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Abstract: Sulfurized polyacrylonitrile (SPAN) is regarded as an attractive cathode candidate of lithium-sulfur (Li-S) batteries for
its non-dissolution mechanism and effective alleviation of polysulfides shuttling issue in Li-S batteries, displaying high utilization of
cathode active material, outstanding cycle stability and structural stability. However, the relation between cyclization degree and cy-
cle stability of SPAN is still unveiled. In this work, SPAN-C-V composites were synthesized by co-introduction of CuSO, and zinc
n-ethyl-n-phenyldithiocarbamate (ZDB) in the co-heating of sulfur and polyacrylonitrile. The co-introduction of CuSO, and ZDB
reduced the cyclization reaction onset temperature of PAN while increased the C—C/C=C within SPAN-C-V, thus led to an in-
crease in the degree of cyclization of SPAN-C-V, achieving excellent electrochemical performance by simultaneously improving the
cyclization degree and increasing the content of sulfur. The SPAN-C-V exhibited an initial reversible capacity of 805 mAh-g™ and
601 mAh-g™ after 100 cycles with the capacity retention rate of 93% at 0.2 C (1 C = 600 mAh-g™). The focus on the cyclization

degree of SPAN provides an enlightenment of advanced cathode material.
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1 Introduction 10® S -cm™) hinders electrochemical reactions at a

As the next-generation of high specific energy sec- fast rate!. Secondly, the discharge products of Li-S

ondary batteries, lithium-sulfur (Li-S) batteries have ~ Dbatteries are soluble in electrolyte, which block the

shown high theoretical energy density (2600 Wh-kg™)
and high theoretical capacity (1675 mAh-kg™). More
over, elemental sulfur is abundant in nature, low

cathode active material from subsequent reaction and
reduce the utilization of sulfur. More severely, the
further diffusion to the anode surface will corrode the

toxicity and low cost of acquiring!"®. Consequently, lithium, causing the bad rechargeable of batteries ™.

Li-S batteries are rapidly applied in electric vehicles,
military and other fields. Nevertheless, there are
some drawbacks in the practical application of Li-S
batteries. Firstly, the insulating nature of sulfur (5x

Thus, it is of great significance to develop advanced
sulfur cathodes with high energy density and long
stable cycle life. High-performance conductive poly-

mer-sulfur compositest®!, such as polypyrrole, poly-
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acetylene, polyacrylonitrile (PAN), polyaniline and
their derivatives, have been a rising research trend* ',
Polymer-sulfur composites can be prepared by
co-heating sulfur and conductive polymers, since the
co-heating with element sulfur (S) can cause the hy-
drogen atoms elimination of hydrocarbons and form
unsaturated long chains of polymeric pyridine back-
bone with conjugated electrons™. Applying the poly-
mer-sulfur composites as the active material of Li-S
batteries can effectively minimize the dissolution of
polysulfide, improve the electrochemical perfor-
mance, and broaden the application of the batteries.
Sulfurized polyacrylonitrile (SPAN) was firstly pro-
posed as a cathode material by Wang et al. ®, ob-
tained by co-heating S and PAN. As the solid-solid
conversion mechanism of SPAN, which is distinct
from the dissolution and shuttle of polysulfides of
traditional Li-S batteries, Li-SPAN batteries show
great cycle stability. Additionally, SPAN shows great
advantages: (1) high electronic conductivity, (2) suit-
able for low cost carbonate electrolyte, (3) Coulombic
efficiency close to 100%, and (4) low self-discharge
rate, which is only 0.8% after 30 days (at 30 °C)!"%,
However, the capacity inferior still hinders the
progress of SPAN material, and many outstanding re-
search es of promoting SPAN vulcanization have
been achieved. Inspired by the conventional rubber
industry, vulcanization accelerators were effectively
applied to SPAN to increase the S content and further
improve the discharge capacity. Chen et al.™™ em-
(MBT) as a vul-

