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ABSTRACT

Lithium sulfide (Li»S) cathode is considered as a prospective substitution for sulfur-based cathode for as its high
specific capacity. Despite this, the poor electron and lithium ion transportation for Li,S impedes its further
development. Herein, a great electron and lithium ion pathway is constructed for Li,S by a facile spray-dried
technology. In this composite, the nano-sized Li,S is well imbedded in framework composed by the nitrogen/
oxygen dual doped carbon nanotube/carbon (Li»S/CNT/C-N/O). The electrochemical tests show that the pre-
pared Li,S/CNT/C-N/O cathode exhibits great cycling stability and rate capacity. A high initial discharge ca-
pacity of 1014 mAhg™! is achieved with 671 mAhg™! capacity remained at 200mA g~ after 200 cycles.
Impressively, a stable capability is still exhibited from 200 to 3000 mA g~ ! during rate testing. In-situ electro-
chemical impedance spectra test is further used to get insightful understanding about the improvements. The
result reveals that decreased resistance and increased lithium-ion diffusion can be achieved for the Li,S/CNT/C-
N/O, especially at the initial charging stage of polysulfides nucleation, which shed light on the improved reactive
kinetics and active material utilization.

1. Introduction

The demand for high-energy-storage system is increasing as the
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development of electric and smart grid. Thus, much attention has been
paid to lithium-chalcongen batteries [1-3]. Among these, lithium-sulfur
(Li-S) battery, using sulfur as cathode and lithium as anode, is regarded
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as one of the most promising next-generation high-energy-storage sys-
tems as its high theory specific energy (1675 mAh g~ ') and high energy
(2600 Wh kg™ 1y [1]. In addition, the elemental sulfur is abundant, low-
cost and environmentally friendly. Nevertheless, the commercial ap-
plication of Li-S batteries is still hindered by some inherent issues, in-
cluding the poor electronic conductivity of sulfur, the large volume
change (~79%) of electrode, and the dissolution and shuttle of medium
products polysulfides [4,5].

To solve above problems, the most popular strategy is to bring sulfur
into carbon hosts, such as hollow carbon, carbon nanotube (CNT) and
graphene [6-8]. A melting diffusing method is normally adopted to
bring sulfur into pre-prepared carbon hosts since the low melting point
of sulfur (155 °C). However, there is still inevitable sulfur remaining on
the outside or diffusing out from the porous structure [7,9]. By contrast,
the lithium sulfide (Li,S), a fully lithiated sulfur product, is proposed as
an alternative cathode due to its high theoretical specific energy
(1166 mAh g_l) as the sulfur [10]. Most importantly, the high thermal
stability of Li»S (melting point of 1372°C [11]) makes it available to
confine sulfur species under high temperature condition.

Though these appealing advantages, the Li,S cathode also suffers
from its inherent problems. One problem is same with the sulfur
cathode — the dissolution and shuttle of polysulfides, leading to fast
capacity fading and lithium anode corrosion. A variety of strategies
have been proposed to suppress the polysulfides dissolution for sulfur
cathode, such as physical confinement, chemical adsorption, inserting
interlayers and modified separators [12-18]. Another problem is that
Li>S shows both poor electronical and ionic conductivity. Early at-
tempts are mainly focused on resolving the electron conductivity. For
example, various Li,S/metal or Li,S/carbon composites are investigated
to improve Li,S utilization [19-21]. Nevertheless, a desirable capacity
and cycling stability is still not achieved. A breakthrough is made by
Yang et al., who adopted a high cut-off voltage to render Li,S electro-
chemical activation [22]. As the poor electron and ion transfer, it is
difficult for lithium ion (Li-ion) to extract from Li,S to form polysulfide
phase, leading to a large potential barrier in the first charging process.
Thus, an extra energy is needed to overcome this barrier for the nu-
cleation of polysulfides. Therefore, for the Li»S cathode, it is vital to
construct framework with both great electron and ion transportation.

