid host inherits some of the unique advan-
tages of their individual components, such as suitable conduc-
tivity, high density, and good catalytic/adsorption feature. For 
example, benefiting from the tightly stacked architecture and 
polar adsorption of VS2, the elastic sandwich-structured S/
rGO/VS2 composite can accommodate the volume expansion 
upon cycling, and symutaneously exhibits a good electroac-
tivity.[57] Under high sulfur fraction of 89 wt%, the composite 
presents a high tap density of 1.84  g cm−3

-composite, leading to 
high volumetric capacity of 1182.1 mAh cm−3

-composite. Similarly, 
the mesoporous FePO4/carbon as hybrid host is also helpful 
to fabricate the compact sulfur cathode with good cycling 
performance.[87]

Although WV can be enhanced through compact hosts, most 
of the hosts are electrochemically inert in the working window 
of Li–S battery, and thus sacrifice at least 10–20 wt% mass frac-
tion of the cathode. Therefore, employing electrochemical active 
materials as sulfur host is also attempted recently. A variety of 
metal chalcogenides (oxides or sulfides) can react with lithium 
near the electrochemical window of S8 (1.7–2.8 V, vs Li/Li+), as 
shown in Figure 7a. These materials are able to contribute extra 

Figure 4. Compact carbon host to enhance WV. a) Carbon-nanotube-interpenetrated mesoporous N-doped carbon spheres (MNCS/CNT). Reproduced 
with permission.[65a] Copyright 2015, Wiley-VCH. b) High density graphene bulk materials with “ink-bottle-like” mesopores. Reproduced with permis-
sion.[47] Copyright 2018, Wiley-VCH. c) Monodisperse nitrogen-doped carbon nanospheres (NCNS). Reproduced with permission.[46] Copyright 2017, 
Wiley-VCH. d) SEM image of open porous 3D network derived from Zn, Co-bimetallic ZIF nanoparticles. Reproduced with permission.[29b] Copyright 
2018, Elsevier. e) Dependence of density of sulfur/aligned CNT composite on sulfur loading. Reproduced with permission.[26] Copyright 2014, Elsevier. 
f) Schematic illustration of coupling hierarchical sulfur composite based on a hybrid host with in situ cross-linked binder for compact and thick sulfur 
cathodes. Reproduced with permission.[29a] Copyright 2017, Wiley-VCH.
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capacity by acting as active materials. Figure 7b shows the dis-
charge–charge curves of S/FeS2/FeS composite in ether-based 
electrolyte, in which a sloped potential plateau is presented 
with a high specific capacity over 2000 mAh g−1

-sulfur based on 
sulfur mass.[32a] The composite (sulfur: FeS2/FeS = 29.1:30 by 
weight) exhibits a high tap density of 1.4 g cm−3

-composite, which 
corresponds to a compaction density of 2.04 g cm−3

-composite and 
an ultrahigh volumetric capacity of 2031 mAh cm−3

-composite 
after 30 cycles.[32a] Li group and his co-workers adopted Mo6S8, 
a cathode material for Mg and aqueous Li-ion batteries, as 
heavy and active host successfully (Figure 7c).[32b] Mo6S8 under-
goes an electrochemical reaction of 4Li++4e−+Mo6S8↔Li4Mo6S8 
and delivers a theoretical specific capacity of 128 mAh g−1 in 
1.7–2.8  V (vs Li/Li+).[32b] Moreover, Mo6S8 possesses a good  
electronic/ionic conductivity, and exhibits high affinity for 
intermediate LiPS, making itself ideal backbone to immobilize 
sulfur as well as to ensure a good electrochemical performance. 
A typical S/Mo6S8 hybrid cathode is composed of 42.75 wt% 
sulfur, 42.25 wt% Mo6S8, 10 wt% carbon, and 5 wt% binder. 
With the compact structure and low porosity of 55%, the elec-
trolyte/active materials (E/AM) ratio is decreased to 1.2 µL mg−1. 
Both high WG and WV (402 Wh kg−1

-cell and 731 Wh L−1
-cell) are 

achieved simultaneously with respect to the full cell volume 
and mass in the coin-cell configuration, outperforming state-
of-the-art Li-ion batteries. In pouch cells (1 Ah) with multilayer 

S/Mo6S8 cathodes and lithium anodes (≈2 × excess lithium), 
high energy densities of 366 Wh kg−1

-cell and 581 Wh L−1
-cell are 

achieved. Besides, CuS,[90] VO2,[32c] RuO2,[84,91] and TiS2
[92] have 

also been reported to serve as capacity-contributing hosts.
As noted in Figure 7a that heavy metal chalcogenides usually 

have limited specific capacity (<600 mAh g−1) in comparison to 
light-weight sulfur (≈1200 mAh g−1). It means that the gravi-
metric capacity of cathode is dominated mainly by sulfur frac-
tion, while the volumetric capacity of cathode is greatly related 
to the densification effect of heavy metal compounds. The 
capacity contribution from metal chalcogenides is not promi-
nent until the mass fraction reaches a high level of ≈40 wt%, 
which would sacrifice the sulfur fraction and hence the WG. 
The advantages and disadvantages coexist in terms of intro-
ducing hybrid cathode into Li–S battery, and the optimization/
design should be considered between WV and WG in battery.

