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ABSTRACT: The carbonized eggshell membrane (CEM)
powder with abundant micropores and high porosity is
embedded within conventional sulfur cathodes (CEM-S
cathodes) as a polysulfide (PS) absorbent for lithium−sulfur
batteries. The CEM PS absorbent effectively limits the
irreversible active material loss from CEM-S cathodes and
prevents the formation of severe inactive agglomerations on
the surface of the cathode during cycling. In addition to
trapping the migrating PSs, the conductive and porous CEM
facilitates efficient electron transport and electrolyte immer-
sion, which ensures successive reactivation and reutilization of
the trapped active material. As a result, the CEM-S cathodes
with a reasonable sulfur content of 60 wt % exhibit a high
capacity retention rate of 85% and a low capacity fade rate of 0.10% per cycle for 150 cycles. Such superior cycle stability suggests
that natural starting materials with unique porous structures can be utilized to manufacture high-performance cell components
for Li−S cells.
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■ INTRODUCTION

The high energy density rechargeable lithium−sulfur (Li−S)
battery is an attractive power source for electric vehicles and
grid storage. During cell discharge, the cathodic reaction of a
Li−S battery involves a reduction reaction of the S cathode: S +
2Li+ + 2e− → Li2S. The active S material first reduces to
polysulfides (PSs, Li2Sx, 4 < x ≤ 8), and then the PSs convert to
the end-discharge products (Li2S2/Li2S) with a shortening of
the S chain length. The anodic reaction is an oxidation reaction
of the Li-metal anode: 2Li → 2Li+ + 2e−. The overall discharge
reaction is 2Li + S → Li2S.

1 As a result, the environmentally
benign sulfur has a high theoretical capacity of 1672 mA h g−1,
enabling packed cells with two to three times higher energy
densities than currently used Li-ion batteries.1,2 Over the years,
nanocomposites, polymers, and novel cell configurations have
been designed to enhance sulfur utilization.3−7 Composite
cathodes3,4,8−11 and new cell designs5,12−16 increase the
discharge capacity by wiring the insulating sulfur and
introducing electron pathways for the low-conductive sulfur
cathodes. Porous carbon substrates further enhance the
electrochemical reversibility and provide long-term stability
by physically and chemically trapping the diffusing PSs.8−18

The PSs that form at intermediate discharge/charge states are
highly soluble in the liquid electrolyte currently used in Li−S
cells.5,6 The dissolved PSs easily diffuse through the separator,
react with the Li-metal anode, and shuttle between the anode
and cathode. The severe PS diffusion causes rapid capacity fade,

poor electrochemical efficiency, and low active material
reutilization.5−7

To mitigate the PS diffusion, the on-site adsorption/
absorption method that directly traps the PSs within the
cathode is a promising approach. A few oxide nanoparticle19−22

or porous substrates23−25 have been mixed within the cathode
as the “PS adsorbent/absorbent” for immobilizing the PSs and
enhancing cell stability. Recently, various natural raw materials
have been applied in different cell systems, such as the
carbonized eggshell membrane electrodes in Li/dissolved
polysulfide cells,26 carbonized leaf interlayer in Li−S cells,27

carbohydrate-derived nanocomposites in Li−S cells,28 and
cellulose composite separator in Li-ion cells.29 Thus, it is
reasonable to expect that natural starting materials are possible
to replace engineered starting materials and achieve the same
engineering goals.
In this Letter, we present the use of carbonized eggshell

membranes (CEMs) in sulfur cathodes as a PS absorbent. After
carbonization at 800 °C in an inert argon atmosphere, the CEM
absorbent has abundant micropores for absorbing the migrating
PSs, effectively mitigating the severe PS diffusion.8,10 After
absorbing the PSs, the conductive CEM provides fast electron
transport, ensuring the continuous reactivation and reutilization
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of the trapped active material. Therefore, the CEM-S cathode
with 10 wt % CEM absorbent offers a high reversible capacity
of 860 mA h g−1 with an excellent capacity retention rate of
85% and a low capacity fade rate of 0.10% per cycle for 150
cycles.

