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Lithium–Sulfur Batteries
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Abstract: This article describes the synthesis and characterization of a novel crosslinked polymer with tricyanuric 
acid core bearing tetrasulfide bridges as a novel redox polymerization electrode material for rechargeable lithium– 
sulfur batteries. The new material was synthesized by reaction of stoichiometric sulfur monochloride amounts 
with trithiocyanuric acid and the structure of the redox polymer proven by the means of elementary analysis, 
infrared spectroscopy and Raman spectroscopy. Electrochemical evaluation of the polymer as electroactive 
cathode component showed cycling stability up to 140 cycles after initial capacity of 650 mAhg–1 with 73% 
utilization of the theoretical specific capacity (893 mAhg–1) regarding the electroactive tetrasulfide moieties. Cell 
operation with excess amounts of electrolyte did not accelerate the cell degradation, indicating that the reduced 
sulfur species such as lower polysulfides (Li2S, Li2S2) and tris lithium salt of trithiocyanuric acid are efficiently 
immobilized on the cathode side.
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Introduction

Current lithium-ion batteries (LIB) 
based on intercalation materials can po-
tentially provide only energy densities up 
to 200 Wh kg–1, which restricts their use as 
power sources for long driving range (>300 
km) pure electric vehicles (PEVs) and plug-
in electric vehicles (PHEV). Rechargeable 
lithium-sulfur (Li/S) batteries are believed 
to be a very promising alternative. The sys-
tem offers much higher energy density and 
is relatively inexpensive due to a large an-
nual surplus of elemental sulfur generated 
as side product from hydrodesulfurization 
petroleum refining processes, which is 
available worldwide.[1] Theoretical energy 
density values can approach 2500 Wh kg–1 

with practical values of 500–600 Wh kg–1 
assuming the complete electrochemical 
conversion of sulfur (S

8
) to lithium sulfide 

(Li
2
S). Therefore, lithium-sulfur batteries 

have been investigated for mobile and por-

table applications, especially high-energy 
applications.[2]

Fig. 1 outlines the operation princi-
ple of the lithium-sulfur battery system. 
Lithium as anode material offers several 
advantages over other materials due to its 
negative electrochemical potential and its 
wide electrochemical window in combina-
tion with other materials, its light weight 
and thus highest gravimetric energy densi-
ty among all metallic anode materials. The 
active cathode material in lithium–sulfur 
batteries consists of sulfur. Concentration 
of sulfur in the cathode can vary between 
30 to 80 wt%. Due to the electronic insu-
lation properties of sulfur the presence of 
further additives is required. As conduc-

tive additives carbon (20–60 wt%) and ad-
ditional binders (1–10 wt%) to ensure the 
mechanical integrity of the cathode layer 
are employed. 

Currently, quick capacity fading and 
low sulfur utilization are the main ob-
stacles for using Li/S as rechargeable sys-
tem. Only about 50% or ~800 mAhg–1 of 
1672 mAhg–1 as theoretical capacity can 
be used. The reason is the ‘polysulfide 
shuttle’ mechanism (Fig. 2). Elemental 
sulfur molecules accept electrons during 
the first discharge process and are gradu-
ally converted from higher order to lower 
order polysulfides. Lower polysulfides 
with fewer than three sulfur atoms (Li

2
S

3
) 

are insoluble in the electrolyte so that the 

Fig. 1. Operation principle of a lithium–sulfur battery.
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Elemental analysis (C
3
N

3
S

6
): Carbon 

14.2 wt% (calc. 13.33 wt%); sulfur : 70.0 
wt% (calc. 71.13 wt%); nitrogen: 15.1 wt% 
(calc. 15.44 wt%); hydrogen: <0.5 wt%.

IR (KBr) ν = 3449 (m), 1473 (s), 1234 
(s), 826 (m), 783 (w), 535 (w), 495 (w), 
451 (w) cm–1.