3.1.3. High WV Based on Sulfur-Rich Materials

As active material, sulfur takes up the highest mass frac-
tion, and therefore the most significant impacts on the 
cathode density. Accordingly, a feasible strategy for enhancing 
cathode density is to replace sulfur with sulfur-rich materials 
that have a higher density than the elemental sulfur. Here, 

Figure 5. Heavy carbon-free host materials (metal oxides, sulfides, etc.) to improve WV. SEM images of a) hollow NiCo2O4 nanofibers. Reproduced 
with permission.[31a] Copyright 2019, Wiley-VCH. b) CoOOH sheets. Reproduced with permission.[82] Copyright 2019, Wiley-VCH. c) La0.8Sr0.2MnO3 
nanofibers. Reproduced with permission.[31b] Copyright 2020, Wiley-VCH. d) flower-like Ti3C2Tx. Reproduced with permission.[31c] Copyright 2019, 
American Chemical Society. e) Tap density of different sulfur-based composites with porous carbon, compact carbon, and carbon-free host mate-
rials: S/Ketjen black,[65b] S/Super P,[28] S/CNT,[83] S/Graphene sheet,[55] S/Spherical carbon,[28] S/Dense graphene,[66] S/NCM 811,[62] S/NiCo2O4,[31a]  
S/La0.8Sr0.2MnO3,[31b] S/CoOOH,[82] and S/rGO/VS2.[57] f) Comparison of WV and WG between S/La0.8Sr0.2MnO3 and sulfur/aligned carbon nanotubes 
(S/A-CNT) cathodes. The inset shows the SEM images of the compact S/La0.8Sr0.2MnO3 cathode and porous S/A-CNT cathode, and the density and 
porosity are also indicated. Reproduced with permission.[31b] Copyright 2020, Wiley-VCH.
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sulfur-rich materials refer to sulfur compounds or derivatives 
that have a high percentage of sulfur atom in the molecules and 
simultaneously possess a similar electrochemical behavior to 
that of sulfur. Such materials include sulfurized polymer,[5a,101] 
organosulfur,[102] sulfur–selenium solid solution (SexSy),[103] 
sulfur–tellurium (TexSy),[104] phosphor–sulfur compounds 
(P2Sx),[105] and metal polysulfides (MoS3, TiS4, and FeSx).[106] 
SPAN, first reported by Wang et  al. in 2002, is a typical sul-
furized-polymer with a sulfur fraction of ≈45 wt% and exhibits 
excellent lithium storage capability.[5a,107] Sulfur in SPAN under-
goes a solid–solid conversion and shows a slope discharge curve 
between 1.0 and 2.5  V (vs Li/Li+).[108] Amorphous MoS3, with 
a chainlike molecular structure of molybdenum ions bridged 
by sulfide and disulfide ligands (Figure  8a, inset), also serves 
as typical sulfur-rich material which displays similar voltage to 
that of the sulfur/microporous carbon or SPAN (Figure 8a).[106a] 
SexSy behaves more like elemental sulfur and shows the typical 
two voltage plateaus in ether electrolyte (Figure 8b).[103a,b]

Sulfur-rich materials extend the category of cathode materials 
for Li–S battery. In particular, some sulfides as typical sulfur-
rich materials, such as MoS3, SeS, TeS3, and TiS3, possess high 
theoretical densities of 3.72, 4.66, 4.297, and 2.94 g cm−3, respec-
tively (Table S19, Supporting Information).[109] This provides 
a promising opportunity to fabricate dense cathodes owing 
to their inherent higher density than that of elemental sulfur 
(2.07  g cm−3). Notably, as for the sulfur–selenium solid solu-
tion, Se can act as active materials in a similar working window 
(1–3  V, vs Li/Li+) to sulfur.[110] The theoretical gravimetric 

and volumetric capacities of SeS are 968 mAh g−1 and 
4510 mAh cm−3, respectively. However, sulfurized polymer and 
organosulfur contain light chains/groups (including CH3, 
CC, and CN), which are not favorable for enhancing 
the density. By using a simple “back of the envelope” method 
proposed by Girolami,[111] the true density of sulfur-limonene 
polysulfide (2 limonene units and 12 sulfur atoms in a mole-
cule) is predicted to be ≈1.13 g cm−3, only a half that of elemental 
sulfur. The true density of sulfurized polymer varies with sulfur 
content. The sulfurized polymer shows a high dispersion owing 
to the polydispersity of polymer molecules. Due to the lack of 
data in published literatures, the true density of SPAN here 
is roughly estimated using pure sulfur (2.07 g cm−3) and pure 
PAN (1.187 g cm−3) without considering the molecular configu-
ration and bonding formation during pyrolysis. Thus, 48 wt% 
sulfur and 52 wt% PAN yield a true density of ≈1.52 g cm−3 for 
SPAN. Obviously, light-weight sulfur-rich material is not a good 
choice in terms of enhancing the cathode density.

Good demonstration for enhancing WV through heavy 
sulfur-rich materials is given in selenium-doped poly(diallyl 
terasulfide) (PDATtSSe) system,[56] which can be directly 
reduced to short-chain lithium sulfide and selenium prod-
ucts (Li2SSe, Li2S2Se, RSLi, RS2Li, RS2SeLi), without forming 
long-chain LiPS in ether-based electrolyte. PDATtSSe under-
goes a similar reaction pathway to SPAN, but exhibits a higher 
and more flat voltage plateau during discharge (Figure  8c). 
Importantly, PDATtSSe has a really high tap density of 
3.51 g cm−3

-PDATtSSe, and the resultant cathode density reaches 

Figure 6. Hybrid host to improve WV: a) Schematic illustration of metal oxide/sulfide nanoparticles on carbon matrix to form hybrid host that possesses 
both high density and good conductivity. b–d) Hybrid host. b) TEM image of VS2/rGO. Reproduced with permission.[57] Copyright 2018, Wiley-VCH. 
c) SEM image of VO2/CNT Reproduced with permission.[88] Copyright 2019, Elsevier. d) TEM image of NiFe2O4/CNT. Reproduced with permission.[89] 
Copyright 2015, American Chemical Society.
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a mass density of 2  g cm−3
-cathode that is close to that of the 

elemental sulfur (Figure  8d). The high energy densities of 
1959  Wh L−1

-cathode and 980  Wh kg−1
-cathode are obtained based 

on cathode volume and mass, respectively. Recently, compact 
phosphorus-sulfur/graphene composite is reported to serve as 
flexible cathode (Figure 8e).[105] At high temperature of 320 °C, 
phosphorus reacts with sulfur to form a phosphorus–sulfur 

compound (P2Sx), which is a clay-like material. After pressing 
to thin flakes of 30–45  µm, the phosphorus–sulfur/graphene 
cathode achieves a high density of 2.16  g cm−3

