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Chemical Technology, Beijing 100029, P.R. China; 2. Beijing Key Laboratory of Clothing Materials R&D and
Assessment, Beijing Engineering Research Center of Textile Nano Fiber, Beijing Institute of
Fashion Technology, Beijing 100029, People’s Republic of China; 3. Research Institute of
Chemical Defense, Beijing 100191, P.R. China; 4. School of Materials Science and Engineering,
Sichuan University of Science & Engineering, Zigong 643000, P.R. China)

Abstract: The dissolution and “shuttle effect” of lithium polysulfides (LiPSs) hinder the application of lithium-sulfur (Li-S) bat-
teries. To solve those problems, inspired by natural materials, a nano-hydroxyapatite@porous carbon derived from chicken cartilage
(nano-HA@CCPC) was fabricated by employing a simple pre-carbonization and carbonization method, and applied in Li-S batter-
ies. The nano-HA@CCPC would provide a reactive interface that allows efficient LiPSs reduction. With a strong affinity for LiPSs
and an excellent electronic conductive path for converting LiPSs, the shuttle effect of LiPSs was confined and the redox kinetics of
LiPSs was substantially enhanced. Li-S batteries employing nano-HA@CCPC-modified separators exhibited long cycle life and im-
proved rate capability. At 0.5 C after 325 cycles, a specific capacity of 815 mAh-g™ and a low capacity fading rate of 0.051% were
obtained. The superior properties, sustainable raw materials, and facile preparation process make nano-HA@CCPC a promising ad-

ditive material for practical Li-S batteries.

Key words: conductive carbon framework; nano-hydroxyapatite; reactive interface; modified separator; redox reaction kinet-

ics; lithium-sulfur batteries

1 Introduction

Since a continuously mounting increasing demand
for energy is depleting the stock of limited fossil fuel
resources, lithium ion batteries (LIBs), the most rep-
resentative recharge batteries, have been striding into
daily life. The soaring demand for large-scale and
high-energy storage systems, such as electric vehi-
cles, has necessitated the development of batteries
with capacitie s greater than those achievable with

LIBs!l, Therefore, to satisfy this demand, new-gen-
eration energy storage systems arise in this historic
moment. The Li-S battery, one of the post-LIBs* 7, is
considered a promising alternative on account of its
high energy density (2600 Wh+kg™), high theoretical
specific capacity (1675 mAh-g™), nontoxicity, and re-
source abundance!®”. However, the notorious “shuttle
effect” , which is responsible for the substantial

capacity fade of Li-S batteries, poses an enormous
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challenge!"'!,

Recently, extensive researches have focused on
inhibiting the “shuttle effect” and increasing sulfur
utilization*'"), Moreover, to effectively block lithium
polysulfides (LiPSs), various carbon materials!*>'*]
have been applied to be a common strategy. These
materials form a conductive network while limiting
the formation of high-order LiPSs in pores, thereby
enabling Li-S batteries to offer new opportunities for
developing energy storage systems. However, nonpo-
lar materials offer weak physical adsorption to polar
LiPSs, resulting in such materials failing to restrain
the shuttle of LiPSs during extended cycling. Thus,
polar materials with strong affinity to LiPSs, such as
TiO,™, MgO™! Cr,0;?" MnO,™ and heteroatom
(N, S, and O, etc.) doped carbon™, have been applied
to inhibit the shuttle of LiPSs and considerably in-
crease the utilization of sulfide by forming chemical
bonds with LiPSs. However, the poor conductivity of
metal oxides impedes their ability to continue the con-
version of adsorbed LiPSs. Therefore, metal sulfides,
nitrides and phosphides (such as CoS,?", MoS,™ %,
NiCoP™! and TiN™7) with high conductivity have
been investigated, which could potentially reduce po-
larization, and increase the capacity and operating
life of batteries. To better limit the dissolution of
polysulfides, considerable attention is being devoted
to constructing an effective electrode interface with
newly developed electrode materials to meet the mul-
ti-functional requirements of Li-S batteries. To regu-
late the electrochemical redox reactions of LiPSs in-
termediates, Zhang et al. constructed multifunctional
triple-phase interfaces using well-distributed CoSe,
nanodots on a graphene matrix (CoSe,/G)®\. Zhao et
al. fabricated refined interfaces by using two nanotube
paper (CNTp) interlayers, which could facilitate the
formation of uniform charge transfer and ion flue®”.
Lietal. constructed Co/N-codoped carbon of corrugat-
ed 2D morphology, enabling LiPSs affinity and abun-
dant electrolyte/electrode interfaces!. These studies
inspired us to explore the aforementioned processes
in more depth.

