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Key parameters determining the performance of lithium sulfur batteries
P. Potrolniczak*, M. Przybylczak, K. Wasinski, M. Walkowiak

Institute of Non-Ferrous Metals, Division in Poznan, Central Laboratory of Batteries and Cells, Forteczna
12, 61-362 Poznan, Poland

Received September 13, 2017; Accepted November 29, 2017

Lithium sulfur battery is a promising electrochemical system offers high energy density of 2500 Wh kg*, which is almost
five folds higher than those of state-of-art Li-ion batteries. However, commercialization of Li/S batteries still cannot be
realized due to many problematic issues, such as poor electronic conductivity of sulfur, solubility of lithium polysulfides
in organic electrolytes and the use of highly reactive metal lithium as anode. In this paper we discuss key parameters, in
particular carbon/sulfur ratio, carbon porosity, sulfur loading and electrolyte volume, which impact the battery
performance. We found that increasing the carbon content in the sulfur cathode from 20 to 40% resulted in 30% capacity
improving of the Li/S battery. The optimized sulfur loading was found to be 2.2 mg S per cm and electrolyte volume

should not be lower than 75 ul per mg of sulfur.

Keywords: Lithium sulfur battery, sulfur cathode, activated carbon, electrochemical performance

INTRODUCTION

Lithium-ion  batteries since their  first
commercialization of more than 20 years ago have
dominated the market of chemical power sources for
portable electronic devices [1-3]. However, the
limited energy density and the theoretical capacity of
the Li-ion battery and the growing demand and
requirements of the market forces searching for other
solutions.

Metallic lithium with the lowest density and the
highest theoretical capacity (3861 mAh g?) is
considered the best anode material. The elemental
sulfur with a theoretical capacity of 1673 mAh g
appears to be preferred opposite electrode for
lithium. Lithium-sulfur battery can potentially reach
energy density of 2 500 Wh kg*, which is up to five
times higher compared to lithium-ion batteries [4-6].
Low cost, non-toxicity and the natural abundance of
sulfur in the environment is also conducive to the
growing interest of the scientists. Nevertheless, there
are still several major issues facing rechargeable Li-
S batteries that impede their practical application,
which include: low charging efficiency, poor cyclic
stability and high self-discharge rate [7].
Disadvantages of Li-S batteries result from a number
of reasons. Sulfur has a poor electrical conductivity,
and therefore composing the cathode a large amount
of conductive additive has to be added, which
reduces the amount of sulfur itself and reduces the
energy density of the cell. The second major problem
is the solubility of lithium polysulfides formed
during the electrode reaction in organic electrolytes
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and their migration towards the anode, wherein
further reaction of lithium leads to the formation of
insoluble and non-conducting Li,S and Li.S,. These
polysulfides are accumulated at the anode causing
the corrosion and polarization, and thus reduce the
amount of the cathode active material [8-10].

In our study the influence of key parameters on
the performance of Li-S batteries has been
investigated. The impact of active material content,
coating thickness and type of carbon additive on the
specific capacity and cycle stability of the Li-S
batteries have been studied. Different electrolyte
composition has been proposed and tested towards
polysulfides dissolution and Li-S batteries
performance.

EXPERIMENTAL

The sulfur/carbon cathode composites were
prepared by manually mixing elemental sulfur and
carbon in different weight ratios in an agate mortar.
The S/C mixture was dispersed in sodium
carboxymethyl cellulose aqueous (Sigma Aldrich)
solution to form a slurry which was subsequently
casted onto Al foil as a current collector. The
resulting cathodes were dried at 60°C under vacuum
for 24 h. The cathodes were assembled in an argon-
filled glove box (MBraunLABstar) in Swagelok-
type cells with metallic lithium as the anode and
Celgard 2400 as the separator. The electrolyte was a
solution of lithium trifluoromethanesulfonate (0.5
M, Sigma Aldrich) and of LiNOsz (0.5 M, Fluka) ina
1:1 mixture of 1,2-dimethoxyethane (DME, Sigma
Aldrich) and 1,3-dioxolane (DOL, Sigma Aldrich).
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The cells were galvanostatically charged/discharged
at a current density of 0.005, 0.05, 0.1,0.5and 1 C
between 1.7 and 2.7 V vs. Li/Li*. Cyclic
voltammetry experiments were carried out at the
scan rate of 0.05 mV s also between 1.7 and 2.7 V.
All electrochemical measurements were carried out
using multi-channel VMP3 potentiostat/galvanostat
(Bio-Logic).

RESULTS AND DISCUSSIONS

Sulfur has poor electronic conductivity thus it
needs to be blended with a conducting agent, e.g.
carbon black. High sulfur content in the cathode
favors high energy density, however, too low carbon
amount in the cathode will lead to the formation of
electrically isolated islands in the electrode [11]. Itis
crucial to have a balanced carbon to sulfur ratio in
the cathode. The performance of Li-S batteries using
S/C cathode with different S/C ratio is shown in Fig.
1. The Li-S battery with cathode composed of 70%
of elemental sulfur and 20% of carbon black
delivered 450 mAh g in the first cycle at 0.05 C and
the capacity decreases in the next 10
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charge/discharge cycles. As the carbon content was
increased to 40%, the capacity in the first cycle at
0.05 C increases to 580 mAh g. The cyclic stability
was also improved. Higher carbon content (above
50%) leads to obtain electrodes mechanically
unstable.