Raman (532 nm) ν = 186 (w), 221 (m), 
291 (w), 352 (w), 443 (s), 468 (s), 500 (m), 
535 (m), 821 (w), 965 (s), 1250  (w), 
1462 (m), 1484 (m) cm–1.

2.2 Preparation of Cathodes 
7 g polymer (1) was homogenized 

with 0.7 g Printex XE2 (Evonik) and 0.7  g 
wolfram carbide in a mortar to yield 8.3 g 
polymer composite. To prepare the ink, 
polyvinyl alcohol (0.5 g) was dissolved 
in 80 g mixture of water/isopropanol and 
1.62 g Super P (Timcal AG, 6743 Bodio, 
Switzerland) and 7.69 g polymer com-
posite added. The mixture was stirred and 
subsequently dispersed in a pebble mill 
(Pulverisette, Fa. Fritsch) for 30 min at 
300 rpm to yield homogeneous ink with 
pasty texture. To coat the cathode ink on 
aluminium foil (thickness 20 µm) at 60 °C, 
an air brush system with nitrogen as car-
rier gas was used. Cathodes with loading 
of 2.5 mg/cm² were obtained.

To manufacture the reference cathode, 
polyvinyl alcohol (0.5 g) was dissolved 
in 80 g mixture of water/isopropanol and 
1.25 g Super P (Timcal AG, 6743 Bodio, 
Switzerland), 0.07 g graphite KS6 (Timcal 
AG, 6743 Bodio, Switzerland) and 0.03 g 
sulfur were added. The mixture was stirred 
and subsequently dispersed in a pebble 
mill (Pulverisette, Fa. Fritsch) for 30 min 
at 300 rpm to yield homogeneous ink with 
pasty texture. To coat the cathode ink on 
aluminium foil (thickness 20 µm) at 60 
°C, an air brush system with nitrogen as 
carrier gas was used. Reference cathodes 
with loading of 2.5 mg/cm² were obtained.

following reduction step to the insoluble 
and electronically non-conductive Li

2
S

2
 is 

hampered. Thus, low discharge efficien-
cies are observed at rates higher than C/10 
(value of the current used to charge and 
discharge cells and batteries as a multiple 
of the capacity).[3] In addition, the poly-
sulfides are not transformed to elemental 
sulfur during the charging cycles. Instead 
of being oxidized to sulfur in the final step, 
the higher order polysulfides constantly 
diffuse to the anode where they are gradu-
ally reduced by the elemental lithium to 
lower polysulfides in a parasitic reaction. 
The soluble lower polysulfides then dif-
fuse back to the cathode thus establishing 
the ‘polysulfide shuttle’. Insoluble lower 
polysulfides precipitate from the electro-
lyte and accumulate on the anode side. In 
summary, the mechanism reduces charge 
efficiency and causes anode and cathode 
corrosion. As a result, Li/S batteries suffer 
from capacity fading and a lack of cycle 
lifetime. Typical state of the art Li/S bat-
tery systems can reach lifetimes of 50–80 
cycles.

In order to restrict the polysulfide shut-
tle and improve the cycling stability there 
are various solution strategies to overcome 
the obstacles of the Li/S system. Mostly 
these approaches focus on novel cathode 
architectures with new materials. Wang et 
al. suggested the employment of the de-
hydrogenation product of sulfur mixtures 
with polyacrylonitrile as nanodispersed 
cathode composite[4], which can be also 
used with carbonate-based electrolytes.[5]  
Also, sulfur-polypyrrole composites[6] 
have been investigated and strategies to 
encapsulate sulfur suggested.[7] Highly 
ordered mesoporous carbon[8a,b] and dis-
ordered carbon nanotubes[8c] impregnated 
with sulfur, as well as graphene-wrapped 
sulfur particles[8d] have been considered as 
cathode materials. Concepts using modi-
fied Nafion as barrier have also been dis-
cussed.[9] Electrode additives such as lith-
ium nitrate (LiNO

3
) [10a] or phosphorous 

pentasulfide (P
2
S

5
)[10b] form a passivation 

layer on the lithium anode and block the 
chemical reactions of polysulfides thus im-
proving coulomb and cycling efficiency in 
lithium sulfur batteries. 

