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Studies have shown the possibility of a long cycle of sulfur electrode with a high content
of active material. The use of water-soluble binder material NV-1A leads to the realization
of high current loads in the Li-S battery. Impedance spectroscopy has shown that the low
coulombic efliciency in the cycling of the sulfur electrode is primarily due to the spontaneous
dissolution of sulfur in the electrolyte, which requires high energy consumption when charg-
ing the Li-S battery. The reduction of the specific capacity during cycling is associated with the
formation and accumulation of non-conductive films of short-chain polysulfides. On the ba-
sis of the conducted researches and the review of the literature sources ways of overcoming of
this problem are offered. The ability of cycling the sulfur electrodes at the high current loads
has been shown. The discharge capacity values of the sulfur electrodes at the current load
790 mA-cm™ are 500 i 420 mAh-g' on the 5-th and 100-th cycles, accordingly. Using the
method of impedance spectroscopy;, it has been supposed that the formation and accumula-
tion of unconductive Li S, / Li,S phases is the main process, which induce the quick capacity
reduction of Li - S batteries upon cycling.
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INTRODUCTION. The growing interest in However, the practical application of Li-S

the Li-S system is due to its high energy densi-
ty (2567 Wh - kg'), low cost of sulfur and in-
creased safety [1-3]. Li-S batteries are of par-
ticular interest for stationary and electric ve-
hicles where high capacity and downsizing are
important. However, the efficiency and service
life of Li - S batteries need to be improved in
order for them to be used in practice [4].

battery technology is hindered by several fac-
tors:

« sulfur and its discharge product Li,S are
not electrically conductive (5 - 10°° S - cm™
at 25 °C). This makes it necessary to combine
sulfur with various electrically conductive sub-
strates (activated carbon, nanotubes, graphene
oxide, leading polymers, metal oxides, etc., in
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which the maximum sulfur concentration is
reached);

« the density of sulfur differs from the den-
sity of the product of its discharge Li,S, and the
volumetric expansion or contraction that oc-
curs during the charging-discharging process-
es reaches (76%).;

o dissolution and movement of long-chain
lithium sulfides (Li,Sx, 2 <x <8) in the electro-
lyte causes a loss of active sulfur, which leads
to a decrease in the capacity and Coulomb effi-
ciency of the battery [5-9].

One of the ways to improve the parame-
ters of a sulfur electrode can be the use of a
polymer binder with a large number of polar
functional groups, which makes it possible to
fix long-chain lithium sulfides and effectively
suppress the shuttle effect in Li-S batteries.

When a Li-S battery is discharged, sulfur
dissolves in the liquid electrolyte, which leaves
numerous voids in the S / C cathode, while at
the end of the discharge, dissolved polysulfides
precipitate back onto the cathode in the form
of Li,S,. i LiS [10,11].

To ensure high electrochemical characte-
ristics of the cathode during the cycling of the
Li/ S element, a union capable of maintaining
a higher porous structure is needed. Conven-
tional unions such as polyvinylidene fluoride
and poly (ethylene oxide) cannot meet this
requirement due to swelling and gelation un-
der the action of electrolyte solvents [4]. In
addition, the reduction of sulfur as an inter-
mediate produces anionic polysulfide radicals
that react with many organic polymers, the
so-called vulcanization process [12]. There-
fore, the union for the cathode of the Li / S
element must be insoluble in the liquid elec-
trolyte and chemically resistant to all types of
sulfur.

56

In our work, we study the electrochemical
behavior of a Li-S battery with a new multi-
functional water-soluble material NV-1A
[13]. Despite a large number of studies [14,15]
showing that the best results in the cycling of
Li-S batteries are observed at a mass sulfur
content of about 30%, from our point of view
for effective practical application the content of
inactive sulfur electrode components should
not exceed 30-40 %.