canization accelerator, increasing the S content, and

ployed 2-mercaptobenzothiazoles

improving the discharge capacity and capacity reten-
tion significantly. Wang et al."™ employed diphenyl
guanidine (DQG) as a vulcanization accelerator which
could form polysulfide active group and bond to rub-
ber molecular chain in rubber field. As a result, the S
content of SPAN was increased by 12.7wt% and the
material exhibited excellent cycling stability. More-
over, the addition of vulcanization accelerator can
form larger polysulfide active groups, which can ef-
fectively expand the vacancy between PAN chains,

provide more vulcanization sites, and increase the S

content by forming more C-S bonds and S-S bonds".
As for this type of alkaline accelerators, they can re-
duce the polarity of the active sulfur radical by neu-
tralizing the acidic environment formed by the vul-
canization reaction, resulting in a more uniform de-
gree of vulcanization and thus an increase in sulfur
loading ¥, In summary, there are many researches
that have made great progress in increasing the S
content of SPAN, however, the mystery between cy-
clization degree and electrochemical performance of
SPAN is still under veil.

It was speculated that improving the cyclization
degree of SPAN could endow SPAN better cycling
stability even at high S content. Studies have pointed
out that during the co-heating of S and PAN, S will
promote the dehydrocyclization of PAN with the in-
crease of temperature, accompanied by hydrogen
sulfide (H,S) production, and then C—S bonds are
formed by combining S with polypyridine ring!"", The
cyclization reaction of PAN is similar to the pre-oxi-
dation of PAN fiber. In an early stage of pre-oxida-
tion, PAN fibers undergo intramolecular cyclization
and cross-linking, and form an aromatic ring structure
under an inert atmosphere!'”. TSE-HAO KO et al.['®
modified PAN fibers with cobalt salts, and cobalt
atoms as catalysts could promote the growth and tight
buildup of oriented layer planes. Li" noticed that PAN
fibers treated with copper salts could undergo cycliza-
tion reactions at lower temperature. Zhang et al.”™” re-
vealed that the cyclization reaction of PAN was mod-
erated and the onset reaction temperature was re-
duced by adding nickel salt during the pre-oxidation
process of PAN.

Herein, we proposed a co-promotion strategy of
cyclization and vulcanization. SPAN-C-V cathode
material was successfully synthesized by adding cy-
clization accelerator copper sulfate (CuSQ,) and vul-
canization accelerator zinc n-ethyl-n-phenyldithiocar-
bamate (ZDB) in the process of co-heating of S and
PAN. CuSO; as cyclization accelerator effectively re-
duced the cyclization reaction onset temperature of
PAN, which can promote the reaction and improve

the cyclization degree. ZDB, a common vulcanization
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accelerator in traditional rubber industry, can acceler-
ate the cross-linking of unsaturated polyolefin and S,
and increase the S content by forming polysulfide
active groups. The results showed a relatively high
sulfur content of SPAN-C-V (48.01wt%), and a dis-
charge specific capacity of 805 mAh-kg™ for the first
cycle at 0.2 C (1 C = 600 mAh-kg™), and after sta-
bly cycled for 100 cycles, the specific capacity main-
tained at 601 mAh-kg™.
2 Experimental
2.1 Materials Preparation

The mixture of sulfur (5 g), PAN (1 g), CuSO,
(0.05 g) and ZDB (0.1 g) were ground in an agate
mortar for 0.5 h. Then the above mixture was heated
in a tube furnace at 400 °C for 6 h at a heating rate of
5 °C-min™, and the product was heated at 200 °C for
30 h at 5 °C -min~" under an argon atmosphere. The
final product is denoted as SPAN-C-V. Decreased the
sulfurization reaction temperature to 350 °C, without
the additions of CuSO, and ZDB in the grinding pro-
cess, the similar preparation method to that of
SPAN-C-V was used, and the product is denoted as
SPAN-control. Decreased the sulfurization reaction
temperature to 320 °C, without the addition of CuSO,
in the grinding process, applied the similar prepara-
tion method to that of SPAN-C-V, and the obtained
product is denoted as SPAN-V.
2.2 Materials Characterization