Polymeric disulfides for redox poly-
merization electrodes were investigated as 
interesting alternative to elemental sulfur 
as electroactive species.[11] The revers-
ible electropolymerization/depolymer-
ization of the simple thiolate/disulfide 
complex avoids the formation of soluble 
polysulfides. However, compared to el-
emental sulfur these compounds exhibit 
limited specific capacities from 350 ~ 600  
mAhg–1.[12]

This study deals with the synthesis and 
evaluation of a novel, crosslinked polymer 
including higher polysulfide functional-

ities such as tetrasulfides (x = 8) to improve 
the specific capacity. In addition, the use of 
tetrasulfide bridged polymers is expected 
to result in direct formation of lower, in-
soluble polysulfides (k = 1, 2: Li

2
S

2
, Li

2
S) 

along with the thiolate moieties (x = 2, 4 
and 6) upon reduction and depolymeriza-
tion, thus suppressing the generation of 
higher polysulfides responsible for the 
polysulfide shuttle (Scheme 1). Improved 
cycling stability should be achieved.

2. Materials and Methods

2.1 Preparation of poly  
(tri-dithiocyanuric acid) (1)

5 g (28.2 mmol, M = 177.27 g/mol) 
trithiocyanuric acid (Alfa Aesar) was dis-
solved in 200 ml of anhydrous tetrahydro-
furan and 5.7 g (42.3 mmol, M = 135.04 
g/mol) sulfur monochloride (Aldrich) was 
added in small portions. The released hy-
drochloric acid was removed by a constant 
nitrogen stream. After the addition was 
completed, the precipitate was filtered off, 
washed with tetrahydrofuran and dried 
overnight in vacuum at 50 °C. Yield: 7.6 g 
(99%) yellowish solid. 

Fig. 2. Polysulfide 
shuttle in lithium– 
sulfur batteries. 
Reproduced accord-
ing to ref. [3].

Scheme 1. Redox polymerization/depolymer-
ization in polysulfide-bridged polymers.
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cm–1. More detailed information was ob-
tained by Raman spectroscopy at 532 nm. 
Sulfur–sulfur stretching vibrations are 
clearly visible at 468 and 500 cm–1 (Fig. 3) 
compared to the trithiocyanuric acid which 
shows mayor signals at 221, 447, 1123 and 
1269 cm–1.

Thermogravimetric analysis under air 
indicates thermal stability up to 238°C 
with a weight loss of only 5.9 wt%. 
Temperature increase to 316.4 °C triggers 
a further weight loss of 52.4 wt%. Infrared 
analysis of the decomposition product 
proves the presence of carbonsulfuroxide 
and sulfuroxides. Isocyanates originating 
from the 1,3,5-triazine core are found to-
gether with carbonsulfuroxide and sulfu-
roxides in the temperature range from 378 
to 540 °C (19.3 wt% mass loss). In sum-
mary, results of elemental analysis, infra-
red and Raman spectroscopy and thermo-
gravimetric analysis coupled with infrared 
spectroscopy results are in good agreement 
with the postulated presence of tetrasulfide 
bridges in poly(tri-disulfidecyanuric acid).

2.3 Electrochemical 
Characterization 

Electrochemical properties of the cath-
ode materials were evaluated in coin cells. 
The active surface area was 3.14 cm2. 
Lithium foil (thickness 50 µm) was used 
as anode.

