'.\' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 26 May 2015
doi: 10.3389/fenrg.2015.00025

OPEN ACCESS

Edited by:
Linda F. Nazar,
University of Waterloo, Canada

Reviewed by:

Lei Li,

Shanghai Jiao Tong University, China
Babak Shalchi Amirkhiz,

Natural Resources Canada, Canada

*Correspondence:

Jie Xiao,

Energy and Environment Directorate,
Pacific Northwest National
Laboratory, 902 Battelle Boulevard,
Richland, WA 99352, USA
jie.xiao@pnnl.gov

Specialty section:

This article was submitted to Energy
Storage, a section of the journal
Frontiers in Energy Research

Received: 20 January 2015
Accepted: 09 May 2015
Published: 26 May 2015

Citation:

Zheng J, Yan F, Gu M, Wagner MJ,
Hays KA, Chen J, Li X, Wang C,
Zhang J-G, Liu J and Xiao J (2015)
Interfacial reaction dependent
performance of hollow carbon
nanosphere — sulfur composite as a
cathode for Li-S battery.

Front. Energy Res. 3:25.

doi: 10.3389/fenrg.2015.00025

Interfacial reaction dependent
performance of hollow carbon
nanosphere - sulfur composite as a
cathode for Li-S battery

Jianming Zheng', Pengfei Yan', Meng Gu’, Michael J. Wagner?, Kevin A. Hays?,
Junzheng Chen’, Xiaohong Li’, Chongmin Wang', Ji-Guang Zhang', Jun Liu" and
Jie Xiao™*

" Pacific Northwest National Laboratory, Richland, WA, USA, 2 The George Washington University, Washington, DC, USA

Lithium-sulfur (Li-S) battery is a promising energy storage system due to its high energy
density, cost effectiveness, and environmental friendliness of sulfur. However, there are
still a number of technical challenges, such as low Coulombic efficiency and poor long-
term cycle life, impeding the commercialization of Li-S battery. The electrochemical
performance of Li-S battery is closely related with the interfacial reactions occurring
between hosting substrate and active sulfur species, which are poorly conducting at
fully oxidized and reduced states. Here, we correlate the relationship between the
performance and interfacial reactions in the Li-S battery system, using a hollow carbon
nanosphere (HCNS) with highly graphitic character as hosting substrate for sulfur.
With an appropriate amount of sulfur loading, HCNS/S composite exhibits excellent
electrochemical performance because of the fast interfacial reactions between HCNS and
the polysulfides. However, further increase of sulfur loading leads to increased formation
of highly resistive insoluble reaction products (Li>S»/LixS), which limits the reversibility of
the interfacial reactions and results in poor electrochemical performances. These findings
demonstrate the importance of the interfacial reaction reversibility in the whole electrode
system on achieving high capacity and long cycle life of sulfur cathode for Li-S batteries.

Keywords: sulfur composite, interfacial reaction, sulfur utilization, cycling stability, rate capability, Li-S battery

Introduction

Lithium-sulfur (Li-S) batteries are attracting increasing worldwide attention because of their high
theoretical capacity, natural abundance, low cost, and environmental friendliness (Mikhaylik and
Akridge, 2004; Wang et al., 2008, 2015; Cao et al., 2011; Jayaprakash et al., 2011; Ji et al., 2011a,b;
Zheng et al., 2011, 2013a,c,d,e; Schuster et al., 2012; Su and Manthiram, 2012a,b; Evers and Nazar,
2013; Huang et al.,, 2014; Xiao et al,, 2015). Li-S battery operates by reduction of sulfur during
discharge to form lithium polysulfides with different chain length and finally to produce Li,S, or
Li,S. Assuming Li,S as the final product, the maximum specific discharge capacity and energy
from Li-S batteries are estimated to be 1675 Ahkg™! and 2650 Whkg ™", respectively, three to five
times higher than those of state-of-the-art lithium ion batteries (Xiao et al., 2012a; Zheng et al,,
2013b). However, significant challenges have to be overcome prior to the practical application of
Li-S battery. The low electrical conductivity of pure sulfur and the redox shuttle reaction of soluble
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polysulfides between sulfur electrode and lithium anode are the
main reasons for the low utilization rate of sulfur and poor elec-
trochemical performances of Li-S battery, including low Coulom-
bic efficiency, high self-discharge rate, and fast capacity fading
(Mikhaylik and Akridge, 2004; Wang et al., 2008; Cao et al., 2011).
To address the aforementioned hurdles in Li-S battery system, a
variety of carbon frameworks, such as bimodal meso/microporous
carbon (Liang et al., 2009), functionalized graphene sheet (Cao
et al., 2011), mesoporous carbons (MPC) (Ji et al., 2011b, 2009;
Chen et al., 2011; Jayaprakash et al., 2011; Li et al., 2011), hol-
low carbon nanofiber (Zheng et al., 2011), microporous carbon
spheres (Zhang et al., 2010; Kim et al., 2013a), have been applied
to enhance the electrochemical performance of sulfur electrodes.
In addition, other organic materials such as polythiophene (Wu
et al., 2010), polypyrrole (Fu and Manthiram, 2012), polyaniline
(Xiao etal., 2012b), and metal organic framework (MOF) (Demir-
Cakan et al.,, 2011; Zheng et al., 2014a) have also been adopted as
sulfur hosting substrate and demonstrated to show good cycling
performance.