-cathode, and the 
corresponding high energy densities of 3480 Wh L−1

-cathode and 
1611 Wh kg−1

-cathode are achieved at low 0.06C rate and E/S ratio 
of 35  µL mg−1. Although the advantage in enhancing WV is 
impressive, the high WG of the cell with sulfur-rich materials 

Figure 7. Electrochemically active metal oxides/sulfides for enhancing WV. a) Potential (vs Li/Li+) versus specific capacity of several active metal oxides 
and sulfides: Mo6S8,[32b] amorphous MoS2,[93] VO2,[94] V2O5,[95] TiS2,[92b,96] RuO2,[97] FeS,[98] FeS2,[99] CuS.[100] b) Discharge–charge curves of hybrid S/
FeS2/FeS composite in ether-based electrolyte. Reproduced with permission.[32a] Copyright 2019, Wiley-VCH. c) Demonstration of sulfur/Mo6S8 hybrid 
cathode. The role of the Chevrel-phase Mo6S8 in the S8/Mo6S8 cathode, including a prelithiation before sulfur reduction above 2.4 V (vs Li/Li+) in step 
I, and a postlithiation in step II where the interaction between LiPS and LiMo6S8/Li3Mo6S8 is formed and the intercalation reaction in LixMo6S8 provides 
a fast Li-ion transport channel for sulfur reduction. Reproduced with permission.[32b] Copyright 2019, Springer Nature.
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should be initially guaranteed. As shown in Table S19 (Sup-
porting Information), the sulfur content in sulfur-rich materials 
is generally limited within 80 wt%. Assuming a complete con-
version of sulfur to lithium sulfide, the theoretical capacities 
of MoS3 and PDATtSSe are only 837 and 742 mAh g−1, respec-
tively. Therefore, the optimization design of WV and WG should 
be considered preferentially for practical application.

3.2. Li–S Coin Cells with Freestanding Sulfur Cathode

Different from slurry cast cathode made by powders and cur-
rent collector, the freestanding cathode is constructed by uti-
lizing CNTs, graphene, carbon nanofibers (CNF), or other 
carbon materials as conductive scaffold without the binder and 
current collector.[27b,30a,112] High sulfur loading (>10  mg cm−2) 
and high areal capacity (>10 mAh cm−2) can be easily achieved 
through freestanding cathode, thus giving rise to a really 
high WG. As shown in Table  4, 1000  Wh kg−1

-cathode of WG is 
an easy target for the most of the reported freestanding cath-
odes. However, 1000  Wh L−1

-cathode of WV is a difficult goal to 
achieve for the freestanding cathode, because of the porous 
carbon matrix and low density (≈0.5  g cm−3).[112a,113] Indeed, 
increasing the sulfur fraction is an effective way to improve 
the density for freestanding cathode. For example, with carbon 
fibers as freestanding scaffold, the cathode density is raised 
from 0.68 to 1.4 g cm−3

-cathode when sulfur fraction is increased 
from 57 to 73 wt%.[114] When carbon cotton with hierarchical 
macro-/microporous architectures is used as ideal conductive 
matrix, the areal sulfur loading can reach a superhigh value of 
57.6  mg cm−2.[113b,c,115] At the sulfur loading of 30.7  mg cm−2, 

the cathode delivers a high areal capacity of 36 mAh cm−2, 
corresponding to high WV and WG of 2522  Wh L−1

-cathode and 
1971 Wh kg−1

-cathode, respectively.[115e]

Introducing compact carbon/carbon-free hosts or designing 
a closely packed structure can transform the loose freestanding 
cathode to a compact one.[115b,116] A good demonstration is shown 
in the closely stacked self-standing conductive scaffold as host, 
in which CNTs penetrate throughout the MOF-derived porous 
carbon polyhedrons.[116b] At sulfur fraction of 70 wt% and sulfur 
loading of 6.4  mg cm−2, the cathode has a high density of 
1.47 g cm−3

-cathode and corresponding WV of 1743 Wh L−1
-cathode at 

0.2C rate. When the carbon polyhedrons are replaced with MOF 
crystals, the freestanding cathode achieves a higher density of 
2.18  g cm−3

-cathode and WV of 2509  Wh L−1
-cathode.[116d] Recently, 

a carbon-free freestanding cathode using graphene-like RuO2 
as conductive scaffold is reported.[91] The cathode consists of 
65.5  wt% sulfur and 34.5 wt% RuO2, where RuO2 serves not 
only as efficient host, but also as active materials (theoretical 
specific capacity 201 mAh g−1) to contribute additional capacity. 
At the high sulfur loading of 8.4  mg cm−2, the S/RuO2 free-
standing cathode has a really high density of 2.95 g cm−3

-cathode 
and high Wv of 4160 Wh L−1

-cathode.

3.3. Li–S Pouch Cells

The evaluation on Li–S pouch cells is closer to practical applica-
tion than coin cells. Figure 9a–e shows the typical components 
of a Li–S pouch cell, including S/C composites, coated cathode, 
lithium foil, double side cathode, and prismatic pouch cell. As 
mentioned in Introduction, WV of Li–S battery is unsatisfactory 

Figure 8. Sulfur-rich materials for high WV. a) Voltage profiles of MoS3 cathode in ether-based electrolyte. Reproduced with permission.[106a] Copyright 
2017, National Academy of Sciences. b) Voltage profiles of S7Se cathode in ether-based electrolyte. Reproduced with permission.[103a] Copyright 2013, 
American Chemical Society. c,d) Selenium-doped poly(diallyl terasulfide) (PDATtSSe) as cathodes for lithium-organosulfur battery: c) Voltage profiles 
of PDATtSSe in ether-based electrolyte and d) SEM image of compact cathode (PDATtSSe loading: 5.1 mg cm−2). Reproduced with permission.[56] 
Copyright 2017, Wiley-VCH. e) Schematic illustration showing the preparation of compact phosphorus–sulfur/graphene cathodes with high volumetric 
capacity. Reproduced with permission.[105] Copyright 2020, Elsevier.
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by using the conventional carbon nanomaterials as host for 
sulfur cathode. Li group evaluated the effect of various cell 
parameters on energy densities and assembled a pouch Li–S 
cell using a lithium anode (200% excess) and a typical sulfur/
carbon cathode that has a sulfur loading of 4.5–6.5  mg cm−2, 
sulfur mass fraction of 75% and electrode porosity of 71–76%.[20] 
The resultant WV of the pouch cell is ≈300 Wh L−1