The electrochemical investigations 
were done within a potential range of 1.7–
2.5 V in a pouch cell as shown in Fig. 1. 
Charging of the cell was performed with 
0.125 C-rate, discharging with 0.2 C-rate 
by using a MACCOR cycling equipment 
at room temperature. Employed electro-
lyte consisted of 1,2-dimethoxyethane/di-
oxolane (1:1, vol/vol) with 1 mol/l lithium 
bis(trifluromethansulfonimide) as con-
ducting salt. Celgard 2340 with a thick-
ness of 38 µm was used as separator. The 
capacity was standardized on the specific 
capacity of the active cathode materials 
employed in the electrode. Calculated on 
the basis of the sulfur employed in the cath-
ode with 100% utilization the maximum 
capacity of 1672 mAg–1 can be achieved. 
For poly(tri-dithiocyanuric acid) (1) the 
maximum capacity of 893 mAg–1 can be 
reached. In Figs 4 and 6 the discharge ca-
pacities are depicted as relative capacities 
based on the individual maximum capacity 
of each active material. 

3. Results and Discussion

Redox polymerization electrode mate-
rials based on carbon–sulfur bonds, –C–S–
S–C–, can be prepared either by oxidation 
of mercaptans or lithium thiolate salts by 
iodine.[11a] For polymers based on nitro-
gen-sulfur bonds, –N–S–S–N–, conver-
sion of the primary or secondary amines 
with sulfur monochloride (S

2
Cl

2
) can be 

employed.[12] Since arylsulfurchlorides 
can be converted with arylsulfides in a 
clean reaction to mixed aryldisulfides and 
hydrochloric acid,[13] we approached the 
synthesis of poly (tri-dithiocyanuric acid) 
(1) using sulfur monochloride as reagent. 
Trithiocyanuric acid was dissolved in an-
hydrous tetrahydrofuran and treated with 
stoichiometric amount of sulfur mono-
chloride. The released hydrochloric acid 
was removed under a steady stream of ni-
trogen (Scheme 2). 

Upon addition of sulfur monochloride 
crosslinked poly(tri-dithiocyanuric acid) 
(1) precipitated and was filtered off after 
reaction completion. To remove impurities 
the product was washed several times with 
tetrahydrofuran, finally dried overnight 
under vacuum and obtained in quantitative 
yield. Elementary analysis indicates the 
successful transformation. Compared to 
the theoretical values of the starting mate-
rial trithiocyanuric acid (carbon: 20.33%, 
nitrogen: 23.71%, hydrogen: 1.17%, sul-

fur: 54.25%) experimental values of the 
crosslinked product 1 show significantly 
higher proportion of sulfur: 70.0% and 
reduced contents for carbon: 14.2%, ni-
trogen: 15.1% and hydrogen: <0.5%. In 
addition, the acceptable agreement with 
the theoretical values for poly (tri-dithio-
cyanuric acid) (carbon: 13.33%, nitrogen: 
15.54%, sulfur: 71.13%) indicate the suc-
cessful incorporation of disulfide moi-
eties. The deviations and the presence of 
hydrogen (<0.5%) can be assigned to some 
remaining mercapto groups and traces of 
solvent trapped in the product by the im-
mediately starting precipitation process 
during synthesis. 

Solid-state infrared analysis in potas-
sium bromide supports these findings. 
Compared to trithiocyanuric acid as start-
ing material the weak but characteristic va-
lence vibrations for thiols from 2550–2600 
cm–1 and 600–800 cm–1[14] are missing. In 
addition, characteristic stretching vibra-
tions for R–S

4
–R groups in the fingerprint 

region of 470–489 cm–1[15] appear at 495 
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Fig. 3. Raman spec-
troscopy (532 nm) of 
poly(tri-dithiocyanuric 
acid) (1).

Fig. 4. Discharge 
capacities of lithium 
sulfur cells equipped 
with cathode con-
taining polymer 1 as 
electroactive species 
including various 
electrolyte amounts 
(green: standard, red: 
1.5 times electrolyte 
amount) and lithi-
um–sulfur standard 
cathode (red) at 0.2 
C-rate.