A number of nanostructured composites have been developed as
their efficient effect on shortening the distance of ion diffusion on na-
noscale [23,24]. For example, Cai et al. prepared nanostructured Li,S/C
composite from commercially micrometer-sized Li,S through high-en-
ergy ball milling [25]. The particle size can be reduced to 200-500 nm,
achieving enhanced active material utilization. However, as Li,S is very
sensitive to water and oxygen, harsh synthesized conditions are re-
quired. Another alternative precursor, Li;SO4, is proposed based on the
reaction of Li,SO4 + 2C — Li,S + 2CO, [26,27]. As the fact that Li,SO4
is low cost and no complex equipment is needed, fabricating Li,S from
Li»SO4 exhibits a promising prospect. However, it is still challenging to
fabricate nanostructured Li»S/C composites using a facile and scale-up
synthesis method. In addition, it is vital to get in-depth understanding
about the Li-ion transportation in the composite since its important role
in the Li,S cathode.

Herein, the nano-sized Li»S uniformly embedded in the nitrogen/
oxygen dual doped CNT/C conductive network (Li,S/CNT/C-N/O)
composite is fabricated by a simple spray-dried method. Firstly, the
spray-dried technology is adopted as its fast and efficient for fabricating
the Li,S/CNT/C-N/O composite on large scale. Secondly, the highly
entangled CNT can be connected together with thermal polymerized
carbon via a spray-dried process, providing fast electron pathway. Most
impressively, hollow structure can be obtained, which can efficiently
increase the reaction area between the active material and the elec-
trolyte, providing fast Li-ion diffusion and mass transfer. Furthermore,
benefited from the solution reaction, the nanosized Li,S can be uni-
formly dispersed in the CNT/C-N/O network, which will guarantee
enough electron contact and improve the active material utilization.
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The electrochemical measurements show that the fabricated Li,S/CNT/
C-N/O cathode exhibits great cycling stability and high rate perfor-
mance. To explore the fundamental mechanism about the improved
performances, the in-situ electrochemical impedance spectra (EIS) is
carried out to get insightful understanding about the Li-ion diffusion
and charge transportation in the composite.

2. Experimental
2.1. Material fabrication

Commercial Li,SO4H,O (Aladdin), carbon nanotube (CNT,
Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences),
sucrose (Sinopharm Chemical Regent, China) and chitosan (Xilong
Chemical Company, China) were used as raw materials without any
special treatment. In a typical experiment, Li,SO4H,O (2.0g), CNT
(0.4 g), sucrose (1 g) and chitosan (0.5g) was added into deionized
water (25.0 mL). After stirring at room temperature for 4 h, the mixture
was spray-dried with B-290 mini spray dryer (Buchi Company,
Switzerland). The setting temperature was 200 °C and pump rate was
6%. Subsequently, the collected precursor was calcined at 500 °C for
30 min, followed by 800 °C for 3h with 2°C/min under argon atmo-
sphere. The obtained product is denoted as Li,S/CNT/C-N/O. The
products of Li»S/CNT/C-N, Li»S/CNT/C-O, Li»S/C-N/O and Li»S/C-N/O
were also prepared without adding sucrose, chitosan, CNT, and
Li»SO4H>0, respectively.

Li,Se solution was synthesized based on previous report [28]: stoi-
chiometric ratio of sulfur and Li,S was adding into 1,3-dioxolane
(DOL), followed by heating at 80 °C with continuously stirring for 12 h.
All above procedures were performed in the Ar-filled glovebox.

2.2. Material characterization

The X-ray diffraction (XRD) data were obtained using Rigaku X-ray
diffraction with Cu-Ka radiation operated at 40kV and 15mA. The
morphologies of the composites were characterized using field emission
scanning electronic microscope (SEM, HITACHI S-4800) and high-re-
solution transmission electron microscope (HRTEM, TECNAI F30). The
thermal analyzer (SDT-Q600) was utilized to get thermogravimetric
analysis (TGA) curves from 30 to 800°C with the heating rate of
10°Cmin~"! in air atmosphere. To get the information about Brunauer-
Emmett-Teller (BET) specific surface area and pore distribution, the
nitrogen adsorption/desorption isotherms were measured with ASAP
2020. Horvath-Kawazoe (HK) and Barrett-Joyner-Halenda (BJH)
methodology were used to analyze the micropore and mesopore size
distribution, respectively. The X-ray photoelectron spectrum (XPS) was
analyzed with Qtac-100 scanning microprobe.