-cell, roughly 
half that of Li-ion batteries (700 Wh L−1). To make WV higher, 
as previously discussed in Section 3.1.2., heavy Mo6S8 is intro-
duced to fabricate a hybrid sulfur/Mo6S8 cathode with a mod-
erate porosity of ≈55%.[32b] The assembled 1 Ah-level Li|sulfur/
Mo6S8 pouch cell, using multilayer sulfur/Mo6S8 cathodes and 
lithium metal anodes (≈200% excess Li), delivers initial WV 
and WG of 366  Wh kg−1

-cell and 581  Wh L−1
-cell, based on cell 

mass and volume, respectively (Figure 9f). Further, it is pointed 
out that the energy densities can be improved by optimizing 
the mass production of sulfur/Mo6S8 material and mechanical 
parameters of the pouch cell. For instance, WV and WG are pre-
dicted to reach 405 Wh kg−1

-cell and 712 Wh L−1
-cell if less lithium 

(50% excess Li) is used.
Liu and Shao group developed a polymer gel as a soft 

media for Li-ion transportation and electrolyte wetting. The 
polymer gel serves as a swellable reservoir for retaining the 
electrolyte and soluble LiPS, enabling Li–S pouch cell to 
work under lean electrolyte of 3.3  µL mg−1.[16] The polymer 
gel is comprised of poly(ethylene oxide) (PEO) and lithium 
bis(trifluoromethanesulfonyl) imide (LiTFSI) (60:40 by weight). 
The cathode was composed of S/CNT composite, Super P as 

Table 4. Gravimetric/volumetric energy density of freestanding sulfur cathodes and corresponding full Li–S cells.

Sulfur host C-rate Areal  
loading  

[mg cm−2]

Sulfur  
fraction  
[wt%]

Areal  
capacity  

[mAh cm−2]

Cathode  
density  
[g cm−3]

Cathode  
thickness  

[µm]

Voltage/ 
[V]

Cathodea) E/S/ 
[µL mg−1]

Cellb) Ref.

WV  
[Wh L−1]

WG  
[Wh kg−1]

WV  
[Wh L−1]

WG  
[Wh kg−1]

Graphene/CNT 0.2C 2.5 77.8 2.67 0.23 140 2.1 401 1743 15 277.5 348 [113a]

CNT 0.05C 6.3 54 6.2 0.47 250 2.1 527 1128 9.6 401 393 [112a]

CNF 0.05C 18.1 55 19.5 0.56 588 2.1 704 1247 14 484 437 [113b]

Carbon paper 0.05C 30 68.8 20.2 0.93 470 2.1 904 972 10 804 484 [115a]

Carbon sphere/ 
graphene

0.2C 3.9 62 5.3 0.524 120 2.1 928 1771 — 460 377 [113c]

Graphene/CNT 0.05C 4.7 53 ∼5.41 1.27 70 2.1 1626 1280 9.6 728 373 [30a]

Carbon spheres/ 
MWCNT

0.05C 5 54 6.1 1.68 55 2.1 2317 1379 6 848 379 [116c]

Carbon cotton 0.1C 30.7 80 36 1.28 300 2.1 2522 1971 6.8 1037 508 [115e]

CNF 0.2C 3.9 72.3 4.29 0.69 78 2.0 1098 1591 — 602 394 [27b]

Carbon-cotton 0.1C 57.6 75 31.33 1.28 600 2.1 1098 857 4.2 1019 507 [115d]

Carbon  
polyhedrons/CNT

0.2C 6.4 70 5.13 1.47 62 2.1 1743 1178 — 928 428 [116b]

CNF 0.1C 2.32 65.7 3.79 1.26 36 2.1 2212 1751 7.4 692 333 [112d]

Carbon fiber 0.05C 10.8 67 14.6 1.0 160 2.1 1902 1902 4.9 790 450 [114]

Graphene/carbon 0.1C 5 73 5.7 1.59 43 2.1 2793 1748 15 939 416 [112b]

Carbon nanotubes 0.1C 19.1 79 19.8 1.38 175 2.1 2379 1724 — 1047 495 [117]

Carbon nanofiber 0.05C 14.3 85 13.7 1.46 115 2.1 2501 1710 8 1089 496 [118]

TiO2/Graphene 0.2C 3.2 62 4.06 0.86 60 2.1 1422 1654 9.3 605 360 [115b]

CNF/TiO2 0.5C 2 40 3.21 0.55 90 2.1 742 1349 — 299 266 [113d]

Graphene- 
PEDOT:PSS

0.2C 2 56.4 2.45 1.83 19.5 2.1 2648 1451 — 610 293 [116a]

CNF/Co3S4 0.3C 7.5 55 7.1 0.85 160 2.1 933 1097 — 620 405 [119]

MOF/CNT 0.2C 4.57 70 3.59 2.18 30 2.1 2509 1146 10.9 1016 404 [116d]

Active RuO2  
(34.5 wt%)

0.2C 8.4 65.5 9.3 2.46 52 2.1 3755 1526 12 1337 481 [91]