Since the sulfur and its insoluble reaction products (Li»S2/Li,S)
are highly resistive in terms of ion conduction and electron con-
duction, the above mentioned strategies actually provide a favor-
able electrode interface for sulfur reduction and re-deposition of
insoluble discharge products (Li,S»/Li,S), which thus improves
the utilization of sulfur and enhances the cycle life of the pre-
pared sulfur cathodes. To further discuss the importance of the
reversibility of interfacial reactions in Li-S battery, a hollow car-
bon nanosphere (HCNS) was adopted as hosting substrate because
of its pronounced graphitic character, which could facilitate the
efficient electron transport to the electrode interface to support
the interfacial reactions between HCNS substrate and the polysul-
fides. The physical properties and electrochemical performance
of the HCNS/S composites with different sulfur contents (50
and 80 wt% sulfur) were investigated in detail. The influence of
sulfur content on the interfacial reactions between HCNS and the
polysulfides was discussed in this work, which was thus correlated
with the observed cell electrochemical performance.

Materials and Methods

Details for HCNS synthesis are described as reported previously
(Zheng et al., 2013c). HCNS/S composite was prepared by a
simple melt-diffusion method (Cao et al,, 2011; Li et al., 2011).
In brief, sulfur powder (Sigma-Aldrich) was first dissolved in
carbon disulfide (CS;) to form a 10 wt% solution. HCNS was
added into sulfur-CS; solution. Then, the slurry was stirred under
ambient temperature to evaporate CS,. The obtained powder was
grounded and heated at 155°C for 12h in Teflon-lined stain-
less steel autoclave, to improve the sulfur distribution inside
the carbon framework via capillary action. HCNS/S composites
with 50 and 80% S were prepared. The accurate sulfur content
was determined by the thermogravimetric analysis (TGA) with a
Netzsch STA 449C thermal analysis system (Netzsch, Germany)
from RT to 600°C at a heating rate of 10°C min~' under N,
flow. XRD was carried out on Panalytical X'Pert diffractometer
(Holand) with Cu Ko radiation operated at 50kV and 40 mA,
and the XRD data were collected from 10° to 80° in 26 at a step

size of 0.04°. High resolution transmission electron microscopy
(HRTEM) analysis was carried out on a JEOL JEM 2010 micro-
scope fitted with a LaB6 filament and an acceleration voltage
of 200kV. Surface area, porosity, and pore size analysis were
determined using nitrogen adsorption/desorption collected at
77K with a QUANTACHROME AUTOSORB 6-B gas sorption
system. The surface area was determined from the isotherm
using 5 points Brunauer-Emmett-Teller (BET) method. Barrett-
Joyner-Halenda (BJH) method was used for the porosity and
pore size analysis. T method was used for micro pore analysis.
Energy-dispersive X-ray spectroscopy (EDX) elemental mapping
was investigated by JEOL JEM-ARM200CF microscope, which is
operated at 200kV and equipped with probe spherical aberra-
tion corrector, and a JEOL SDD-detector with a 100 mm?* X-ray
Sensor.