The morphology and structure of the samples were
investigated by scanning electron microscope (SEM,
Zeiss Merlin Compact). The elemental contents of
the SPAN-control, SPAN-C-V and SPAN-V were
measured by organic elemental analysis (CHNS, Ele-
mentar Vario EL III). The contents of Cu and Zn in
the SPAN-C-V were measured by inductively coupled
plasma-optical emission spectrometer (ICP-OES,
Aglient 7800). The X-ray diffraction (XRD) patterns
of samples were collected using a Rigaku Ultima IV
with Cu K, radiation. X-ray photoelectron spectro-
scopic (XPS) patterns of samples were recorded using
a Thermo Scientific ESCALAB 250Xi with a mono-
chromic Al K, source (1486.6 eV). Ex-situ solid-state
nuclear magnetic resonance (SSNMR) of “C was

performed on a Bruker 400M spectrometer. Thermo
gravimetric and differential scanning calorimetry
(TG-DSC) was measured by PE.
2.3 Electrochemical Measurements

The electrochemical experiments were conducted
with CR2025 type coin cells assembled in an ar-
gon-filled glove box. The cathodes were prepared by
casting the slurry of 70wt% SPAN composites,
20wt% acetylene black and 10wt% LA133 on an Al
foil as a current collector. The cathodes were dried in
a vacuum oven at 60 °C for 24 h and then cut into
discs with 14 mm in diameter. The electrolyte was 1
mol - L' lithium hexafluorophosphate (LiPFs) dis-
solved in ethylene carbonate/dimethyl carbonate/di-
ethyl carbonate (EC: DMC: DEC, volume ratio = 1:
1:1) with 1% vinylene carbonate (VC) as additive.
A Celgard membrane was used as the separator. The
diameter and thickness of Li metal anode were 16
mm and 2 mm, respectively. The galvanostatic
charge-discharge tests were performed using a LAND
BT battery testing system at room temperature within
an electrochemical window of 1.0 ~ 3.0 V (vs.
Li/Li"). Electrochemical
(EIS) test was carried out on a DR700 workstation in

impedance spectroscopic

the frequency range from 10° to 0.01 Hz with an am-
plitude of 5 mV. Cyclic voltammetric (CV) curves
were measured on CH1608 electrochemical worksta-
tion with a scan rate of 0.1 mV -s™ between 1.0 and
30V.

3 Results and Discussion

The SPAN-C-V was prepared by co-introducing
CuSO, and ZDB in the sulfurization process. The
XRD data was obtained to ascertain the phase of
composites (Figure 1a). The XRD patterns of SPAN-
control and SPAN-C-V both show one broad diffrac-
tion peak at 25°, which indicates that both SPAN-
control and SPAN-C-V still maintained the conjugate
structure of mw-m stacking with amorphous graphite
phase™: %, To explore the chemical composition of
SPAN-C-V, XPS was carried out. Figure 1b shows
the Cu 2p binding energy spectra of SPAN-C-V com-
posite, and the peaks located at 932.5 eV and 952.5
eV can be assigned to Cu—S bond™. The S 2p peak
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(Figure 1c) consists of two evident doublets, of which
the peaks located at 161.5 eV (S 2ps,) and 163.1 eV
(S 2pi») can be assigned to C—S bond. And the S
2ps, peak at 163.4 eV is agreement with the C—S
bond and Cu—S bond™?, which also verifies the for-
mation of Cu—S bond within the SPAN-C-V. The
peak at 164.6 eV (S 2p,,) is pertained to S—S bond,
demonstrating the existence of short-chain organic
sulfide covalently linked to the PAN backbone ¥,
The chemical bonding of Cu with S elements in
SPAN-C-V was clearly certified by XPS.