Phosphorus–sulfur 0.06C 5.4 80 5.2 2.25 30 2.1 3625 1611 35 1104 432 [105]

a)Without considering the current collector. The data are collected or derived from literatures; b)Renormalized energy densities based on full cell for better comparison. The 
model in the full cell configuration is used in Figure 2b. N/P ratio is set to be 2 for areal sulfur loading exceeding 3 mg cm−2, and lithium foil of 30 µm is used for sulfur 
loading below 3 mg cm−2. To simulate the practical pouch cell, the E/S ratio of 2 µL mg−1 is assumed. Since the influence of lean electrolyte on WV is limited (as shown in 
Figure 3d), only cathode parameters are used for the calculation of WV, including the areal sulfur loading, sulfur fraction and cathode density according to Equation (1). For 
the calculation of WG, two cathode parameters (areal sulfur loading and sulfur fraction) and one electrolyte parameter (E/S ratio) are involved according to Equation (6).
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conductive gent and PEO–LiTFSI as binder, with 64 wt% sulfur 
fraction, 4  mg cm−2 sulfur loading and 65–70% porosity. As 
shown in Figure  9g, the pouch cell had energy densities of 
≈460  Wh kg−1 and 300  Wh L−1. These results are consistent 
with the discussion in Figure 2 that porous S/C cathode (den-
sity≈0.6  g cm−3, porosity≈70%) cannot make higher WV for 
Li–S battery. It is notable that higher WV could be obtained if 
one takes no account of the cycling. For example, the primary 
Li–S battery, with a hierarchical porous S/C cathode of high 
sulfur loading of 6–14 mg cm−2, could release energy densities 
of 504 Wh kg−1

-cell and 654 Wh L−1
-cell at 0.01 C, with excellent 

shelf stability for a month at room temperature.[45] Of course, 
WV of Li–S battery with the conventional S/C cathode is still 
unsatisfactory at that moment. Tuning the cathode structure to 
higher density (>0.9 g cm−3) and lower porosity (<56%) is crit-
ical to achieve a decent WV. In this sense, heavy hosts (compact 
carbon and carbon-free materials) and sulfur-rich materials are 
promising strategies for the purpose, and more work is needed 
to verify the feasibility in Li–S pouch cells.

3.4. The Catalytic Activity for Host Material

For enhancing WV, a “Three High” technical strategy is proposed 
recently in our publication:[31b] 1) High sulfur fraction of above 
80 wt% for the sulfur-based composite or above 65 wt% for the 
cathode, 2) High sulfur loading of above 4  mg cm−2 for thick 
cathode, and 3) High density for the host materials (heavy host) 
with good electrocatalytic activity (Figure 10a). In particular, the 

electrochemical processes, including diffusion, adsorption, and 
charge-transfer reactions, occur on the surface of host materials, 
so that the electrocatalytic activity of host is the key factor for 
ensuring fast redox of sulfur species and unlocking the high 
capacity release for the cell (Figure 10). Owing to the heavy and 
catalytic feature of host materials, a balance between densifica-
tion and electroactivity can be achieved with respect to the sulfur 
cathode, which is essential to obtain high WV and WG simulta-
neously. In addition, the densified structure helps to reduce the 
cathode porosity and therefore lowers the electrolyte quantity, 
which in turn helps to improve WG.

As discussed in Section  2.2, electrolyte quantity has a big 
impact on full Li–S cells, especially on WG. In most cases (e.g., 
S/CNT cathode), the redox kinetics of sulfur species become 
considerably sluggish under lean electrolyte (ether-based 
system) because of the high viscosity and low ionic conduc-
tivity,[41] which cause large cell polarization, low sulfur utiliza-
tion, premature Li2S passivation, and poor cycling performan
ce.[31a,b,41d,120] Therefore, the catalytic activity of host materials 
is very important in triggering the fast conversion of sulfur in 
lean electrolyte, enabling high capacity output with low polari-
zation (Figure 10b).[121] In this sense, the host materials are crit-
ical in dominating both WV and WG for Li–S battery. Thus, the 
“Three High” strategy can be further extended to a “Three High 
One Low (THOL)” strategy (high sulfur fraction, high sulfur 
loading, high density host with catalytic activity, and low elec-
trolyte quantity) for both high WV and WG (Figure 10a).

A class of catalytic materials is reported in literatures, such 
as metal oxides,[31a,b,73,82,122] sulfides,[74–76,123] phosphides,[121a,124] 

Figure 9. Digital photos of components of Li–S pouch cells: a) S/C composites; b) Coated cathode; c) Lithium metal foil; d) Double-side cathode; 
e) Prismatic Li–S pouch cell with a WV of ≈300 Wh L−1 (areal sulfur loading:4.5–6.5 mg cm−2, sulfur fraction: 75 wt%, cathode porosity: 71–76%, E/S 
ratio: 3 µL mg−1). Reproduced with permission.[20] Copyright 2017, Elsevier. f) A 1 Ah Li–S pouch cell with sulfur/Mo6S8 cathode with an E/AM ratio 
of 1.2 µL mg−1. Reproduced with permission.[32b] Copyright 2019, Springer Nature. g) Pouch Li–S cell with sulfur/MWCNT cathode and PEO-LiTFSI 
polymer gel (areal sulfur loading: 4 mg cm−2, sulfur fraction:64 wt%, cathode porosity: 65–70%, E/S ratio: 3.3 µL mg−1). Reproduced with permission.[16] 
Copyright 2017, American Chemical Society.
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nitrides,[78,125] carbides,[58,126] Co,[81] Pt,[80] C3N4,[127] heteroatom-
doped carbon,[128] and black phosphorus quantum dots.[129] 
Polar catalytic hosts in many cases can effectively absorb dis-
solved polysulfides by forming strong polar–polar interac-
tions or weak metal–sulfur bonding, thereby alleviating the 
shuttle effect and prolonging the battery life.[130] Despite the 
enhanced kinetics, catalytic hosts are generally electrochemi-
cally inert and unavoidably take up extra weight and volume, 
which goes against the energy densities. Hence, the fraction of 
catalyst materials needs to be controlled as low as possible on 
the premise of ensuring the catalytic effect. According to the 
analysis in Section  2.2, 70 wt% sulfur in cathode is indispen-
sable in terms of both WV and WG. Taking into account the 
conductive agent (5–10 wt%) and binder (5–10 wt%), the mass 
percentage of catalytic hosts should be less than 10–20 wt%. 
To decrease the volume of inactive hosts, higher density is pre-
ferred, just as indicated in Figure 2. In addition, high specific 
area of catalytic host is also required in order to provide enough 
active sites to catalyze the reaction of sulfur species.