■ EXPERIMENTAL SECTION
CEM and CEM-S cathode preparation. The eggshell was washed with
deionized (DI) water, and the CaCO3 shell was etched away in 1 M
HCl for 2 h. After rinsing with DI water, the remaining organic
eggshell membrane was immersed into a 40 wt % sucrose solution
(sucrose, Fisher Scientific), followed by precarbonization at 180 °C for
12 h. The precarbonized CEM was subsequently carbonized at 800 °C
for 12 h with a heating rate of 1 °C min−1 in a tube furnace in argon
atmosphere. After carbonization, the CEM sheet was ground into
micron-sized CEM powders. The CEM-S cathode contained 60 wt %
precipitated sulfur, 10 wt % CEM powder, 15 wt % Super P carbon
(TIMCAL), and 15 wt % polyvinylidene fluoride (PVDF, Kureha)

binder. The sulfur content and loading in CEM-S cathodes are,
respectively, 60 wt % and ∼1.3 mg cm−2.

■ RESULTS AND DISCUSSION

Porous CEMs are expected to absorb the PSs within the
cathode region via their natural micropores and high
porosity,23−25 as illustrated in Figure 1a and b. During cell
discharge, the PSs produced are absorbed by the porous CEMs,
suppressing the severe PS diffusion. At full discharge, the
absorbed PSs reduce to Li2S2/Li2S, which are tightly held and
surrounded by the conductive CEM and Super P carbon. This
avoids the formation of nonconductive precipitation on the
exterior surface of the electrodes and improves the connection
between the active material and conductive additives.12,15 As a
reference, the Super P is a commercial conductive carbon
commonly used in cathode preparation in Li−S and Li-ion
batteries. During cell charge, the conductive and porous CEM
provides efficient electron/charge transport and electrolyte

Figure 1. Schematics of (a) CEM-S cathode and (b) conventional S cathode. Microstructural analysis of CEMs: (c) SEM observation (inset is CEM
sheet), (d) TEM observation, (e) Brunner−Emmett−Teller (BET) isotherms, and (f) pore-size distributions with Horvath−Kawazoe (HK) and
density functional theory (DFT) models (inset is Barrett−Joyer−Halenda (BJH) model).
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immersion, ensuring the reversible conversion reaction from
Li2S2/Li2S to Li2S8/S8.

15,23

After carbonization, the organic eggshell membrane converts
into a carbon thin film with a uniform fibrous network
structure, as shown in the scanning electron microscopy (SEM)
images and the corresponding elemental mapping results
(Figure S1, Supporting Information). Figure S2 of the
Supporting Information indicates that the ground CEM powder
mainly consists of carbon. The Raman spectrum of CEMs
shows two carbon peaks at ∼1349 cm−1 (disorder-induced D
band) and ∼1590 cm−1 (graphitic G band). The intensity of the
G band to the D band indicates that the CEM is a partially
graphitized carbonaceous material, which is known as an
appealing electrode material because of its high conductivity.30

In Figure 1c and d, the SEM and transmission electron
microscopy (TEM) images depict that CEMs possess abundant
micropores intrinsically composited on their meso-/macro-
porous structure. The micropore is the major factor for
absorbing the PSs before they escape out of the cathode
region.8,10,26 The meso-/macropore functions are the electro-
lyte pathways for (i) channeling the liquid electrolyte
containing the dissolved PSs to the micropores and (ii)
transporting charges and electrolyte for reactivating the
absorbed active material.10,15,23−25 After immobilizing the
diffusing PSs, the porous CEM tolerates the volume changes
from the trapped active material during repeated cycling,
ensuring intimate connection between the active material and
conductive carbon. The natural micropores and high porosity
of CEMs are assessed by nitrogen adsorption−desorption
isotherms (Figure 1e) and pore-size distribution curves (Figure
1f). The CEM has a high surface area of 487 m2 g−1 with a
micropore area of 315 m2 g−1 and a total pore volume of 0.31
cm3 g−1 with a micropore volume of 0.25 cm3 g−1. The IUPAC
type I isotherms31 and a high fraction of micropores in the
pore-size distribution curves demonstrate high microporosity in
CEMs. On the other hand, the Super P conductive carbon
shows a relatively low surface area (63 m2 g−1) with no
micropores.
Figure 2a shows the cyclic voltammetry (CV) curves of the

CEM-S cathode at a scan rate of 0.05 mV s−1 during the initial
20 cycles. During cell discharge, the CV curves display the
typical two-step reduction reactions. The cathodic peak I
starting at ∼2.4 V indicates the reduction reaction from S8 to
soluble PSs. The cathodic peak II starting at ∼2.1 V
corresponds to subsequent reduction reaction from soluble
PSs to the end-discharge products (Li2S2/Li2S).

32−34 During
cell charge, the two overlapping anodic peaks III and IV
represent the continuous oxidization reactions from Li2S2/Li2S
to PSs and from PSs to Li2S8/S8.