Electrochemical measurements were carried out using CR2325
coin-type cell (Canadian National Research Council) system.
Cathode electrodes were prepared by coating a mixture containing
80 wt% HCNS/S composite, 10 wt% super P (from Timcal), and
10 wt% poly(vinylidene fluoride) (Kynar HSV900, Arkema Inc.)
binder onto Al current collector foil. The electrode loading is
about 2 mgcm ™2 Coin cells were assembled with the HCNS/S
cathode electrodes as-prepared, metallic lithium foil as counter
electrode, Celgard 2400 microporous membrane as separator in
an Argon-filled MBraun glove box. The electrolyte is 1M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in a mix-
ture of 1, 3-dioxolane (DOL) and dimethoxyethane (DME) (1:1
in volume). The sulfur/electrolyte ratio is controlled at 50 g L™
(Zheng et al., 2013d). The electrochemical performance measure-
ments were performed galvanostatically between 1.0 and 3.0 V at
0.2and 0.5Crates (1C=1680mA g~ 1) on an Arbin BT-2000 bat-
tery tester at room temperature. The rate capability was evaluated
with a constant charge at 0.2 C, and a gradual ascending in the
discharge C rate after initial five charge/discharge cycles at 0.1 C.
The capacity is calculated based on the active sulfur component of
the HCNS/S composite. Cyclic voltammetry (CV) was performed
on a CHI 6005D electrochemical station (from CH Instruments)
between 1.0 and 3.0 V ata scan rate of 0.2 mV s~ *. Electrochemical
Impedance Spectra (EIS) measurements were performed using the
CHI 6005D electrochemical station in a frequency range from
100 kHz to 10 mHz with a perturbation amplitude of £10 mV.

Results and Discussion

Figure 1 shows the N, adsorption-desorption isotherms and pore
size distribution of pristine HCNS and HCNS/S composites. As
summarized in Table 1, the pristine HCNS has a BET surface area
of 75.5m* g~ ! with a pore volume of 0.379 cm® g™, which could
accommodate 44.0 wt% of sulfur inside the pores. To investigate
the influence of sulfur content on the interfacial reactions and the
consequent electrochemical performance of Li-S battery, HCNS/S
composites with different sulfur loading were prepared: one is
loaded with sulfur content of 50 wt% S (indicated as HCNS/S50),
which is close to the maximum limit as determined by the pore
volume of HCNS, while the other one is loaded with significantly
excessive sulfur content (80 wt% S) (indicated as HCNS/S80).
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FIGURE 1 | (A) N, adsorption/desorption isotherms; (B) pore size composites were normalized over the intensity of the (222) peak of the S; the
distribution; (C) TGA curves; and (D) XRD patterns of the pure S, pristine XRD pattern of HCNS was normalized over its maximum intensity (002) peak
HCNS, and HCNS/S composites: the XRD patterns of S and HCNS/S for comparison.

TABLE 1 | BET results and electrochemical performance of HCNS/S
composites.

HCNS HCNS/S50 HCNS/S80
Surface area/m? g~ 75.5 8.38 1.88
Pore volume / cm®g ™" 0.379 0.067 0.016
Initial capacity at 0.2 C / mAhg ™" - 1170 774
Capacity after 100 cycles at 0.2 C/ - 754 484

mAhg™!

After sulfur impregnation, both HCNS/S composites show largely
reduced BET surface area and pore volume (Table 1), as evidenced
by the decrease of hysteresis loop in isotherms (Figure 1A) and
the diminishing pore size distribution profile (Figure 1B). The
reduced surface area after sulfur loading could be partially due
to the sulfur covering on the outer surface blocking the access of
N, to inner surface of the HCNS. Another more important reason
is that sulfur melted and diffused into the hollow pores of HCNS
during heat treatment leading to the significant decrease of surface
area. The accurate loading content of sulfur was confirmed by
the TGA measurement (Figure 1C). XRD patterns of the pure
sulfur, pristine HCNS, and HCNS/S composites are shown in
Figure 1D. As shown, the HCNS carbon framework shows sharp
crystalline peaks of carbon, suggesting that HCNS contains high
graphitic content and allows fast transport of electrons to/from
the poorly conducting active materials, including sulfur and poly-
sulfides (Jayaprakash et al, 2011). The elemental sulfur and

HCNS/S composites show XRD peaks that could be assigned to
those of pure orthorhombic sulfur (PDF no. 00-008-0247) (Su and
Manthiram, 2012b).