4. Electrode Engineering Technologies for 
Enhancing WV

4.1. The Calendering Technology

Calendering is a typical engineering process that is indis-
pensable for the production of Li-ion batteries. On one hand, 
calendering can improve the adhesion between electrode mate-
rial and current collector. On the other hand, calendering can 
increase compaction density of electrodes by enhancing the 

particle-to-particle contact, which not only reduces the ohmic 
resistance but also leads to lower porosity and greater WV. How-
ever, due to the intrinsic dissolution–deposition mechanism of 
sulfur, things become rather complex when sulfur cathode is 
subjected to a calendering operation.

In a simple description, the degree of calendering is 
expressed in the compaction ratio, which is defined as the ratio 
of thickness variation to the initial thickness of cathode.[30a] By 
taking freestanding S/CNT/graphene cathode as an example, 
the mechanical properties of electrode, such as strength and 
elongation, can be enhanced by moderate calendering, and 
the ohmic resistance is reduced with compaction ratio owing 
to the enhanced contact between CNT and graphene.[30a] More-
over, the electrode porosity declines dramatically under calen-
dering, especially for the vulnerable macropores. This leads to 
a remarkable decrease of electrolyte uptake. When the compac-
tion ratio is increased from 0 to 60.6%, the cathode density is 
increased from 0.25 to 1.27  g cm−3

-cathode, along with the WV 
enhancement from 275 to 853 Wh L−1

-cathode (Figure 11a).
However, calendering has more complicated impacts on 

slurry cast sulfur cathode. For the S/La0.8Sr0.2MnO3 cathode, 
after pressing at a mild pressure of ≈0.2 MPa, the cathode density 
is remarkably increased from 0.98 to 1.69 g cm−3

-cathode, together 
with the porosity decrease from 55 to 21% (Figure  11b).[31b] 
Comparing with the bare cathode, the pressed cathode shows 
a big WV advance from 1787 to 2727 Wh L−1

-cathode at the sulfur 
loading of 6.2 mg cm−2 and E/S ratio of 7 µL mg−1. Of course, 
some problems arise from further increasing pressure, such as 
the lower discharge voltage and reduced capacity output caused 
by poor electrolyte wetting in the low porosity. As a direct result, 
despite the improved WV, the WG shows a slight decrease from 

Figure 10. The significance of catalytic hosts in Li–S battery. a) The “Three High One Low (THOL)” strategy for achieving a balance of WV and WG, 
where the catalytic hosts play important roles not only in densifying the electrode, but also in accelerating the reaction kinetics under lean electrolyte. 
The inset shows the diffusion, adsorption, and charge-transfer processes of sulfur species on the surface of host materials. b) Schematic illustration 
of fast and complete conversion of sulfur species on catalytic hosts, and sluggish and incomplete conversion of sulfur species on noncatalytic hosts 
under lean electrolyte condition.
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1783 to 1551 Wh kg−1
-cathode. The negative effect becomes more 

severe if higher pressure (over 0.5  MPa) is used. In addition, 
the minimum electrolyte quantity is decreased from 5 µL mg−1 
for bare cathode (55% porosity) to 4  µL mg−1 for the pressed 
cathode (21% porosity) in coin cells, agreeing well with the dis-
cussion in Figure 3a. It implies that the pressed technology of 
electrode needs to be further optimized in order to get a balance 
between cathode density and electrochemical activity, especially 
under lean electrolyte conditions. Similar phenomena are also 
found for the typical S/C slurry cast cathode, as demonstrated 
by Zhang and Xiao Group.[30b,49] As shown in Figure  11c, the 
thickness and porosity of the sulfur/carbon cathode decreases 
significantly with increasing calendering pressure, benefiting 
the WV for Li–S battery and also reducing the electrolyte quan-
tity. For the cathode with 4 mg cm−2 sulfur loading, when the 
calendering pressure increases from 4.6 to 23 MPa, the porosity 
decreases from 64% to 29% and the WV increases markedly 
from 650 to 1300  Wh L−1

-cathode.[30b] However, a large pressure 
(>9 MPa) would block the continuous diffusion pathway of elec-
trolyte within the highly compact cathode, which not only stops 
electrolyte from fully wetting electrode, but also decreases the 
ionic conductivity within the electrode.[49]

To better understand the effect of the electrode porosity on 
sulfur conversion, Cai and Qi group developed an analytical 

model based on the dissolution/deposition mechanism of 
sulfur and by assuming that LiPS only dissolves into the electro-
lyte of the pore within the electrode.[39a] In this model, the first 
voltage plateau (S8→Li2S4) is governed by the Li2S4 concentra-
tion dissolved in the electrolyte, and the second voltage plateau 
(Li2S4→Li2S2/Li2S) is dominated by the electronically acces-
sible surface area of the carbon matrix. The predicted discharge 
curves at different porosities are illustrated in Figure  11d. As 
the electrode porosity decreases, the concentration of Li2S4 
increases, and capacity drop in the first voltage plateau region 
appears once the concentration reaches the saturation limit. 
In the meantime, the decrease of the effective surface area for 
Li2S2/Li2S deposition results in the formation of thick insula-
tion layer, leading to sharp voltage drop and voltage plateau 
shrinkage. The estimated WV and WG at different porosities are 
shown in Figure 11e, suggesting that a Li–S cell could achieve a 
maximum energy density at the cathode porosity of 52%. This 
model agrees with their experimental data and both of them 
indicate that the cathode cannot work at porosity below 40% due 
to the disappearance of the second voltage plateau (Figure 11d). 
The low porosity has an adverse effect on sulfur conversion as 
elucidated in theoretical analysis. Normally, the sulfur cathodes 
with the porosity of 20–-30% can work at low current density, 
though the cell shows a relatively large polarization.[30b,31b] In 