2.3. Cell assembly and electrochemical measurement

The working electrode contained the active material (Li,S/CNT/C-
N/0O), acetylene black (AB) and polyvinyl chloride (PVC) with the mass
ratio of 80: 10: 10. After stirring thoroughly, the slurry was casted onto
Al foil, which was then dried at 60 °C overnight. All the above processes
were conducted in an argon-filled glovebox. The electrolyte was 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,2-dimethox-
yethane (DME) and DOL (DME: DOL = 1: 1, v/v) with 1 wt% LiNOs.
The ratio of electrolyte to sulfur is 10 mL:g~*. The lithium metal foil
was used as both counter and reference electrode. By contrast, com-
mercial Li,S was used as cathode, with Li,S/AB/PVC ratio of 50: 40: 10.
A typical Li,S mass loading is ~2mg-em ™2 The cyclic voltammetry
(CV) profiles were measured at a scanning rate of 0.05 mV s~ with a
voltage range 1.75-2.8 V after initial activating to 3.4 V. The discharge
and charge plots were collected using battery system (LAND CT2001A
instrument).
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Fig. 1. The schematic process of Li,S/CNT/C-N/O preparation.

2.4. In-situ electrochemical impedance spectra test

(EIS) were carried on Autolab using two-electrode system with li-
thium metal as both counter and reference electrode. The charge/dis-
charge process was tested at 30mA g~ ' between 1.75 and 3.4 V. The
Nyquit points were collected after resting for 10 min. The applied am-
plitude was 5mV with frequency range of 0.1 Hz - 100 kHz.

3. Results and discussion

The schematic process of Li,S/CNT/C-N/O fabrication is illustrated
in the Fig. 1. Herein, the Li,SO, is adopted as Li,S precursor, the CNT is
chosen as the electron conductive skeleton, the sucrose acts as reactive
carbon precursor, coating reagent on Li,S as well as O-dopant, and the
chitosan is utilized to produce N-dopant. The fabrication of Li»S/CNT/
C-N/O mainly contains two steps. Firstly, the raw reagents are fed into a
spray dryer via a peristaltic pump. The water can be rapidly evaporated
under high temperature, yielding remained solid of Li,SO,/CNT/su-
crose/chitosan assembled together in a three dimensional (3D) sphe-
rical structure (Fig. S1). After subsequent annealing at 800 °C for 3 h,
the product of Li,S/CNT/C-N/O can be synthesized via a typical reac-
tion: Li,SO4 + 2C — Li,S + 2CO,_As a result, the composite composed
of nano-sized Li,S and CNT/C-N/O framework is obtained with enough
amount of carbon.

To confirm the successful fabrication of Li,S, the XRD data of as-
prepared composites are collected, as shown in the Fig. 2a. For pristine
CNT, two typical carbon material peaks can be detected. The strong
peak at 26.6° belongs to the (0 0 4) of carbon and the weak peak at 44.6°
is attributed to the (1 02). As for obtained Li,S/CNT/C-N/O, the re-
flections can be well match with the crystalline data of Li,S (JCPDS card
065-2981) except the peaks from the CNT and the Kapton tape (Fig.
S2a) used to protect Li,S. The peaks at 26.98°, 31.28°, 44.80°, 53.08°,
65.20° and 71.97° correspond to the (111), (200), (220), (311),
(400) and (3 31) planes of Li,S, respectively. The same reflections are
found in the commercial Li,S (Fig. S2b). No other impurities are de-
tected in the obtained Li,S/CNT/C-N/O composite, indicating the
complete reaction of Li»SO,4 (Fig. S2¢) to Li»S. The XRD results de-
monstrate the successful fabrication of Li,S from the raw material of
Li»SO,4. Both SEM and TEM images are used to characterize the
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morphologies of commercial Li,S and as-prepared Li,S/CNT/C-N/O
composite. Commercial Li,S sample shows micro-size from 1 to 10 um,
mainly concentrated at 3-6 um (Fig. S3a). From Fig. 2b, it can be seen
that the Li,S/CNT/C-N/O composite is spherical morphology with size
range from few hundreds nm to ~30um (insert in Fig. 2b). After
strongly mechanical grinding, the hollow structure can be identified in
either small size (Fig. S3b) or large size (Fig. S3c), which can increase
the contacted area between electrolyte and active material. The en-
larged SEM image (Fig. 2c) displays that the CNT and carbon material
are interconnected with some pore structures, which is beneficial for Li-
ion diffusion. If without the introduction of CNT, agglomerated micro-
particles are obtained (Fig. S3d), indicating the important role of CNT
in constructing spherical morphology. Further character is performed
using TEM image (Fig. 2d). As we can see from high-resolution TEM
(HR-TEM) images, two different lattice stripes are identified (Fig. S4),
which are more obvious in the Fourier Transformed image (inserted
Fig. 2e). The distance of 0.33 nm belongs to the (1 1 1) plane of Li,S, the
size of which is around 5nm. The distance of 0.35nm is attributed to
the (0 0 4) of CNT, and outside amorphous carbon shell comes from the
carbonized sucrose and chitosan. The results are well agreed with the
XRD analysis. Further TEM-mapping images (Fig. 2f—j) demonstrate the
uniform distribution of C, N, O and S elements in the Li,S/CNT/C-N/O.
From the above characterization of morphologies, it can be seen that
the nano-sized Li,S particles are well confined in the CNT/C-N/O fra-
mework.