The TEM images of HCNS, HCNS/S50, and HCNS/S80 are
shown in Figures 2A-C, respectively. Visually, the HCNS is
mainly composed of large mesopores with pore size ranging
from 10 to 50 nm and well crystallized carbon wall of ca. 10 nm,
in well accordance with the pore size distribution analysis and
XRD result. The enclosed large mesopores of HCNS is attractive
because they could potentially trap the polysulfides produced
from the Li-S redox reactions, thus affording good cycling per-
formance of HCNS/S composite. Figure 2D presents the HRTEM
image of HCNS carbon wall, which exhibits highly graphitic char-
acter. Elemental mapping of C and S was further carried out to
understand how the S element distributes in the HCNS/S com-
posite, as shown in Figure 3. It can be seen that sulfur distributes
homogeneously throughout the carbon nanosphere framework.
The two intensity profiles in the Figure 3D show that some of the
sulfur melted and was absorbed by the HCNS carbon substrate
during the heat treatment at 155°C. A significant quantity of the
sulfur just covers on the outer surface of HCNS carbon walls. The
EDX maps also show that sulfur only exists where carbon substrate
is identified, and there is no obviously segregated sulfur detected.
The intimate contact between sulfur and the carbon substrate, and
the fast transport of electrons in the graphitic carbon matrix will
readily facilitate the electrochemical interfacial reactions between
HCNS framework and polysulfides both at outer surface and at
inner surface.
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40 nm

FIGURE 2 | TEM images of (A) pristine HCNS, (B) HCNS/S50
composite, and (C) HCNS/S80 composite. (D) HRTEM image of HCNS
carbon wall showing highly graphitic character.

100 nm 100 nm
B ] —
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FIGURE 3 | (A) HAADF Z-contrast image; (B) carbon and (C) sulfur EDX
maps; (D) overlaid C/S map of HCNS/S50 composite material. Inset in (D) are
the intensity profiles of carbon and sulfur across the HCNS/S composite nano
particles.

To understand the redox reactions of the HCNS/S composites
in Li-S batteries, CV tests were conducted with CR2325 coin-type
cells at a scan rate of 0.2mV s~ ', and the results are shown in
Figure 4. For HCNS/S50 composite, two typical reduction peaks
at around 2.30 and 2.05V are well-resolved during the cathodic
scan, corresponding to a two-step reduction of sulfur. The first
step at ca. 2.3V corresponds to the conversion of sulfur to high-
order polysulfides (Li, Sy, 4 <1 < 8). The second step is ascribed
to further transformation of high-order polysulfides to low-order
polysulfides (Li,Sn, # < 4), and finally to insoluble lithium sulfide
(Li2S2/LizS) (Wu et al., 2010). It is worth to note that there is a
minor reduction peak between the two main reduction peaks, due
to the formation of S and S from S /Sg (Cao et al,, 2011). In

A
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Voltage / V vs. Li/Li*
FIGURE 4 | Cyclic voltammograms (CV) of HCNS/S composite cathodes
at0.2mVs—'. (A) HCNS/S50 composite, (B) HCNS/S80 composite.

the subsequent anodic scan, the sharp oxidation peak at about
2.5V is attributed to the conversion of low-order polysulfides
back to high-order polysulfides and then the intermediate S3 .
During the following cycles, both cathodic and anodic peaks
remain stable in terms of current and potential, indicating that
the interfacial reactions between HCNS and the polysulfides are
highly reversible with low kinetic barrier. While for the HCNS/S80
composite, because of the reduced content of HCNS, there are
not enough carbon surfaces dedicated for the reversible interfacial
reactions between HCNS and the polysulfides, especially for the
re-deposition of insoluble reduced products Li,S,/Li,S back onto
the HCNS surface. Therefore, the HCNS/S80 composite shows
redox peaks distributing in a broad voltage range because of the
increasing cell polarization. The HCNS/S80 composite also shows
increased current response at high voltage region (2.75~3.0V)
during subsequent scans, indicating an increase of shuttling effect
and a reduced Coulombic efficiency.

The electrochemical performances of the HCNS/S composites
were further evaluated using galvanostatic charge/discharge pro-
tocol, and the results are shown in Figure 5. Figure 5A shows the
typical charge/discharge profiles for HCNS/S composites at 0.2
C (336 mA g~ "). The two discharge voltage plateaus are in good
agreement with the reduction peaks observed in the CV scans.
The upper voltage plateau at ca. 2.3 V corresponds to the transition
from Sg to long chain polysulfides (Li,Sg, Li»S¢ or Li»S4), while
the lower one at ca. 2.1V reflects the further reduction of Li,S4 to
lower order series of Li>S,/LizS (Jayaprakash et al., 2011; Zheng
etal., 2011). The two HCNS/S composites show similar discharge
capacity of upper voltage plateau at ca. 2.3V, as reflected by the
overlapped discharge profile above 2.1V (Point A). However,
the lower voltage plateau at 2.1 becomes largely shortened and
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the cell polarization increases dramatically with the increase of
sulfur loading, revealing a decrease of conversion reaction from
long chain polysulfides to insoluble Li,S,/Li,S (decreased from
Point B to B'). This is because the interfacial reactions from solid
sulfur to liquid polysulfides occurring at 2.3 V is kinetically faster
than the interfacial reactions from liquid polysulfides to solid
(Li>S2/Li,S) reaction initiating at lower plateau (~2.1 V). Although
a redistribution of polysulfides among the whole electrode is
unavoidable once discharge process is initiated, with high sulfur
loading (80% S), the HCNS carbon framework could not provide
enough surface area for re-deposition of insoluble reduction prod-
ucts (Li,S»/Li,S) back onto the carbon surface. As a consequence,
HCNS/S80 also shows much higher cell polarization during sub-
sequent charge process because of the formation of thick film of
poorly conducting discharge products on carbon surface.