Scheme 2. Synthesis 
of tetrasulfide-
bridged poly-
mer based on 
 trithiocyanuric acid.

1
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The theoretical capacity for a repeating 
unit C

3
N

3
S

6
 in compound 1 with a molecu-

lar weight of 270.2 g/mol was estimated 
to 893 mAhg–1, assuming the complete 
reduction of all R–S–S–S–S–R moieties 
with nine electrons to R–SLi and lithium 
disulfide (Li

2
S). Compared to its disul-

fide-bridged analogue of trithiocyanuric 
acid with 460 mAhg–1 specific capacity,[12] 
polymer 1 offers almost double specific ca-
pacity and nearly half the specific capacity 
of sulfur (1672 mAhg–1). In addition, ev-
ery step of the reduction process involves 
direct formation of electrolyte insoluble 
lower polysulfides (Li

2
S

2
 and Li

2
S), the 

tris lithium salt of trithiocyanuric acid and 
covalently bound lithium thiolate moieties 
thus restricting the formation of the poly-
sulfide shuttle.

Fig. 4 displays the discharge capaci-
ties of Li/S-cells equipped with cathode 
employing 1 as active material and two 
different electrolyte amounts. In addition, 
the discharge capacity of a standard sulfur 
cathode is given for comparison. Using the 
standard amount of electrolyte the initial 
discharging capacity improves within the 
first 20 cycles up to 650 mAhg–1 which ac-
counts for roughly 73% electrochemical 
utilization of polymer 1. After 140 cycles 
capacity retention of 65% is observed. 
Offering higher amounts of electrolyte 
(1.5 times) triggers rapid equilibration to 
the maximal initial discharging capacity of 
580 mAhg–1 within 10 cycles. Obviously 
the presence of excess electrolyte reduces 
the break-in time of the cathode. On the 
other hand, the presence of higher electro-
lyte amounts usually promotes polysulfide 
leaching from sulfur based cathode and 
therefore effectively reduces their dura-
bility. For the cathode with polymer 1 as 
active material, however, the presence of 
excess electrolyte does not accelerate the 
degradation. Compared to electrochemical 
cells with standard amount electrolyte sim-
ilar capacity fading to 65% retention after 
140 cycles is found. As consequence, the 
reduction products of polymer 1 must be 
less soluble in the electrolyte compared to 
elemental sulfur in standard cathodes. For 
the standard system comprising electroac-
tive sulfur 65% capacity retention is al-
ready found after 40 charge and discharge 
cycles. As further aspect, the electrochemi-
cal utilization rate of 73% for polymer 1 
indicates that not all tetrasulfide moieties 
are completely accessible to the electro 
depolymerization process and reduced to 
R–SLi and Li

2
S. But comparing the rela-

tive electrochemical utilization polymer 1 
of 73% to elemental sulfur with 66% uti-
lization the efficiency of the new polymer 
material can be considered slightly supe-
rior to elemental sulfur. In summary, poly-
mer 1 provides as active cathode material 
compared to elemental sulfur improved 

cycling stability and improved utilization 
efficiency.

Analysis of the cell resistance (Fig. 5) 
also demonstrates the impact of electrolyte 
amount. With excess amounts of electro-
lytes a resistance of 1 Ω is found after 20 
cycles break-in time for cathode employing 

polymer 1 as active material. In contrast, 
usage of lower electrolyte amounts results 
in resistance of 1.5 Ω after 20 cycles. It 
can be reasoned that the presence of excess 
electrolyte allows better penetration of the 
cathode and separator, thus improving the 
accessibility of electroactive species and 

Fig. 5. Impedance (re-
sistance) of lithium–
sulfur cells equipped 
with cathode con-
taining polymer 1 as 
electroactive species 
including various 
electrolyte amounts 
(green: standard,  
red: 1.5 times elec-
trolyte amount) and 
lithium–sulfur stan-
dard cathode (red) at 
0.2 C-rate.