The amount of Li,S in the composite is determined from the TGA
result (Fig. 3a). According to the reaction between Li,S and carbon
materials in air atmosphere, the final product should be Li,SO,4 [27,29].
Figure S5 also verifies that there is no weight remained for pure CNT
calcined to 800 °C in air atmosphere. Therefore, the mass percentage of
LioS in Li;S/CNT/C-N/O is calculated to be 60.2%. According to thee-
lement analysis, the percentage of C and N is 33% and 2%, respectively.
Thus, the percentage of O is calculated to be 4.8%. Nitrogen adsorption
and desorption isotherms are measured to analyzed the porous in-
formation of Li,S/CNT/C-N. As shown in Fig. 3b, the nitrogen iso-
thermal curves indicate mesoporous structure feature in Li,S/CNT/C-
N/O composite. The pore size distribution states the coexistence of
microporous, mesoporous and macroporous structures (Fig. 3c, Fig. S6).
The microporous is concentrated at ~0.8 nm from HK methodology,
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pro plus 6.0 software), (d) TEM and (e) HR-TEM images of Li,S/CNT/C-N/O, (f) STEM images of Li,S/CNT/C-N/O and (g - j) corresponding elemental mapping of (g)
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while mesopore is mainly distributed at ~4 nm, which is beneficial for
physically adsorbing polysulfides.[30] Besides, there is a broad mac-
roporous distribution from ~10 to ~60 nm originated from the cross-
linking of highly entangled CNT, facilitating electrolyte infiltration. The
Brunauer-Emmett-Teller (BET) specific area of Li,S/CNT/C-N/O is
measured to be 53.4 m? g~ !. These results are well agreed with the SEM
and TEM characterization, confirming the existence of porous structure
in the Li,S/CNT/C-N/O composite.

The XPS spectra are used to analyze the chemical environment of as-
prepared composite. Fig. 3d displays the survey spectrum of Li,S/CNT/
C-N/O. The emergence of N and O signals estimates the co-existence of
N and O dopants. Carefully dividing the C 1s spectrum (Fig. 3e), four
peaks attributed to the interaction of C—C/C=C, C—0, C—N—C and
COOH can be obtained,[31] confirming the N/O doped into CNT/C
skeleton. It is believed that the N and O dopants in carbon can facilitate
strong adsorption interaction for polysulfides.[6,32] To investigate the
interaction of Li,S in the composite, the Li 1s and S 2p XPS spectra of
pure Li>S and Li,S/CNT/C-N/O are compared (Fig. 3f, Fig. S7). As
shown in Fig. S7, the S 2p peaks in Li,S/CNT/C-N/O composite shift to
higher energy than that of pure Li,S, indicating a decrease in electron
density.[33] This could be attributed to the interaction of Li-N in Li»S/
CNT/C-N/O. From further Li 1 s XPS spectra (Fig. 3f), we can see that
apart from the same peak at 54.6 eV (Li-S), additional peak at 55.5eV
can be identified in Li,S/CNT/C-N/O, confirming the Li-N interaction
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between Li,S and CNT/C-N/O framework [34,35].