The conversion of sulfur species in batteries is

strongly dependent on the physicochemical proper-
ties of interfaces. Note that it is critical to developing
a high-efficiency reactive interface that satisfies the
following requirements: (1) a high affinity between
the interface and LiPSs, which is essential to immo-
bilize LiPSs and improve charge transfer, (2) high ion
transport at the interface, and (3) exceptionally stable
interfaces between phases.

In our previous work, we determined that noncon-
ductive nano-hydroxyapatite (nano-HA) exhibits sig-
nificant adsorption of LiPSs®™. However, the perfor-
mance of sulfur cells with nano-HA as an additive is
limited by its non-conductive nature. Conductive car-
bon frameworks, which provides both high electronic
conductivity and pore structure for ion transportation,
are promising materials to construct efficient sulfur
reaction interfaces with nano-HA. Animal cartilages
could be encouraging precursors for constructing an
efficient reactive interface of nano-HA and porous
carbon for Li-S batteries (Figure 1a and 1b). They are
natural organic/inorganic composite materials that
primarily comprise structural collagen grid and a cer-
tain amount of hydroxyapatite (HA). In general, dur-
ing the carbonization process, HA serves as an in-situ
self-sacrificial template to fabricate the porous frame-
work in animal bones. The content of HA is a key
indicator. Excessive HA content may lead to a dis-
connected carbon network of the product. Among the
animal cartilages, chicken cartilage provides suitable
HA content.

The lower HA content in chicken cartilage than
that in hard bone is beneficial to obtaining high car-
bon yield and forming a conductive framework for
improving charge transfer, and during the carboniza-
tion process of chicken cartilage, orderly distributed
HA maintains its nanoscale properties and in-situ
embeds in the porous carbon to form carbon-coated
nano-HA structures, enhancing the affinity for ad-
sorbing LiPSs.

Here, we selected chicken cartilage as a precursor
to construct a nano-hydroxyapatite@chicken cartilage
porous carbon (nano-HA@CCPC) reactive interface
for advanced Li-S batteries. With the suitable HA
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content, a uniform interface was constructed which
allows efficient sulfur reduction. During the car-
bonization process, the orderly distributed HA main-
tained its nanoscale properties and in-situ embedded
in the porous carbon to form carbon-coated nano-HA
structures. The nano-HA@CCPC showed high ab-
sorption and catalytic capability, and thus, Li-S bat-
teries with the nano-HA@CCPC-modified separator
exhibited superior specific capacity, rate performance,
and especially long-term cycling stability. After 325
cycles at 0.5 C, these batteries showed a specific ca-
pacity of 815 mAh-g™ and the loss of capacity per
cycle was as low as 0.051%. The nano-HA@CCPC
is a promising material for advancing the adoption of
LiPSs.
2 Experimental
2.1 Preparation of Nano-HA @CCPC

Raw chicken cartilage was dried and ground to a
powder before carbonization, and then the chicken
cartilage was pre-carbonized at 400 °C with a heating
rate of 5 °C -min~" in a tube furnace (CNT Furnace
ZSK1200) under a N, atmosphere for 2 h. The resul-
tant chicken carbon precursor and KOH were mixed
(mass ratio 1:1) and heated to 800 °C at 5 °C -min™
under a N, atmosphere. After cooling, the obtained
carbon material was washed multiple times with dis-
tilled water until the residual KOH was removed. It
was then dried at 60 °C for 24 h to obtain the
nano-HA@CCPC composite. As a control sample,
the nano-HA was prepared by re-calcining the
nano-HA@CCPC composite in an air under the same
calcining conditions and then the chicken cartilage
based porous carbon (CCPC) was prepared by succes-
sively washing nano-HA@CCPC with 1.5 mol hy-
drochloric acid and distilled water until the nano-HA
was completely removed.
2.2 Preparation of the Nano-HA @CCPC-