EXPERIMENT AND DISCUSSIONS OF
THE RESULTS. The positive electrode of
the Li-S battery consisted of sulfur (99.9%,
Ukraine), graphite (99.95%, GAK-1, Ukraine),
carbon black (Super P, Alfa Aesar China Limi-
ted, China) and water-soluble binder NV-1A
(Zhejiang Casnovo New Materials Co. Ltd,
China) taken in a ratio of 70: 20: 5: 5, respec-
tively.

IM LiN(CF,S0,), (Sigma Aldrich) in a solu-
tion of 1,2-dimethoxyethane (G1): dioxolane
(DOL) (1:1) by volume (Aldrich) was used as
the electrolyte. Celgard 2325 acted as a sepa-
rator. Lithium metal was used as an auxiliary
electrode in elements of dimensions of 2016.

Galvanostatic cycling (MTech G410-4, Uk-
raine) and impedance spectroscopy (Autolab
PGSTAT302, Switzerland) were used to obtain
electrochemical parameters of the electrode.

Galvanostatic curves of the sulfur electrode
(Fig. 1) are characterized by the presence of
2 shelves of discharge / charge processes corre-
sponding to the following reactions:

(1-st plateau on
the discharge
curve)

S, +4e > 25"

(2-nd plateau
on the discharge
curve)

S+ 8Li* + 6e” > 4Li S
S+ 4Lit + 2e > 2LiS,
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Fig. 1. Galvanostatic charge/discharge curves
for the sulfur electrode at i = 790 pA -cm™

During the cycling of the Li-S battery there
is a decrease in discharge / charging capacity,
which indicates the degradation of the elec-
trode due to partial loss of active substance due
to migration of soluble polysulfides from the
cathode material to the electrolyte, followed
by their reduction on the carbon surface of the
working electrode and lithium counter elec-
trode as a result of the solubility of long-chain
lithium polysulfides in DOL and glim solvents,
this process can occur spontaneously (the so-
called "polyshatl effect").

LiS +LiS—>LiS +LiS
(n-1)Li,S +2Li—>nLiS |

This in turn has a negative effect on the pres-
ervation of the Li-S battery and requires addi-
tional electricity when it is charged, which in
turn leads to low coulombic efficiency (Fig. 2),
which does not exceed 80% at specified modes
of galvanostatic cycling (i = 790 pA - cm™).
The reduction of the current load by 2 and
4 times practically does not change the spe-
cific capacity during discharge and is 420 and
450 mAh-g’', respectively.
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Fig. 2. Changes in the specific capacity and cou-
lombic efficiency of the sulfur electrode upon cycling.

The main parameters of the cell were cal-
culated by impedance spectroscopy, and it was
proved that the greatest contribution to the total
resistance of the Li - S battery is made by the
resistance corresponding to the charge trans-
fer process through the SEI film on the lithi-
um anode (Fig. 3). Moreover, a sharp increase
in this resistance is observed at the end of the
discharge of the sulfur electrode, which is asso-
ciated with the formation of poorly soluble Li S,
and Li,S films on its surface. At a lower degree
of discharge of the electrode, the increase in
the resistance to charge transfer at the lithium
anode is practically not observed, in contrast to
the resistance of the electrolyte in the pores of
the separator. This behavior of the Li-S element
is due to the solubility of long-chain sulfides
S * (n > 4), the accumulation of which in the
electrolyte leads to a change in its specific electri-
cal conductivity. When the degree of discharge
of the sulfur electrode is more than 50%, lithium
sulfides S * (n > 4) begin to be converted into
LiS, and Li S, which have low solubility, which
leads to their crystallization from the electrolyte
solution. Therefore, no further increase in elec-
trolyte resistance is observed.
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Fig. 3. Change in the resistance of the electrolyte
and SEI depending on the degree of discharge of
the electrode.

The presence of the above factors leads to
the need to optimize the composition of the
components of the sulfur electrode in order to
create a porous surface that is able to hold lithi-
um polysulfides (in liquid and solid state) in the
structure of the electrode. As well as the use of
electrolyte systems that inhibit the migration of
soluble polysulfides in Li - S batteries.