To evaluate the electrochemical performances, the obtained Li,S/
CNT/C-N/O composite is assembled as cathode to compare with the
pristine Li,S cathode. As an initial barrier exists in Li,S, a high cut-off
voltage is common adopted to overcome potential barrier [22]. Herein,
the initial cycle is swept from open voltage ~ 2.5 to 3.4V (vs. Li/Li*) to
make Li,S electrochemically active. Fig. 4a, b shows the typical CV
curves of Li,S/CNT/C-N/O and Li,S cathode in the initial five cycles. In
the first cathodic scanning, an initial peak started from 2.6V is ob-
served for the Li,S/CNT/C-N/O, which corresponds to the nucleation of
polysulfides from Li,S [22]. By contrast, a higher overpotential is found
in Li,S (~2.9V), suggesting that higher energy is needed to overcome
the potential barrier due to its large particle [29]. The lower active
potential of Li,S/CNT/C-N/O can be attributed to the small size of Li,S,
providing shorter pathway for Li-ion to extract from Li,S. After initial
activation, the following cycles are scanned between 1.75 and 2.8 V.
The obtained CV curves are quite similar with that of traditional sulfur
cathode. During the cathodic scanning, there are two main reduction
peaks. The first peak at ~2.3V reflects the reduction from sulfur to
long-chain lithium polysulfides (Li>Sy, 4 < x < 8), while the second
peak at ~2.02V belongs to the further formation of Li»S»/Li»S. No-
tably, additional peak at ~2.14V appears in the first cycle, which is
caused by the poorly stable intermediate species produced [25,36]. For
the anodic scanning, two main peaks at ~2.30 and 2.40 V are observed,
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reflecting the transformation from Li»S>/Li»S to polysulfides [37]. The
well overlapped curves during the following four cycles suggest the
great electrochemical reactive stability.

The corresponding charge/discharge profiles are obtained at
200mA g~ ! after initial activation at 30 mA g~ '. As shown in Fig. 4c
and d, both cathodes present a typical charging barrier in the initial
stage, which is associated with the nucleation of polysulfides [22]. The
barrier heights of pristine Li,S and Li,S/CNT/C-N/O cathodes are 0.67
and 0.08 V, respectively. The smaller amplitude for the Li,S/CNT/C-N/
O cathode indicates that lower energy is required to extract Li-ion from
bulk Li,S. This observation is in good consistent with the results from
CV, suggesting improved Li-ion transportation for nano-sized Li,S in
CNT/C-N/O framework. In the subsequent discharging process, two
typical discharging plateaus are observed, similar to the common sulfur
cathode. The first discharged capacity of Li,S/CNT/C-N/O can reach up
to 1014mAhg™', which is much higher than that of pure Li,S
(696 mAh g~ 1). The dramatic increase in capacity for Li,S/CNT/C-N/O
can be ascribed to the great electron conductivity and polysulfides af-
finity, facilitating the utilization of active material Li,S. The cycling
performances of the prepared Li,S/CNT/C-N/O and pristine Li,S cath-
odes are compared at 200 mA g~ . As shown in Fig. 4e, the pristine Li,S
cathode exhibits low coulombic efficiency and fast capacity decay, re-
maining only 350 mAhg~! after 200 cycles. By contrast, a high cou-
lombic efficiency and stable cycling behavior is achieved in Li,S/CNT/
C-N/O. A reversible discharge capacity is stabilized at 671 mAhg™*
with capacity decay of 0.03% per cycle after 200 cycles. In addition,
Li»S/CNT/C-N/O cathode exhibits higher capacity and stability than
that of Li,S/CNT/C-N and Li,S/CNT/C-O (Fig. S8a), demonstrating the
efficiently N/O dual-doping in improving electrochemical perfor-
mances. Most impressively, the great capacity stability at high current
density is also achieved for Li,S/CNT/C-N/O cathode (Fig. 4f.). For the
pristine Li,S cathode, there is a fast capacity fading at high rates. When
the current density is applied to 1000mAg~!, only capacity
of ~100 mAh g~ ! is released for the Li,S cathode. By contrast, the Li,S/
CNT/C-N/O cathode exhibits higher capacity retention of 714, 577,
456, and 390 mAh g’1 at current density of 500, 1000, 2000,
3000mA g~ ', respectively. When the current rate returns back to
200 mA g™, the capacity of 747 mAhg ™' can be still well remained.
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Even at high current rates, the charge/discharge curves of Li,S/CNT/C-
N/O cathode are still identical (Fig. S8b—c). For practical application,
Li,S/CNT/C-N/O cathode with high loading mass of 3.5mg - cm ™2 is
also evaluated. Still, a stable cycling performance can be obtained (Fig.
S8d) at 500mA g~ 1 Compares with recent work (Table S1), Li,S/CNT/
C-N/O cathode in this work exhibit considerable capacity and cy-
clability. Above results reveal that the Li,S/CNT/C-N/O cathode ex-
hibits significant improvements in rate and cycling stability, indicating
good electron and Li-ion transportation as well as polysulfides ad-
sorption property.