Modified Separator

To obtain the nano-HA@CCPC modified separa-
tor, a mixture of 45wt% nano-HA@CCPC powder,
45wt% acetylene black (AB), and 10wt% LA132 were
prepared as a slurry and directly coated onto a poly-
propylene (PP) separator. The coated separator was

then dried in a vacuum oven at 60 °C for 24 h before
being cut into circular disks (19 mm diameter). The
control samples (nano-HA- and CCPC-modified sep-
arators) were prepared by using the same method.
2.3 Preparation of the Li,Ss Solution

Li,Ss solution was used to investigate the adsorp-
tion of LiPSs according to a previously reported
method . In particular, sublimed sulfur and Li,S
were mixed (molar ratio 5:1) with 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) (volume ratio 1:1)
under an argon atmosphere and the resultant solution
was placed to stand for 2 days to form Li,Sq.
2.4 Assembly of Li,S; Symmetric Battery

The Li,S¢ symmetric batteries were assembled by
using identical electrodes as the cathode and anode
simultaneously. To prepare the nano-HA@CCPC-
modified electrodes, 45wt% nano-HA@CCPC pow-
der, 45wt% AB, and 10wt% LA132 were mixed into
a homogeneous slurry, and directly coated on alu-
minum foil. As a control sample, the nano-HA and
CCPC electrode was prepared with the same proce-
dure. And the AB electrode was prepared by mixing
AB with LA132 (mass ratio 9:1). The electrodes were
obtained after the coated foils were cut into 12.0 mm
disks. The batteries were then assembled into
CR2025 coin cells with two identical electrodes, Cel-
gard 2325 separator and 40 pL Li,Ss electrolyte. The
Li,S; electrolyte (0.05 mol-L™) was prepared by add-
ing sulfur and Li,S (molar ratio 5:1) in a mixture of
DOL and DME (volume ratio 1:1) containing 1 mol -L™
lithium bis(trifluoromethanesulfonyl) imide (LITFSI)
and 0.4 mol-L™ LiNO; under continuous magnetic stir-
ring.
2.5 Battery Assembly and Material Char-

acterization

In this study, 63wt% sublimed sulfur, 30wt% AB,
and 7wt% LA132 were mixed into a homogeneous
slurry and directly coated onto aluminum foil, obtain-
ing the sulfur electrodes with a sulfur loading of 1.0 ~
1.3 mg-cm™ The counter electrode was a foil of Li
metal, and the electrolyte was formed by dissolving 1
mol-L" LITFSI and 0.4 mol-L™" LiNO; in a combina-
tion of DOL and DME (volume ratio 1:1). The nano-
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HA-, CCPC-, and nano-HA@CC PC-modified sepa-
rators were adopted as the separators with the coated
side facing the cathode in the coin cells. The CR2025
coin cells were then assembled in an argon-filled
glove box.

Energy dispersive spectroscope (EDS, Quanta 650,
FEI) and scanning electron microscope (SEM, JSM-
7500F, JEOL) were used to characterize the surface
morphology of and elemental distribution in the
nano-HA@CCPC. The elemental composition of the
nano-HA@CCPC and the chemical adsorption char-
acteristics of the nano-HA@CCPC/Li,S¢ composite
were investigated with X-ray photoelectron spec-
troscopy (XPS). The Brunauer-Emmett-Teller (BET)
data were calculated from ASAP 2020 V4.01. The
compositions of the raw chicken cartilage and nano-
HA@CCPC were characterized by thermogravimet-
ric analyzer (TGA, Hengjiu, China). X-ray diffraction
(XRD) patterns were obtained by a D/max 2500 V
X-ray diffractometer, and the adsorption of LiPSs
onto the samples was studied using UV-vis spectro-
scope (TU-1810). In the voltage window from 1.7 to
2.8 V vs. Li/Li", a LAND-CT2001A instrument was
used to measure the cycle performance. Electrochem-
ical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were then employed to perform mea-
surements by using an Autolab PGSTAT204 in the
frequency range from 100 mHz to 100 kHz and in the
voltage window from 1.7 to 2.8 V with a sweep rate

of 0.1 mV-s™, respectively.