The SEM images show that SPAN-C-V was in the
shape of spherical nanoparticles with a diameter of
about 200 nm, and the corresponding EDS mapping
further reveals the uniform distributions of Cu and Zn
within the composite (Figure 2). Similar to SPAN-C-
V, the SPAN-control was also composed of small

spherical particles (Figure 2b), and compared with
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SPAN-C-V, the particle size of SPAN-control was
slightly larger, indicating that the co-introduction of
CuSO, and ZDB did not significantly affect the micro-
scopic morphology of SPAN. The distributions of N,
S, Cu and Zn elements in SPAN-C-V were uniform,
and the exact elemental contents in the composites
were quantified by both elemental analysis and
ICP-OES analysis (Table S1). The sulfur contents of
SPAN-control, SPAN-V, SPAN-C and SPAN-C-V
were 42.82wt%, 54.13wt%, 47.80wt% and 48.01wt%,
respectively, representing that not only the vulcaniza-
tion accelerator can raise the sulfur content, but also
the cyclization accelerator and the co-introduction of
CuSO, and ZDB can effectively increase the sulfur
content. The Cu and Zn contents in SPAN-C-V were
0.78wt% and 0.79wt%, respectively, confirming the
indeed presences of Cu and Zn within the SPAN-C-V.

The “C SSNMR analyses were performed to reveal
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Figure 1 (a) XRD patterns of SPAN-control, SPAN-C-V at 5° -min~' and the standard lines of sublimed sulfur, (b) Cu 2p spectra

and (c) S 2p spectra of SPAN-C-V. (color on line)
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the structures of PAN, SPAN-control and SPAN-C-V,
illustrating the dehydrogenate cyclization reaction
processes of SPAN-control and SPAN C-V (Figure
3a). The “C spectrum of PAN shows two peaks
around 121 ppm and 30 ppm, corresponding to the sp
hybrid carbon (—CN) of the side-chain and the sp3
hybrid carbon (—CH— and —CH,—) of the main-
chain, respectively™]. Compared with PAN, the “C
spectra of SPAN-C-V and SPAN-control show two
obvious peaks around 150 ppm and 120 ppm, repre-
senting the sp? hybrid carbon, C=N and C=C, respec-
tively, confirming the promoted cyclization reaction
of PAN in the additions of CuSO, and ZDB™!, The
BC spectra verify that the —CN group of PAN was
cyclized during the heating reaction, i.e., PAN un-
derwent a cyclization reaction during heating™. Fig-
ure 3b illustrates the DSC curves of several compos-
ites. The DSC curves exhibit single exothermic peak
which gives the typical cyclization temperature. The
cyclization temperatures of PAN-S-C-V and PAN-S-C
were lower than that of PAN-S, and the former is
higher than the latter, illustrating that cyclization
temperature can be effectively lowered by CuSO, and
ZBD together and by CuSO, alone, and ZDB would
react oppositely and increase cyclization temperature.

Tum

In order to further confirm the promotion effect of
PAN cyclization by CuSO,and ZDB, C 1s spectra were
analyzed (Figure 3c, 3d). The contents of C—C/C=C
bond in material were calculated by the product of
the peak area ratio of C—C/C=C in C 1s spectrum
and the mass ratio of C in the elemental analysis re-
sults. The C 1s spectra of SPAN-C-V and SPAN-con-
trol were normalized. The calculated peak area ratio
of C—C/C=C within SPAN-C-V is 65.4%, while that
within SPAN-control is only 55.6%. Combined with
the mass ratio of C in the composites from the ele-
mental analysis results (Table S1), the contents of
C—C/C=C bond in SPAN-C-V and SPAN-control
were calculated to be 23.64wt% and 19.94wt%, re-
spectively. The above results convectively demon-
strate that the co-introduction of CuSO, and ZDB
leads to an increase of the C—C/C=C within
SPANC-V, resulting in the in creased cyclization
structure within SPAN-C-V.