To confirm the strong affinity of CNT/C-N/O to polysulfides, the
polysulfide adsorption experiment was conducted to give visual ob-
servation. Taken Li,S¢ as a representative, the result is exhibited in Fig.
S9. The tawny color of Li,Sg solution changes to completely colorless
after adding CNT/C-N/O, indicating strong adsorption of Li,S¢ by CNT/
C-N/O. Besides, to get more information about the cycled cathodes, the
surface morphologies of the Li,S/CNT/C-N/O and Li,S electrodes are
detected before and after 100 cycles. As shown in the Fig. S10, the
pristine Li,S cathode suffers from serious agglomeration after 100 cy-
cles. Such agglomeration is caused by the reduplicative dissolution/
deposition of polysulfides, which will impact the diffusion and trans-
portation of Li-ion [38,39]. In comparison, little change is found in the
LioS/CNT/C-N/O electrode. Even after 100 cycles, the structure of
spherical morphology can be still clearly observed. The well rigid 3D
structure of CNT/C-N/O can continuously provide great electron and
ion transfer for active material Li,S, maintaining efficient intergranular
contact.

For better understanding the electrochemical reaction kinetics in
Li»S/CNT/C-N/O cathode, in-situ EIS study is conducted to study the
initial charge/discharge process. Fig. 5a shows the initial charge/dis-
charge curves of Li,S/CNT/C-N/O cathode and corresponding tested
points during the in-situ EIS. The obtained Nyquist plots of Li,S/CNT/C-
N/O and Li,S cathode during the charge and discharge process are
displayed in Fig. 5b and Fig. S11, respectively. The equivalent circuit of
EIS spectrum is displayed in Fig. S11e. Corresponding electrochemical
reaction during the charging is also illustrated below the Fig. S11. The
fitting result suggests that Nyquist plots consist of two semicircles. The
semicircle in high-frequency can be interpreted as the whole surface
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Fig. 4. CV curves of (a) Li,S/CNT/C-N/O (b) Li,S at scanning rate of 0.05 mVs~?, (c, d) initial discharge/charge profiles of (c¢) Li,S/CNT/C-N/O (d) Li,S at
30mA g’l, (e) cycling performances of Li,S/CNT/C-N/O and Li,S at 200 mA g’l, (f) rate performances of Li,S/CNT/C-N/O and Li,S at the current density of 200,

500, 1000, 2000, and 3000mA g~ " .

impedance (Ry) of both electrodes, including cathode and lithium anode
[40]. The semicircle in middle-frequency can be used to describe the
resistance of charge transfer (R.J) on the cathode. One inclined line at
low frequency region represents the Warburg impedance (W,), which is
related with the Li-ion diffusion in bulk Li,S. R, stands for the elec-
trolyte resistance. The specific simulated values of Li,S/CNT/C-N/O
and Li,S cathode at different states of charge (DOC) and discharge
(DOD) are compared in Fig. 5c. For the pristine Li»S cathode, there is a
gradual growing for R, during the first charge process. The increased R,
can be attributed to the increased viscosity of electrolyte, which is
triggered by the polysulfides dissolution [40]. By contrast, the value of
R, is relatively stable for the Li,S/CNT/C-N/O. In the subsequent dis-
charging, the R, for Li,S/CNT/C-N/O is still lower than that of Li,S,
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indicating less polysulfides diffusion into electrolyte. This could be at-
tributed to the physical confinement and chemical adsorption in the
CNT/C-N/O framework, efficiently anchoring polysulfides on the
cathode. As for the comparison of Ry and R, it can be clearly seen an
obvious gap, especially at period of 0.1% ~ 5% DOC and 80% DOD.
The stage of 0.1%~5% DOC corresponds to the nucleation of poly-
sulfides, and ~80% DOD can be assigned to the formation of Li»S,/Li»S
during the discharging process. A large R resistance is found in Li,S
(~1000 and ~2000 Ohm, respectively), owning to the difficult elec-
tron and ion transportation in large particle size of Li,S. Notably, a
dramatic reduced R is obtained for the Li,S/CNT/C-N/O (~30 and
450 Ohm). Furthermore, even during the whole charge/discharge
process, the Li;S/CNT/C-N/O cathode still shows smaller R; and R,