Figure 11. Influence of calendering on sulfur cathode. a) Freestanding cathode: dependence of WV on compation ratio. Reproduced with permission.[30a] 
Copyright 2017, Elsevier. b–f) Slurry cast cathode: b) Comparison of WV and WG between the bare and pressed S/La0.8Sr0.2MnO3 cathodes. The inset 
shows the SEM images of cross section of bare and pressed cathodes, and the porosity and density are also indicated. Reproduced with permission.[31b] 
Copyright 2020, Wiley-VCH. c) The relationship between electrode porosity, thickness, and calendering pressure. Reproduced with permission.[30b] 
Copyright 2018, American Chemical Society. d) Schematic of discharge curves for sulfur cathodes of different porosities. e) Predicted WV and WG based 
on the total mass of sulfur cathode including sulfur, host, conductive agent, and binder without current collector. In the inset, the yellow, black, and red 
stand for the unutilized sulfur, carbon matrix, and deposited Li2S2/Li2S, respectively. Reproduced with permission.[39a] Copyright 2019, Springer Nature. 
f) Comparison of conventional S/C cathode and SPAN cathode. The porosity for the former is required to be higher than 50% due to the dissolution–
deposition mechanism of sulfur, while the porosity for the latter could be reduced to 20% owing to the solid–solid conversion of sulfur. Reproduced 
with permission.[63] Copyright 2020, Elsevier.
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that case, the catalytic host materials should be introduced to 
take action by accelerating the sulfur conversion under lean 
electrolyte, where LiPS concentration reaches saturation.[31b,121a]

Interestingly, low porosity is more suitable for the solid–solid 
conversion of sulfur cathode in carbonate-based electrolyte, 
such as SPAN cathode. Wang group pointed out that suitable 
pressure is favorable to the battery performance owing to the 
better contact between SPAN cathode materials and current 
collector, as well as the enhanced electronic conductivity.[63] At 
high pressure of 25 MPa, the density of SPAN cathode reaches 
to 1.54 g cm−3

-cathode with a really low porosity of 13.3%, similar 
to that of metal oxide cathode in Li-ion batteries. Impressively, 
the densified SPAN cathode shows only slight capacity loss and 
maintains a good electrochemical performance in carbonate-
based electrolyte, with WV and WG of 1528  Wh L−1

-cathode and 
992 Wh kg−1

-cathode, respectively. The less dependence of sulfur 
redox on cathode porosity is attributed to the solid–solid con-
version mechanism of sulfur cathode in carbonate-based elec-
trolyte without the formation of soluble LiPS (Figure 11f).

4.2. Dry Coating Technology of Electrode

Dry coating, or solvent-free coating, is a novel technology for 
preparing electrodes, which was invented in the early 2000s,[131] 
and now is ready to manufacture in Li-ion batteries at Maxwell 
Technologies,[132] an ultracapacitor manufacture in San Diego. 
This technology generally includes three stages: 1) Dry powder 
mixing/shearing of active materials, conductive carbon and 
polymer binder; 2) Dry-spraying or hot rolling to form a dry 
electrode film; 3) Attaching electrode film to current collector 
by hot pressing.[132,133] Different from the slurry cast electrode, 
this technology avoids dissolving binder in organic solvent and 
thus results in a unique electrode structure. In particular, the 
binder network in electrode allows for high ionic conductivity 
and intimate contact between active materials and conductive 
carbon. Therefore, dry coating electrodes could achieve good 
cycling stability and excellent rate capability.

The feasibility of dry coating technology in Li–S bat-
tery has been verified by Maxwell Technologies and Kaskel 
et  al.[132,134] In Kaskel’s work, the mechanically stable cathode 
film (53 wt% sulfur) is produced by rolling the well mixed 
and sheared mixture of sulfur-based composite, CNT, 
and poly(tetrafluoroethylene) at 150  °C, which is then lami-
nated onto the carbon-coated Al foil.[134] The 80  µm thickness 
yields a sulfur loading of 3.0–3.2 g cm−2 for the cathode without 
considering Al foil. Compared with conventional slurry coating, 
this dry coating technology enables a higher cathode density of 
0.755  g cm−3

-cathode, which corresponds to a porosity of ≈65%. 
Notably, the dry-coating cathode exhibits a good electroactivity, 
and delivers a maximum capacity of 1045 mAh g−1

-sulfur and 
maintains 742 mAh g−1

-sulfur after 160 cycles.[134] The density and 
porosity can be further tuned by adjusting the sulfur fraction 
and the rolling process in order to achieve more compact sulfur 
cathodes. It is expected that, with the dry-coating technology, 
sulfur cathode may achieve a better balance between high 
density and good redox kinetics of sulfur, which needs more 
exploration in future reseaches. Other than the density advan-
tage, another merit of dry coating is that the binder quantity in 

electrode can be largely reduced. The minimum percentage of 
binder in Li-ion batteries is reported to be as low as 0.1 wt%.[135] 
This one the one hand improves the cathode density by 
reducing the light-weight binder, and on the other hand allows 
for further increase of active sulfur in cathode, both of which 
benefit the cell energy densities.

5. Summary and Future Prospects

The energy density is the driving force for the development of 
secondary batteries. The past decades have witnessed the rapid 
development of high energy Li–S battery. The milestone on 
Li–S battery is the introduction of carbon micro/nanomaterials 
as sulfur host into cathode for improving the cycle stability. 
In the subsequent decade, a variety of carbon nanomaterials, 
including CNTs, graphene and hierarchical mesoporous carbon, 
brings new blood and fresh air to Li–S battery for enhancing 
WG. All the performance evaluations based on sulfur/carbon 
composites as active materials are mainly focused on the gravi-
metric capacity and cycle stability of sulfur cathode, as well as 
WG of Li–S battery. However, WV is more important than WG 
for mobile application within a confined space. As high energy 
battery system, WV of Li–S battery is certainly brought into 
focus in more recent years, and ought to be paid more attention 
in future researches.