3 Results and Discussion

The synthesis of nano-HA@CCPC is illustrated in
Figure 1a. In brief, the evenly grounded chicken car-
tilage was first carbonized in an air atmosphere. And
according to TG curve (FigureS1 a), 400 °C could en-
sure maintenance of structure and limited loss of car-
bon source at the same time. The mixture of resultant
chicken carbon precursor and KOH was heated to
800 °C, after cooling and removing KOH, the nano-
HA@CCPC composite was obtained. The XRD pat-
tern of nano-HA@CCPC (Figure 1c) shows the coin-
cident broad diffraction peaks at 23° and 43°, which
correspond to the (002) and (100) lattice planes of

graphite, respectively!™!, indicating the amorphous
structure. However, the diffraction peaks of HA crys-
tal in the nano-HA@CCPC are not obvious which
could be attributed to the coverage of amorphous car-
bon. Hence, to confirm the formation of HA, we cal-
cined the nano-HA@CCPC in an air to remove car-
bon and the sample is denoted as nano-HA. The
XRD pattern of nano-HA exhibits typical HA diffrac-
tion peaks, confirming the good crystallization of
nano-HA particles®*®. In addition, to illuminate the
interaction at the interface between nano-HA and
CCPC, CCPC was prepared by removing nano-HA
and TG curve confirms the complete removal of HA
in CCPC. CCPC shows similar XRD patterns to
nano-HA@CCPC.

The SEM image of nano-HA@CCPC along with
the EDS mapping is shown in Figure 1d. The
nano-HA@CCPC demonstrates a hierarchical porous
structure with uniformly distributed N and Ca ele-
ments. This indicates the even distribution of HA on
the carbon framework. And according to the SEM
image of re-calcined nano HA particles (Figure
S3a-b), the average particle size of HA is less than
100 nm. The reason for the distribution distinction of
HA between the two materials could be attributed to
the in-situ-covered carbon framework on the surface
of HA, which limits the agglomeration of HA parti-
cles and results in small HA particles. Table S2 shows
the atomic percentages. The Ca/P atomic ratio in the
nano-HA@CCPC was 1.52, which is lesser than the
theoretical value of HA crystal. It might be that the
P-containing organic matter in the chicken cartilage
led to P-rich porous carbon after carbonization, and
the abundant P doping could improve the adsorption
of LiPSs™!. Besides, certain N atoms from organic
matter (e.g., amino acids) would be doped into the
carbon framework, enhancing the affinity of the nano-
HA@CCPC toward LiPSs.

We explored pore structures of nano-HA@CCPC
and nano-HA, with N, adsorption-desorption isotherms
(Figure le). The formation of the pore structures is
related to the carbonization process. KOH was adopt-

ed to activate the carbon by etching its surface. A
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series of reactions occurred between the KOH and
carbon (i.e., KOH — K,O0 + H,0, C + H,O — H, +
CO, CO + H,O — H, + CO,, K,0 + CO, — K,CO,,
K,0 + H, — 2K + H,0 and K,O + C — 2K + CO),
and the produced CO,, K,0 and K,CO; are conducive
of pore construction®. According to the TUPAC clas-
sification, the BET data of the nano-HA@CCPC ex-
hibits the type I curve. With micropore filling in the
low-relative-pressure region, a rapid increase in gas
adsorption was induced™", indicating a well-devel-
oped microporous structure of the nano-HA@CCPC.

However, the low- and medium-pressure zones of
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nano-HA were highly coincident and the N, adsorp-
tion amount approached zero. Only certain adsorp
tion occurred in the high-pressure zone, suggesting
the macroporous structure of nano-HA material 17,
As shown in Figure 1f, the pore size distribution was
further confirmed by density function theory (DFT)
modeling. The nano-HA@CCPC shows a pore dis-
tribution primarily in the micropore and smaller in
the mesopore regions, and the pore diameter is less
than 4 nm. On the contrary, the nano-HA shows
pore distribution in the mesopore and macropore re-
gions. Table S1 summarizes the BET data of both
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Figure 1 (a) Schematic diagram for the preparation procedure of nano-HA@CCPC. (b) Schematic illustration of the discharge pro-
cess and nano-HA@CCPC incorporated carbon where LiPSs reduction is accelerated. (¢c) XRD patterns of the nano-HA, CCPC and
nano-HA@CCPC. (d) SEM image for the nano-HA@CCPC and the corresponding EDS mapping images of N (red) and Ca (purple).
(e) N, absorption-desorption isotherms and (f) pore diameter distribution curves for nano-HA and nano-HA@CCPC. (color on line)
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nanoHA@CCPC and nano-HA. For the nano-HA®@
CCPC, a total specific surface area (SSA) of 2060.6
m?- g~ with a micropore SSA 0f 498.0 m*-g™" and an
average pore size of 2.0 nm was obtained. The highly
developed micro/mesoporous structure of the nano-
HA@ CCPC might offer an interface with a larger
surface area, thereby increasing the contact area be-
tween different phases and facilitating electrolyte
penetration, which is beneficial for the fast transport
of Li* ionst™*.