3,7,18 The overlapping anodic
peaks depict that the S8

2− intermediate with a facile oxidation
kinetic may be one of the end-charge products.3 During
repeated cycling, the CV curves exhibit overlapping cathodic
and anodic peaks, indicating good electrochemical stabilization
of the CEM-S cathode. Figure 2b presents the discharge/charge
voltage profiles of the cell utilizing the CEM-S cathode at a C/
10 rate for 150 cycles. The cycling rate (C/10) is based on the
mass and theoretical capacity of sulfur (1C = 1672 mA g−1).
During long-term cycling (150 cycles), the well-retained upper-
discharge plateaus (signified as I) demonstrate that the
migrating PSs are absorbed into the CEM absorbent, and
severe active material loss has not occurred.32,34 The almost
complete lower-discharge plateaus (signified as II) attest to the
excellent reversibility of the CEM-S cathode. During cell

charge, the vertical voltage rise from 2.4 to 2.8 V indicates a
complete charge reaction.34,35 These improvements were not
observed with the conventional S cathode (sulfur cathodes
without CEMs), as shown in Figure S3 of the Supporting
Information.
The electrochemical impedance spectroscopy (EIS) data of

the CEM-S cathode ( Figure S4, Supporting Information)
exhibit a stable cathode resistance of as low as 40−50 Ohm for
30 cycles, which is not seen with the conventional S cathode.
The increase in resistance observed in the conventional S
cathode may result from the redeposition of the diffusing PSs
that forms nonconductive agglomerations on the surface of
conventional S cathodes during cycling (Figure S5, Supporting
Information).23−25 The nonconductive agglomeration is
believed to be Li2S/Li2S2 mixtures, as reported in the Li−S
literature.3,36 On the other hand, a comparison of the CEM-S
cathode before and after cycling shows no obvious morpho-
logical changes (Figure S6, Supporting Information). The
cycled CEM-S cathode displays the elemental sulfur signals
uniformly distributed in the carbon matrix. These indicate no
apparent active material loss from the cathode and no inactive
agglomerates on the cathode.
Figure 3a shows the comparison of the cyclability between

the CEM-S cathodes and the conventional S cathode. The
initial discharge capacities (Q1) of the CEM-S cathode and the
conventional S cathode are, respectively, 1016 and 1000 mA h
g−1. After the first cycle, the CEM-S cathode exhibits a high
reversible capacity of 1002 mA h g−1 in the second cycle (Q2)
with excellent capacity retention (Q2/Q1) of 99%. However, the
conventional S cathode shows severe capacity fade from 1000
to 837 mA h g−1 (Q2/Q1 = 84%) after one cycle. The high
reversibility of the CEM-S cathode indicates that the PSs are
absorbed by CEMs. Thus, the cycled CEM absorbents display
distinguishable elemental sulfur signals in CEM absorbents, as
shown in Figure 3b and Figure S7 of the Supporting

Figure 2. Electrochemical measurements of Li−S cells employing the
CEM-S cathode: (a) cyclic voltammograms at a 0.05 mV s−1 scanning
rate and (b) discharge/charge curves at a C/10 rate.
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Information. This confirms that the active material is stabilized
within the CEM-S cathode. As a result, the CEM absorbent
ensures cells to accomplish stable cyclability over 150 cycles
with a reversible capacity of 860 mA h g−1 and an average
Coulombic efficiency above 98%, indicating high reversibility
and minimal shuttle effect. The corresponding capacity
retention (Q150/Q1) after 150 cycles is 85% (Figure S8,
Supporting Information), and the capacity fade rate is only
0.10% per cycle. Such superior cycle stability results from the
use of CEM absorbents within the cathode for efficiently
absorbing the migrating PSs. A comparative analysis with other
PS adsorbent/absorbent derived from engineering raw
materials indicates that the CEM absorbent offers excellent
long-term cyclability for Li−S batteries (Table S1,Supporting
Information).19−25

■ CONCLUSION
In summary, the CEM derived from a sustainable natural
eggshell membrane with a unique porous structure has been
evidenced as a high-performance PS absorbent for improving
the cycle stability of Li−S batteries. The CEM absorbent with
inherent microporous absorption sites prevents severe active
material loss and redeposition of nonconductive agglomer-
ations on the surface of CEM-S cathodes during cycling.
Therefore, the CEM-S cathode with a reasonable sulfur content
of 60 wt % provides Li−S cells with a high reversible capacity of
860 mA h g−1 and a low capacity fade rate of 0.10% per cycle
for 150 cycles.
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