Typically, in Li–S battery, the key factors of dominating WV 
are the sulfur content (areal loading and mass fraction), density/
porosity of sulfur cathode and the electrolyte quantity. In order 
to achieve decent WV target (700 Wh L−1), sulfur cathode must 
meet the requirements of areal sulfur loading of ≈6 mg cm−2, 
sulfur fraction of ≈70 wt%, cathode density of ≈1.2  g cm−3, 
porosity of less than 42%, and E/S ratio of 1 µL mg−1. Among 
these requirements, cathode density is one of the biggest chal-
lenges because of the low density of active sulfur. Under the 
premise of high sulfur content for ensuring high WG, there 
are generally three strategies to increase the cathode density: 
1) Introducing compact carbon or heavy carbon-fee hosts, such 
as metal oxides or sulfides. The electrocatalytic activity of host 
material is a critical factor to accelerate effective conversion of 
sulfur and to increase utilization of sulfur under lean electro-
lyte for enhancing both WV and WG. 2) Replacing sulfur with 
heavy sulfur-rich materials, for example selenium–sulfur solid 
solution or metal polysulfides. 3) Freestanding sulfur cathode 
to provide really high WV and WG for Li–S battery. All these 
strategies in Li–S coin cells must be further verified in Li–S 
pouch cells, including the enlargement of electrode manufac-
ture and the optimization of electrolyte quantity.

Electrode engineering technology is the effective way to 
manipulate the electrode structure and porosity. By employing 
calendering technology, the cathode density, and corresponding 
volumetric capacity can be raised. However, the densified struc-
ture with low porosity, which causes large polarization and low 
sulfur utilization, is unfavorable for the electrolyte penetration 
and the dissolution/deposition reactions of sulfur active mate-
rials. Therefore, the electrode engineering technology discussed 
here is to ensure the high density of the sulfur cathode, and 
simultaneously leave sufficient diffusion channels. At present, 
the electrode engineering technology for fabricating the sulfur 
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cathode is borrowed from conventional Li-ion battery tech-
nology, which was already demonstrated to be cheaper in bat-
tery production. In addition, cheap carbon-free host materials 
or sulfur-rich materials should be also considered based on the 
requirement of battery cost.

Lean electrolyte is indispensable for achieving high energy of 
Li–S battery. To reach 700 Wh L−1/500 Wh kg−1, the E/S ratio in 
ether-based electrolyte must be decreased to 1 µL mg−1 in pouch 
cells. Under lean electrolyte, the high electrolyte viscosity, low 
sulfur utilization, and sluggish electrode kinetics appear con-
sequently. Theoretically, all the problems under lean electrolyte 
are originated from the dissolution/deposition mechanism of 
active sulfur in ether-based electrolyte. Incorporating electro-
catalysts into cathode or adding mediators into electrolyte could 
help to improve the reaction kinetics and promote the sulfur 
conversion. In particular, searching for new electrolyte beyond 
ether-based electrolyte potentially provides feasible solution. 
Sparingly solvating electrolyte, such as concentrated electrolyte, 
fluorinated electrolyte, or gel electrolyte, enables a low solubility 
of polysulfides and can fundamentally transform the sulfur 
reaction from dissolution/deposition to quasi-solid or solid con-
version.[136] This decouples the electrolyte quantity from sulfur 
mass and reaction mechanism, which makes it possible to 
operate Li–S battery under lean electrolyte. The limited dissolu-
tion of polysulfides also helps to construct a shuttle-free battery. 
Of course, the high viscosity and low ionic conductivity in spar-
ingly solvating electrolyte are still faced in the coming studies. 
In addition, the combination of efficient electrocatalysts and 
sparingly solvating electrolyte is expected to achieve a decent 
reaction kinetics under lean electrolyte, which helps to improve 
both energy density and cycle life.

The rate capability is highly important for the battery appli-
cation, which needs to be carefully evaluated for Li–S battery. 
Based on the dissolution/deposition mechanism, the current 
density for the thick sulfur cathode (>4 mg cm−2) is usually lim-
ited within 1 C rate, which is further decreased to below 0.5 C 
under lean electrolyte. As to the compact cathode, the densi-
fied electrode structure is likely to hinder the mass transfer due 
to the blocked inner channel, further depressing the rate capa-
bility. To address this challenge, a synergic and rational design 
of both cathode structure and electrolyte quantity should be 
required. First, as mentioned above, the porous electrode struc-
ture must be precisely regulated to provide sufficient channels 
for the electrolyte wetting/penetration and mass transfer of 
polysulfides. The cathode structure should also possess a good 
conductive skeleton in order to ensure the electron transport. 
Second, the ionic conductivity and electrolyte viscosity need to 
be optimized to ensure the fast mass transfer under lean elec-
trolyte, which relies on either the modification of conventional 
ether-based electrolyte or the development of new electrolyte 
systems. Specifically, adding ammonium additives (NH4NO3 
and NH4I) or lithium salts with high donor number (DN) 
anions (LiNO3 and LiBr) increases the solubility of Li2S.[137] 
This prevents the premature passivation and blocking of Li2S 
on the cathode structure and benefits the high-rate capability.

In general, the capacity is controlled by cathode, while the 
cycle life is dominated mainly by anode for battery system. On 
the cathode side, the “Three High One Low (THOL)” strategy 
(high sulfur fraction, high sulfur loading, high density host, 

and low electrolyte quantity) is appropriate for evaluation of the 
gravimetric/volumetric capacities of sulfur cathode in coin cells 
and pouch cells. On the anode side, the lithium anode tech-
nology should be taken more seriously for stabilizing the cycle 
performance of Li–S battery, including surface modification 
and lithium-alloying. In the industrialization transfer process 
from coin cells to pouch cells, the engineering technologies 
are key for manipulating desired density/porosity of the sulfur 
cathode, as well as the stabilization technology of anode. The 
battery design is also important for both WV and WG, including 
capacity matching, electrolyte optimization, separator modi-
fication, and quasisolid state design. More importantly, inter-
disciplinary technologies should be introduced into battery 
system to face the complexity on the reaction mechanism, key 
materials, and electrode structure, in order to boost WV, WG, 
and cycle life of Li–S battery. We have no doubt that the higher 
peaks on WV and WG of Li–S battery would be conquered in the 
future.
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