The adsorption and catalytic capability of nano-
HA@CCPC were further investigated. The UV-vis
spectra of LiPSs before and after being mixed with
various adsorbents are shown in Figure 2a. UV-vis
spectrum of prepared LiPSs shows high absorption
signal below 500 nm™. The signal is obviously re-
duced after being mixed with CCPC. This is related
to the large specific surface area and rich pore struc-
ture of CCPC which lead to strong physical adsorp-
tion of LiPSs. The nano-HA@CCPC sample shows
slightly higher absorption capacity of LiPSs com-
pared to that of CCPC which is attributed to the
chemical adsorption of LiPSs on nano-HA. XPS
analysis was further conducted to understand the pro-
cess of LiPSs adsorption onto nano-HA@CCPC. The
XPS Ca 2p spectrum shows two peaks at binding en-
ergies of 351.19 (2p,,) and 347.69 eV (2p;») (Figure
2b), which are consistent with those of Ca*®!. After
nano-HA@CCPC adsorbed Li,S, the binding ener-
gies of the Ca 2p spectrum shifted toward lower bind-
ing energies at about 0.21 eV, indicating electron do-
nation from sulfide to Ca*". This result demonstrates
that Ca atoms in nano-HA@CCPC are effective for
bonding S atoms in LiPSs™”. Moreover, the P element
plays an important role in nano-HA@CCPC, and the
XPS P 2p spectrum shows two peaks at binding ener-
gies of 133.24 and 134.11 eV (PO,*) (Figure 2¢)1*),
After LiPSs adsorption, new peaks of the P 2p spec-
trum at 133.50 and 134.37 eV appeared, which corre-
sponds to the interaction of P-S®. And the S 2p spec-
trum of the nano-HA@CCPC (Figure 2d) confirms
these results. The S 2p spectrum shows four peaks, at
163.26 and 164.42 eV, corresponding to S-S/S-C,

while at 168.56 and 169.82 eV, corresponding to sul-
fate species formed by the oxidation of sulfur in an
air®3, After the nano-HA@CCPC adsorbed Li,S, two
new peaks of the S 2p spectrum occurred at 163.73
and 164.89 eV, which can be attributed to S-P5%,

Due to the strong P-S bond, the nano-HA exhibits
good catalytic capability for LiPSs reduction. Both
CV and EIS tests were carried out to gain insight into
the role of the reactive interface in accelerating the
LiPSs reduction reactions. The redox reactions kinet-
ics were investigated by using Li,Ss-electrolyte sym-
metric batteries with CV scan rate of 50 mV -s™ and
voltage window from -0.7 to 0.7 V (Figure 2¢). The po-
larization profiles comprise the main redox current
density of Li,Ss and the minor capacitive current den-
sity of free Li,S¢™. The symmetric battery with nano-
HA@CCPC exhibits twice current density as high as
that of CCPC, indicating that more than simply en-
hancing the LiPSs adsorption, the introduction of
nano-HA@CCPC also enhanced the redox reaction
kinetics of LiPSs. The EIS profile shows the minimum
charge-transfer resistance of the nano-HA@CCPC,
further demonstrating that the high-efficiency reac-
tive interface of nano-HA@CCPC enhances the reac-
tion kinetics of LiPSs (Figure 2f)F,

The original combining of the high LiPSs adsorp-
tion CCPC and nano-HA catalyst makes nano-HA@
CCPC a promising candidate for Li-S batteries. The
strong adsorption capacity constructs a micro-envi-
ronment with higher LiPSs concentration around the
nano-HA coated by CCPC, which is more beneficial
to the transformation of LiPSs by HA catalysis. These
results illustrate that the active interface of nano-HA@
CCPC is highly affinitive to soluble LiPSs.