Fig. 6. Discharge pro-
files of lithium–sulfur 
cells equipped with 
cathode containing 
polymer 1 as electro-
active species includ-
ing various electrolyte 
amounts (green: stan-
dard, red: 1.5 times 
electrolyte amount) 
and lithium–sulfur 
standard cathode 
(red) at 0.2 C-rate a) 
cycle 5; b) cycle 50; 
c) cycle 100.

a)

c)

b)
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reducing the resistance. Upon operation, 
cell resistance increases gradually for all 
three cells at similar rates. Again, this sug-
gests the stability of the novel tetrasulfide 
based cathode material 1, since the depo-
lymerization process does not allow the 
formation of soluble polysulfides to trigger 
the polysulfide shuttle. Nevertheless, even 
this novel cathode material shows capac-
ity fading, which might be ascribed to the 
assumed formation of higher polysulfides 
during the oxidation and polymerization 
process since the exclusive reformation 
of tetrasulfide bridges is not certain. Once 
formed, the higher soluble polysulfides 
can trigger the polysulfide shuttle.

Analysis of the discharge profiles un-
der operation for cathodes employing sul-
fur and material 1 as active materials (Fig. 
6) after 5 cycles does not reveal any major 
differences. 

In general, the discharge profile re-
flects the three stage process of sulfur cell 
discharge in organic electrolytes:[2a] from 
2.4 V to the first plateau at 2.1 V sulfur 
is reduced to soluble polysulfides (Li

2
S

8
 to 

Li
2
S

3
). The plateau region at 2.1 V then re-

flects reduction to insoluble Li
2
S

2
 whereas 

the final discharge region from 2.1 to 1.7 V 
represents the inter conversion from Li

2
S

2
 

to Li
2
S which is most difficult due to the 

sluggishness of solid-state diffusion in the 
bulk. After 50 and 100 cycles, for the cath-
ode employing polymer 1 as active mate-
rial, the plateau region and final discharge 
region from 2.1 to 1.7 V (Li

2
S

2
 → Li

2
S) 

appears to be more pronounced and similar 
to discharge profiles of elemental sulfur in 
the standard cathode. 

4. Conclusion

Based on trithiocyanuric acid a novel 
crosslinked polymer bearing tetrasulfide 
bridges was successfully synthesized as 
redox polymerization electrode material 
and evaluated in rechargeable lithium sul-
fur batteries. The new tetrasulfide-bridged 
polymer was synthesized by reaction of 

stoichiometric amounts of sulfur mono-
chloride with trithiocyanuric acid and the 
structure of the redox polymer proven by 
means of elementary analysis and infra-
red spectroscopy. The theoretical specific 
capacity was calculated as 893 mAhg–1 
per polymer repeating unit. Upon elec-
trochemical evaluation of the tetrasulfide 
crosslinked polymer with tricyanuric acid 
core cycling stability up to 140 cycles with 
65% capacity retention after initial capac-
ity of 650 mAhg–1 with utilization of the 
electroactive tetrasulfide moieties of 73% 
was found. The presence of excess electro-
lyte did not accelerate the cell degradation, 
thus indicating that reduced sulfur species 
such as lower polysulfides (Li

2
S, Li

2
S

2
) 

and tris lithium salt of trithiocyanuric acid 
are efficiently immobilized on the cathode 
side. 

In summary, the concept to restrict the 
polysulfide shuttle in lithium-sulfur bat-
teries employing a tetrasulfide crosslinked 
redox polymer as cathode novel material 
which forms lower polysulfide species and 
tris lithium salt of trithiocyanuric acid 
with low electrolyte solubility upon redox 
polymerization was proven to be viable. 
Compared to disulfide based redoxpoly-
mers with high cycling stability the tetra-
sulfide bridged polymer with tricyanuric 
acid core shows higher specific capacity.
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