Y. Peng et al.

(a)

3.51 ~—— initial charge
initial discharge

¢ EIS measurements

»
bd

Voltage (V vs LilLi%)
n
o

»
-l

0 20 40 60 80 100 0 20 40 60 80 100
DOC (%) DOD (%)

Chemical Engineering Journal 346 (2018) 57-64

—~ 10f —e—Lis i

E e Li,S/CNT/C-NIO &

s ° ’/—-‘\‘\‘_H ~—o—Li,S/CNT/C-N/O
[

—n

0 20 40 60 80 100 0 20 40 60 80
DOC (%) DOD (%)

100

o

20 40 60 80 100
DOC (%)

Fig. 5. (a) initial charge/discharge curves of Li,S/CNT-/C-N/O and EIS measured points, (b) Nyquist plots in in-situ EIS, (c) the comparison of R, Rs and R, between

Li,S and Li»S/CNT-/C-N/O, (d) diffusion coefficient of Li-ion (Dy;*) from EIS.

than that of Li,S, suggesting fast Li-ion and charge transfer.

To further compare the Li-ion diffusion in the Li,S/CNT/C-N/O and
pristine Li,S, the diffusion coefficient of Li-ion (Dy;*) is quantified from
the inclined line in the Warburg region [41]. Specific calculation pro-
cess is described in the Supporting Information (Fig. S12). As shown in
Fig. 5d, the Dy;* of Li,S is only 1.61 X 10" ¥ cm? 57! at the point of
0.1% DOC, corresponding to the nucleation of polysulfides. By contrast,
about an order of magnitude higher value (2.68 x 107 em? s™ Y is
found for the Li,S/CNT/C-N/O cathode. It is well explained that low
energy is needed for Li-ion extraction from Li,S/CNT/C-N/O
(Fig. 4a—d). With the aging of charging process, an increasing tendency
of Di;* is observed for both cathodes, owing to the formation of liquid
phase polysulfides. At the end charging stage, there is a drop in Dy;*
caused by the formation of Li>Sg or Sg [22,42]. During the whole initial
charging, a still higher Dy;* is exhibited for the Li,S/CNT/C-N/O than
Li,S. Besides, the Dy;* is also calculated based on different rate CV
(Supporting Information and Fig. S13) [43,44]. A higher value is ob-
tained for Li,S/CNT/C-N/O than that of Li,S, confirming that the fab-
ricated CNT/C-N/O framework can provide great transport for Li-ion.
Above discussions demonstrate the advanced structure design of Li,S/
CNT/C-N/O. Nanosized Li,S can efficiently reduce the distance of Li-ion
to active material, facilitating active material utilization. In addition,
the CNT/C-N/O conductivity network provide fast conductivity of
electron, dramatically improving the electrochemically reactive ki-
netics.

4. Conclusion

In conclusion, a spray-dried method is used to prepare the Li,S/
CNT/C-N/O composite, in which the nanosized Li,S is uniformly dis-
tributed in the CNT/C-N/O host. The constructed CNT/C-N/O skeleton
can provide fast electron pathway and great ion diffusion channel. The
N/O dopants can effectively reduce the active material loss. As a result,
the Li,S/CNT/C-N/O cathode delivers high initial discharge capacity of
1014 mAh g~ !, remaining 671 mAh g~ ! with capacity decay of 0.03%
per cycle after 200 cycles at current density of 200mA g~ . Even at
higher current rate of 500, 1000, 2000 and 3000 mA g_l, a stable
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capacity can be still achieved for the Li,S/CNT/C-N/O. The in-depth
understanding about the great electrochemical behavior of the Li,S/
CNT/C-N/O is studied by in-situ EIS. The smaller R; and R, and higher
Dy;* are found for the Li,S/CNT/C-N/O than the pristine Li,S cathode,
especially at the charging stage of polysulfides nucleation, which con-
tribute significant improvements to the electrochemical reaction ki-
netics and active material utilization. We believe that the same strategy
can be adopted to fabricate nanostructured carbon-based composite,
opening a promising platform for constructing both electron and ion
conductivity framework.
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