To illustrate the advantages of the nano-HA@
CCPC-modified separator, we characterized the mor-
phologies of the different modified separators using
SEM (Figure 3a, Figure S4a and Figure S4b). The
three separators show loose structure with numerous
micro-sized voids and channels, facilitating elec-
trolyte infiltration and Li* ion transport, and enables
accommodation of the LiPSs. Cross-sectional SEM
observation (Figure 3b) of the nano-HA@CCPC-
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Figure 2 (a) UV-vis spectra of the Li,S¢-containing solutions adding nano-HA, CCPC, and nano-HA@CCPC powders. (b-d) XPS
spectra of the Ca 2p, P 2p and S 2p peaks of the nano-HA@CCPC and nano-HA@CCPC/Li,Ss, together with their respective fitted
peaks. (e) CV curves of symmetric cells to evaluate the conversion between soluble LiPSs. (f) EIS spectra of AB, CCPC, and nano-

HA@CCPC in symmetric cells. (color on line)

modified separator demonstrates that the coating
thickness is about 6 wm with the coated loading of
only 0.07 mg-cm™. After folding, the undamaged
nano-HA@CCPC-modified separator (Figure S5) re-
tained its mechanical stability. Contact angle mea-
surements were further implemented on different
separators (Figure 3c-d, Figure S4c, and Figure S4d).
Compared with the large contact angle of PP separa-

tor, both CCPC and nano-HA@CCPC-modified sep-
arators were completely wetted with water, signifying
good electrolyte penetration. The nano-HA-modified
separator exhibits a larger water contact angle, indi-
cating that CCPC plays an excellent cooperative role
with nano-HA in ion diffusion.

Moreover, we evaluated the electrochemical per-

formance of Li-S batteries with CCPC-, and nano-
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PP separator

= 118°
nano-HA@CCPC

I W T
Figure 3 Characterization of the nano-HA@CCPC-modified
separator. The surface (a) and cross-section (b) SEM images of
the nano-HA@CCPC-modified separator. The contact angles
for (c) nano-HA@CCPC-modified separator and (d) PP separa-

tor. (color on line)

HA@CCPC-modified separators (Figure 4). CV was
conducted to illustrate the improved redox reactions
of the Li-S batteries with the nano-HA@CCPC-modi-
fied separator (Figure 4a). The battery with the nano-
HA@CCPC-modified separator exhibits sharp ca-
thodic and anodic peaks. It shows a small polarization
and a large current density compared with those of
the CCPC-modified separator, indicating a faster re-
action kinetics. These results suggest that the nano-
HA@CCPC-modified separator constructs a conduc-
tive carbon framework, offering a high-efficiency in-
terface to accelerate the conversion of LiPSst™. The
galvanostatic discharge/charge voltage profiles of
batteries with the separators at 0.5 C offer consistent
results with CV. The voltage profiles show a classic
two-step S redox process (Figure 4b-c). The high dis-
charge plateau at 2.2 ~ 2.4 V is where Sg converses to
Li,S, (4 < n < 8), and the low one at 2.0 ~ 2.1 V
represents the formation of Li,Sy/Li,S. All these
plateaus are attributable to the reduction processes of
S. The two plateaus at 2.27 and 2.38 V in the charge
profiles represent the conversion of Li,SyLi,S to
Sy/Li,Sg, which corresponds to the oxidation process-
es of SB"#. The battery with the nano-HA@CCPC-
modified separator exhibits longer second plateaus