Figure 5B compares the cycling performances of HCNS/S com-
posites with different sulfur loading. The result indicates that the
sulfur utilization is dependent on the interfacial reactions that
occur between HCNS and the reduced polysulfides. At high sulfur
loading, HCNS/S80 composite only delivers 774 mAhg™" at 0.2
C, corresponding to a low sulfur utilization of 46.2%. On the con-
trary, with appropriate sulfur content the HCNS/S50 composite
exhibits much higher discharge capacity of 1170mAhg™! at 0.2
C, corresponding to greatly improved sulfur utilization (69.6%).
After 100 cycles, the HCNS/S50 composite still retains capacities
of 754 and 772mAhg™" at 0.2 and 0.5 C, respectively, much
higher than 484 and 356 mAh g~ for the HCNS/S80 composite.

Meanwhile, the charge/discharge plateaus maintain relatively sta-
ble during cycling, as shown in Figure 5C, confirming the excel-
lent cycling performance of HCNS/S50 composite. That is because
with appropriate sulfur loading, the deposition of thick layer of
discharge products (LiS»/Li,S) could be avoided or alleviated,
thus leading to good cycling performance (Zheng et al., 2013c).
With excessive sulfur loading, the thick layer of discharge products
(Li2S2/LizS) is difficult to get completely oxidized, resulting in
continuous accumulation of dead Li,S in the cycled electrode and
leading to fast capacity fading. It is worth to note that the lower
voltage plateau at ca. 2.1V shrinks significantly during cycling,
while the upper voltage plateau at ca. 2.3 V keeps relatively stable.
This implies that the active surface of HCNS is gradually de-
activated due to the passivation of insulating Li;S/Li,S,, which
dramatically increases the kinetic barrier for the interfacial reac-
tions between HCNS and polysulfides. This may be also one of
the main reasons contributing to the continuous capacity fading
of other Li-S battery systems. The charge/discharge performance
as reported for HCNS/S50 composite is comparable to or superior
over those reported for C/S composites with similar sulfur loading
and using normal electrolyte without LiNO3 additive (Liang et al.,
2009; Elazari et al., 2011; Li et al.,, 2011; Kim et al., 2013a; Weng
et al,, 2013; Wang et al., 2014; Zhao et al., 2014). The discharge
capacity of HCNS/S50 composite cathode is calculated to be
468 mAh g~ ! based on the whole electrode, and the energy density
is determined to be 948 Wh kg™ !. This energy density value is still
higher than the lithium-rich manganese-rich cathode material for
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LIBs, which delivers the highest gravimetric energy density among
the cathode candidates for LIBs (about 900 Wh kgfl) (Zheng
etal, 2014b,c, 2015).

Figure 5D presents the Coulombic efficiencies of these two
HCNS/S composites during cycling at 0.2 and 0.5 C rates. On
the one hand, the Coulombic efficiency of HCNS/S compos-
ite is increased with the increase of charge/discharge current
density, ascribed to reduced time for polysulfides to migrate to
lithium metal anode. On the other hand, the Coulombic efficiency
is dependent on the sulfur loading in the composite material.
With excessive sulfur loading, the HCNS/S80 composite gen-
erally shows relatively low Coulombic efficiency at different C
rates, which is expected because the sluggish interfacial reactions
between limited HCNS and the higher content of polysulfides
could not timely re-oxidize all of the lower-order polysulfides to
higher-order polysulfides, leading to more obvious shuttling. The
decreased Coulombic efficiency is consistent with the increased
current response as observed in the CV scans (Figure 4B). In addi-
tion, due to the increased shuttling effect, more of the high-order
polysulfides are irreversibly reduced to form insoluble Li,S,/Li,S
on lithium metal surface, leading to increase of cell resistance
and fast capacity fading (Figure 5B). With appropriate sulfur
loading, the HCNS/S50 composite shows significantly improved
Coulombic efficiencies during long-term cycling both at 0.2 and
0.5 C as compared to those of HCNS/S80 composite. The high
Coulombic efficiency of HCNS/S50 composite is attributed to the
fast interfacial reactions occurring between the relatively higher
content of HCNS and polysulfides during charge process that
reduces the undesirable shuttling reactions.