The effect of enhanced cyclization of material on
the electrochemical performance of SPAN was fur-
ther investigated by CV and EIS tests. Figure 4a and
Figure 4c show the third CV curves of SPAN-control
and SPAN-C-V, respectively. The reduction peak of
SPAN-control is at 1.76 V and the oxidation peak is

Figure 2 SEM images of (a) SPAN-C-V and (b) SPAN-control, (c-f) EDS elemental mapping images of N, S, Cu and Zn in SPAN-

C-V (color on line)
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Figure 3 (a) "C SSNMR spectra of SPAN-control, SPAN-C-V and PAN, (b) DSC curves of the different materials, including mixture
of PAN and sulfur (PAN-S), mixture of PAN, sulfur, CuSO, and ZDB (PAN-S-C-V), and PAN, sulfur and CuSO, (PAN-S-C), C

1s spectra of (¢) SPAN-control and (d) SPAN-C-V. (color on line)

at 2.34 V. As a comparison, the reduction and oxida-
tion peaks of SPAN-C-V are at 1.77 V and 2.32 V re-
spectively. SPAN-control exhibits larger voltage po
larization and the lower peak current of SPAN-C-V is
also evident from the larger redox peak area and
higher current. To further explore the effect of cy-
clization degree on the reaction kinetics, CV curves
of SPAN-control and SPAN-C-V were differentiated
(Figure 4b and Figure 4d), showing the onset poten-
tials of oxidation and reduction reactions. According
to the common definition in electrochemistry, the
current density of 10 wA -cm ™ beyond the baseline
current was counted as the onset potential®., The on-
set potential of the cathodic peak (I) of SPAN-control
is 2.41 V, and that of the anodic peak (II) is 1.95 V.
Meanwhile, the onset potentials of the cathodic peak
and anodic peak of SPAN-C-V are 2.47 V and 1.90

V, respectively. The result represents that the im-
proved cyclization structure leads to an increment in
the onset potential of the cathodic peak and a decre-
ment in the onset potential of the anodic peak, thus
evidencing the boosting of the redox reaction kinetics.
Figure 4e illustrates the EIS spectra of SPAN-control
and SPAN-C-V before cycling. Both impedance spe-
ctra include a semicircle from high to middle fre-
quency and a slope line in the low frequency. As
shown, the charge transfer resistance of SPAN-C-V is
much smaller than that of SPAN-control, demonstrat-
ing the effective activation and accelerated electro-
chemical reaction process. After cycling, the charge
transfer resistance of SPAN-C-V decreases greatly
compared with fresh cells (Figure S4). And SPAN-
control shows a new semicircle in high frequency

which represents the interface resistance, demon-
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strating that solid electrolyte interface (SEI) is formed
on the surface of the cathode after charging, hinder-
ing the subsequent electrochemical reaction, while

SPAN-C-V shows much smaller charge transfer re-
sistance and interface resistance after cycling. The Li"
diffusion coefficients were further calculated from

the EIS plots (Figure 4f). According to the equation
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electrochemical performance of SPAN-C-V was
evaluated at different rates with area loading of ~1.5
mg-cm~ (SPAN composite as an active material).
Figure 5a shows the C-rate capabilities of SPAN-con-
trol and SPAN-C-V at a series of current densities.
The SPAN-control delivered the reversible discharge
capacities of 669, 640, 565, 457 and 288 mAh -kg™,
with the increasing current densities from 0.2, 0.3,
0.5,1t02 C (1 C=600mAh-kg™), respectively, while
SPAN-C-V exhibited the enhanced C-rate properties
and achieved the reversible discharge capacities of
683, 661, 646, 624 and 571 mAh -kg™, respectively.
In the process of discharging/charging at different
C-rates, the discharge capacity of SPAN-C-V varied
slightly compared with those of SPAN-control and
SPAN-C (Figure S1b). When the C-rate returned to
0.2 C, the discharge capacity of SPAN-C-V reverted
to 660 mAh kg™, indicating the superior reversibility
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and better tolerance to the change of current. The
charge and discharge curves at different rates of
SPAN-C-V exhibited smaller polarization compared
with that of SPAN-control, indicating a promoted re-
dox kinetics (Figure 5b, Figure 5c). Figure 5d shows
the median voltage difference in the charge and dis-
charge curves of SPAN-control and SPAN-C-V at
different C-rates. When discharged at low C-rate
(0.2-0.5 C), the electrode structure was relatively sta-
bilized with a small polarization voltage difference,
however, at 1 C and 2 C, the voltage difference in-
creased fairly noticeably. The SPAN-C-V maintained
a lower polarization voltage all of time, even at high
current density of 2 C. Energy efficiency is a pivotal
metric for large-scale energy storage systems?”. The
enhanced cyclization degree not only can effectively
minimize the voltage hysteresis but also can lead to