and lower polarization (AE) than the batteries with

CCPC- and nano-HA-modified separators (Figure S8),
which could be attribute to the promoted LiPSs re-
duction. As the cycle number increased, the voltage
curves of the battery with the nano-HA@CCPC-mod-
ified separator overlap well compared with those of
the batteries with nano-HA- and CCPC-modified se-
parators. These results indicate that the battery with
the nano-HA@CCPC-modified separator exhibited
good cycling stability. The cycling performance fur-
ther confirms the above results. As shown in Figure
4d, all batteries were pre-activated for two cycles at
0.05 C. After 325 cycles, the batteries with the nano-
HA@CCPC-modified separator retained a high ca-
pacity of 815 mAh -g™; the capacity fade after each
cycle was 0.051%, and the Coulombic efficiency re-
mained stable at ~99% . However, after 200 cycles,
the batteries with the CCPC-modified separator dis-
played relatively low capacity of 700 mAh-g™'. It
is worth noting that after 20 cycles, the nano-HA@
CCPC-modified separator still maintained a uniform-
ly distributed surface morphology without obvious
cracks (Figure S6). According to Equation 3-1, the
shuttle factors of the batteries with the nano-HA@
CCPC- and CCPC-modified separators at 0.5 C were
0.007 and 0.029, respectively, where Cis Coulombic ef-
ficiency and fis the shuttle factor. Figure S7b)®.

Equation 3-1: C; = %}%%%

Consequently, the nano-HA@CCPC-modified sep-
arator effectively hinders the shuttle effect. The rate
performance of batteries was investigated by cycling
at rates of 0.2, 0.5, 1.0 and 2.0 C (Figure 4e). The
battery with the nano-HA@CCPC-modified separa-
tor displayed reversible capacities of 1041, 916, 840,
and 718 mAh-g™ at 0.2, 0.5, 1.0 and 2.0 C, respec-
tively. The specific capacities are higher than those of
the batteries with CCPC-modified separators, which
delivered capacities of 934, 754, 636, and 523 mAh-g”,
respectively. When the rate was returned to 0.2 C, the
battery with the nano-HA@CCPC-modified separa-
tor regained approximately 91% of its original capac-
ity because of good electronic conductivity and fast

reaction kinetics.
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Figure 4 Electrochemical performance of Li-S batteries with different separators. (a) CV curves for Li-S batteries with CCPC or
nano-HA@CCPC-modified separator. The galvanostatic discharge/charge voltage profiles of different cycles at 0.5 C for batteries
with (b) CCPC- and (c) nano-HA@CCPC-modified separators, (d) the long-term cycling performance of batteries at 0.5 C, and (e)

rate performance of batteries. (color on line)

These results demonstrate that the nano-HA@
CCPC could construct a high-efficiency reactive in-
terface by providing sufficient active sites of LiPSs
adsorption and effectively accelerate the conversion
of LiPSs. Furthermore, the Li-S batteries with the
nano-HA@CCPC-modified separator exhibited ad-
vantages in cycling performance compared with
batteries in previously reported works (Table S4). To

further demonstrate the kinetics of LiPSs reduction
reactions, the onset potential of the second step of the
Li-S reduction reaction is defined as the current den-
sity of 10 wA -cm™ beyond the baseline current (Fig-
ure S9). The battery with nano-HA@CCPC-modi-
fied separator exhibits the smallest onset potential of
the second cathodic peak, illustrating that the lig-

uid-liquid reaction can proceed with the minimum
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required driving force and that the nano-HA@CCPC
has a certain catalytic effect®. Therefore, the redox re-
action kinetics of battery with the nano-HA@CCPC-
modified separator are strongly enhanced.

4 Conclusions

In conclusion, we constructed an efficient reactive
interface by using nano-HA@CCPC to regulate the
electrochemical redox reaction of LiPSs. The rich in-
terface area and excellent electronic conductive path
effectively accelerated the LiPSs conversion. In par-
ticular, the good dispersion and embedment of
nano-HA into the porous carbon enhanced the affini-
ty of the interface for LiPSs. Furthermore, the CCPC
conductive framework played an excellent coopera-
tive role with nano-HA in the redox reaction kinetics
of LiPSs. The batteries employing the nano-HA@
CCPC-modified separators displayed high capacity,
good rate performance, long cycle life, and good sta-
bility. When cycled at 0.5 C for 325 cycles, the batter-
ies still displayed a specific capacity of 815 mAh-g™
with an average capacity fading rate of only 0.051%
per cycle. Because of sufficient sources, facile prepa-
ration method, and excellent electrochemical perfor-
mance, nano-HA@CCPC is a promising additive for
Li-S battery applications.
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