Rate capabilities of the two HCNS/S composites were further
evaluated, and the result is illustrated in Figure 6. The discharge
capacity decrease with the increase of current rate ascribed to the
increase of cell polarization and decrease of interfacial reactions
at higher C rates. The HCNS/S50 composite shows relatively high
discharge capacities at different C rates, delivering 910 mAh g~ at
1 Cand 792mAh g™ at 2 C, which are considerably higher than
470 and 418 mAh g~ for HCNS/S80 composite. The good rate
capability of HCNS/S50 composite could be ascribed to the high

FIGURE 7 | Evolution of impedance spectra of cells with different
HCNS/S composite electrodes during initial discharge/charge
processes. (A) Before cycling; (B) discharge to a capacity of 300 mAh g
(C) end of discharge (inset is enlarged from high-medium frequency region);
(D) end of charge.

—1.
,

graphitic character of HCNS, which facilitates the timely electron
transfer to/from orly conducting S and polysulfides and hence
ensures the fast interfacial reactions between HCNS and active
S species in the electrode system. However, further increase of
sulfur content (decrease of HCNS content) readily retards these
interfacial reactions, resulting in reduced discharge capacities at
different C rates. This result further demonstrates the relationship
between the rate performance and the interfacial reactions that
occur in Li-S battery systems.

To further understand the performance difference of different
HCNS/S composite cathodes, EIS measurements were performed
to study the cell impedance evolution during initial dis/charge
processes, and the results are presented in Figure 7. Before cycling,
the semicircle observed in the high-medium frequency region
is a combination of surface film resistance and charge transfer
resistance (Figure 7A) (Zheng et al., 2014a). After discharge
to a capacity of 300mAhg™' (Point A of Figure 5A), a high-
frequency semicircle, an intermediate-frequency semicircle and
low-frequency tails are observed (Figure 7B), because of the
formation of soluble polysulfides in the electrolyte. Although the
detailed assignment in the Nyquist plot is still controversial for
Li-S batteries, it is generally interpreted that the high-frequency
semicircle is related with the surface film resistance (Ry), the
intermediate-frequency semicircle is ascribed to the charge trans-
fer resistance (R) in the electrode/electrolyte interface, while the
low-frequency tail is associated with the Li™ ion diffusion process
in the solid electrode (Kim et al., 2013b). At the end of discharge,
serious Warburg impedance is detected at the low frequency
range due to the accumulation of insoluble discharge products
Li»S»/Li,S (Figure 7C), indicating a large kinetic barrier at the
completion of discharge. At the end of charge, two semicircles
appear (Figure 7D) because the discharge products Li;S,/Li,S
are converted back to soluble polysulfides and then to sulfur
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(Sﬁ' / Sg). From comparison, it is found that the HCNS/S50 com-
posite always shows lower cell resistances (surface film resistance
and charge transfer resistance) during electrochemical reaction
processes. The lower resistances of cell with higher content of
HCNS (HCNS/S50) are conducive to enhance the electrochemical
interfacial reactions during dis/charge process, which enables the
superior long-term cycling performance and rate capability. The
EIS result is in good agreement with the above discussion on the
relationship between interfacial reactions and the electrochemical
performance of Li-S batteries.

Conclusion

Hollow carbon nanosphere-sulfur composites have been investi-
gated as cathode materials for Li-S battery, and the electrochem-
ical performances were correlated with the interfacial reactions
occurring in the whole electrode system. With an appropriate
content of sulfur loading (50 wt% S), HCNS/S composite shows
a high discharge capacity of 1170mAhg™" at 0.2 C and good
cycling stability as well as decent rate performance, ascribed to
the fast interfacial reactions between HCNS and the polysulfides.
However, excessive sulfur loading leads to increased formation
of highly resistive insoluble reaction products (Li,S;/Li,S), which
limits the reversibility of the interfacial reactions and results in
poor electrochemical performance including low sulfur utilization
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