an increase in energy efficiency (Figure Sla). The
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Figure 5 (a) C-rate performances of SPAN-control and SPAN-C-V, (b) Charge and discharge curves of SPAN-control at different
C-rates, (c) Charge and discharge curves of SPAN-C-V at different C-rates, (d) Median voltage difference in charge and discharge

curves of SPAN-control and SPAN-C-V.
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Figure 6 (a) Cycling performances of SPAN-control and SPAN-C-V at 0.2C for 100 cycles, charge and discharge curves at 0.2C of
(b) SPAN-C-V and (c) SPAN-control, (d) Median voltage difference plots of charge and discharge curves of SPAN-control and
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energy efficiency was enhanced from 56% to 63% at
2 C with the co-introduction of CuSO, and ZDB.

The cycling performances of SPAN-control and
SPAN-C-V were tested at 0.2 C (Figure 6a). The
SPAN-C-V delivered an initial discharge capacity of
805 mAh-kg™ and 601 mAh-kg™ after 100 cycles. As
a comparison, SPAN-control displayed an initial dis-
charge capacity of 797 mAh -kg™ and 499 mAh -kg™
after 100 cycles. Obviously, the capacity of SPAN-
control decayed rapidly, while SPAN-C-V exhibited
superior capacity retention, and the charge and dis-
charge curves also show the smaller overpotential of
SPAN-C-V. To further reveal the effect of cyclization
degree on the cycling stability of SPAN, the cycling
performance of the SPAN-V at 0.2 C was measured
(Figure S2b). The initial discharge capacity of SPAN-V
was 829 mAh-kg™ and after 100 cycles the discharge

capacity decayed to 287 mAh -kg™. It is noticeable
that the ZDB showed poor performance on the capac-
ity retention of cell, even though it increased the S
content of SPAN to a relatively high level (Table S1),
which convincingly proves the important role of high
cyclization degree in cycling stability. Figure S3 il-
lustrates the capacity retention for SPAN-control and
SPAN-C-V at 0.2 C (compared with the 5th cycle, and
all the subsequent calculations about capacity reten-
tion were based on this criterion). After 100 cycles,
the capacity retention rate of SPAN-C-V was 93%,
while those of SPAN-control and SPAN-V were 81%
and 43% (Figure S2a), respectively, which further
demonstrates that the enhanced cyclization degree in-
deed improves the cycling stability of the SPAN ma-
terial. In order to show the polarization voltage varia-

tion of the cells during the discharge/charge process,
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Figure 6d presents the median voltage difference val-
ues of charge and discharge curves of SPAN-control
and SPAN-C-V, corresponding to the charge and dis-
charge process at 0.2 C. The results indicate that
SPAN-C-V consistently displayed a low polarization
voltage, signifying a superior redox reversibility of
SPAN-C-V. In contrast, the addition of ZDB could
only increase the S content by creating active groups
with S, improve the initial discharge capacity, and
reduce the polarization voltage only to a lesser extent
(Figure S2d). From the above, it can be confirmed that
it is of great importance to improve the cyclization
degree of SPAN, and the enhanced cyclization degree
leads to smaller transfer resistance, faster Li* diffu-
sion and improved redox kinetics, resulting in great

cycling stability and rate performance.

4 Conclusions

In this work, the cyclization accelerator CuSO, and
vulcanization accelerator ZDB were employed for the
preparation of high-performance SPAN, through
which the S content was increased to 48wt% . The
structural characterization results of TG-DSC, XPS
and organic elemental analysis reveal the improved
cyclization degree of SPAN-C-V. As a result, the
SPAN-C-V delivered the reversible capacity of 601
mAh-kg™ at 0.2 C with the capacity retention rate of
93% after 100 cycles. Hence, this work provides a
positive prospect of high-performance SPAN cathode

materials preparation.
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