CONCLUSIONS. Studies have shown the
possibility of a long cycle of sulfur electrode
with a high content of active material. The use
of water-soluble binder material NV-1A leads to
the realization of high current loads in the Li-S
battery. Impedance spectroscopy has shown
that the low coulombic efficiency in the cycling
of the sulfur electrode is primarily due to the
spontaneous dissolution of sulfur in the electro-
lyte, which requires high energy consumption
when charging the Li-S battery. The reduction
of the specific capacity during cycling is asso-
ciated with the formation and accumulation
of non-conductive films of short-chain poly-
sulfides. On the basis of the conducted research-
es and the review of the literature sources ways
of overcoming of this problem are offered.
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BNMB BOAOPO34YNHHOI 0 MOJIIMEPY NV-1A

HA ENIEKTPOXIMIYHI NAPAMETPU CIPYAHOI0
ENEKTPOA
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HocnmimKeHHA TOKa3amm MOXXIUBICTb Tpu-
BAJIOTO IIMK/IyBaHHA CipYaHOrO €/lIEeKTPOofa 3
BJMICOKMM BMICTOM aKTMBHOTO Matepiany. Bu-
KOPUCTaHHA BOJOPO3YMHHOIO CIIOJTyYHOTO
NV-1A npusBopuTb [0 peasnisalil BUCOKUX
CTPYMOBUX HaBaHTaXKeHb y Li-S 6aTapei. Imme-
JAHCHA CIIEKTPOCKOIIiA IOKa3asa, 110 HU3bKa
KY/IOHiBCbKa e(eKTVBHICTb IpM LMK/TyBaHHI
CipyaHOTrO eJIeKTpofia HacaMIlepel IIOB’sA3aHa
31 CIIOHTAaHHUMM PO3YMHEHHAM CIpKM B €JIeK-
TPOJIITi, 1[0 BMMAara€ BUCOKOIO CIIOXKVBAaHHA
e”eprii npu sapsamxenHi Li-S akymynaropa.
3HIDKEHHA NMUTOMOI €EMHOCTI MiJ| 9ac IUKIY-
BaHHA IIOB'A3aHe 3 YTBOPEHHAM i HaKONNU-
YEHHAM HEeIPOBIJHMX IUIIBOK Ha OCHOBI KO-
pOTKOMaHIIOroByx nomicynbginis. Ha ocHoBi
NpOBEJEHNX NOCII/PKEHb Ta OINANLY JiTepa-

ISSN 2708-129X. Vkp. Xim. XypH., 2021



0.V. Potapenko, A.V. Potapenko, 0.V. Krushevskyi, M. Zhou

UCJ N2 11 / Vol. 87

TYPHUX JpPKepesl 3allpOIIOHOBAHO LIJIAXY I10-
nonaHHs 1iel mpobnemu. I[TokasaHo 3aTHICTD
LVK/IYBaHHA CipYaHUX €NeKTPOMiB IIpU BU-
COKMX CTPYMOBMX HaBAaHTQ)KEHHAX. 3Ha4eH-
HA PO3PALHOL EMHOCTI CipYaHUX €/IeKTPOJIB
IpY CTPYMOBOMY HaBaHTakeHHi 790 MA-cM™
ctaHoBATb 500 i 420 MAT-T! Ha 5-My i 100-Mmy
LMK/IaX BifTIOBiZHO. BUKOpMUCTOBYIOUM METOL
IMITETaHCHOI CIIEKTPOCKOIIiI, BUCYHYTO IIPU-
IyIIeHHA, 110 YTBOPEHHA Ta HAKONMYEHH:
HenpoBifHux ¢as Li,S /Li.S € ocHoBHMM po-
1IeCOM, AKNI CIPUYMHAE IIBUNKE 3HIDKEHHA
€MHOCTi Li-S akyMynATOpiB Ipy HMK/ITYBaHHi.

Knrodosi cnoBa: cipuanuii enekTpoq, pos-
pANHA €MHICTb, KyJIOHiBCbKa e eKTUBHICTB,
LUKJIYHICTb.
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