High capacity and good cycling life of Li-S
batteries depends also on the structure, surface area
and pore size diameter of the carbon added to the
sulfur cathode. Following the first sulfur-carbon
composite proposed by Wang et al.[12], and further
work of Nazar’s group [13], the approach was
adopted by various groups, and new research
avenues were opened, based on the concept of sulfur
confinement inside a porous carbon structure. This
strategy was the most studied one during last four
years, since it was believed to solve both issues
simultaneously, drastically improved high rate
cyclability due to enhanced electronic conductivity
and inhibited polysulfides migration due to
confinement of sulfur and adsorption properties of
carbon [14-16].
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Fig. 1. a) Galvanostatic charge/discharge profiles of first cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different S/C ratio, b) rate capability of S/C cathode with different S/C ratio

Three different carbons, depending on their
porosity, were utilized as sulfur cathode component:
carbon black, CMK-3 ordered mesoporous carbon
and humic acid-derived mesoporous carbon
(HAMC). CMK-3 and HAMC carbons have been
synthesized according to procedures published
elsewhere [17]. The carbon content in the cathode
was 40% wt. The initial discharge profiles and
cycling performance of S/C cathode with
abovementioned carbons are shown in Fig. 2. The
sulfur cathode with carbon black which is non-
porous material with low surface area delivers
capacity of about 550mAh g in the first discharge
and the capacity significantly decreases with the next
charge/discharge  cycles.  Surprisingly, sulfur

cathode with CMK-3 carbon, which is ordered
mesoporous carbon with high specific area similar to
HAMC carbon (see Tablel), exhibits lower capacity
of about 600 mAh g in comparison to 880 mAh g*
obtained for cathode with HAMC carbon. Such
difference of electrochemical performance among
S/ICMK-3 and S/THAMC cathodes can be ascribed to
the difference of pore size diameter and mesoporous
structure perfection. Apparently, short range order
with a significant amount of structural imperfections
may favor faster mass transfer Kkinetics. Also
relatively large pore diameter observed for HAMC
(7.6 nm, in contrast with 3.8 nm for CMK-3) can
facilitate sulfur species accommodation and release.
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Fig. 2. a) Galvanostatic charge/discharge profiles of first cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different carbon, b) cycling stability of S/C cathode with different carbon.

Table 1. Porosity data of different carbon materials used
in sulfur cathode.

Carbon Surface area Pore diameter
[m?/g] [nm]
HAMC 670 7.6
Carbon black 45 Non-porous
CMK-3 740 3.8

The active material loading in electrode
significantly impacts the energy density of an
electrode. To improve energy density, the
loading of sulfur and/or thickness of electrode
can be increased. Sulfur/carbon black
composites electrodes with different sulfur
loadings were prepared using doctor-blade
coating by changing blade thickness. Such
obtained electrodes had increasing coating
thicknesses (8, 16, 24, 28 um), linearly
proportional to the sulfur loadings (0.9, 1.7, 2.2,
2.7 mg S cm™). The initial discharge profiles for
S/C cathode with different sulfur loadings are
displayed in Fig. 3 a). When the sulfur loading
was increased from 0.9 to 2.2 mg cm?, the
capacity per unit mass of sulfur was improved,
from 541 mAh g* to 752 mAh g*. But further
increase of sulfur loading, to 2.7 mg cm
resulted in a sharp capacity fade (394 mAh g™).
The corresponding areal capacities at varied
sulfur loading are calculated to be 0.49 mAh cm’
2(0.9 mg cm?), 1.02 mAh cm™ (1.7 mg cm™),
1.65 mAh cm™ (2.2 mg cm2) and 1.06 mAh cm"
2 (2.7 mg cm), respectively (Fig. 3 b). The
cyclic stability of S/C cathodes with different
sulfur loadings is presented on Fig. 3 ¢. The
main problem with high loaded electrodes is the
mechanical stability of the electrode. Thicker
films from composite of sulfur and carbon are
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brittle and tend to peel off from Al current
collector. The second explanation of capacity
fade in high loaded cathodes is the lithium
polysulfides diffusion issue [18]. High loaded
cathodes are thick and the polysulfides anions
formed during discharge are wunable to
effectively diffuse out of the electrode. As a
result, polysulfides anions stay on the carbon
surface and isolate the remaining sulfur from the
contact with carbon.
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capacity vs. sulfur loading curve, c) cycling performance
of S/C cathode with different sulfur loading.

Electrolyte wvolume is another important
parameter determining energy density and capacity
of lithium-sulfur battery. Larger volume of the
electrolyte better wet the electrode and dissolves
more lithium polysulfides, but the brought-in
drawback is the decrease of the energy density. The
effect of the electrolyte volume on the capacity and
cyclic stability is presented on Fig. 4. It can be seen
that as the electrolyte volume was increased from 25
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to 75 pl/mg S, the capacity increases from 115 to 500
mAh g*. As the electrolyte volume was further
increased to 125 pl/mg S, the increase in capacity
slowed down.
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Fig. 4. a) Galvanostatic charge/discharge profiles of first
cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different electrolyte volume, b) cycling
stability of S/C cathode with different electrolyte volume.

CONCLUSIONS

The performance of a Li-S battery is affected by
multiple parameters such as electrolyte volume,
carbon/sulfur ratio and sulfur loading, as well as the
choice of carbon source. The development of a fully
functional Li-S battery is a complex challenge to
research and technology, and requires simultaneous
optimization of a number of important parameters.
At present, many problems remain unresolved,

despite intense efforts and the work carried out
around the world.

Acknowledgments: This work was supported by the
National Science Centre, Polandgrant No. UMO-
2016/23/D/ST4/01539.

REFERENCES

1. V. Etacheri, R. Marom, R. Elazari, G. Salitra, D.
Aurbach, Energy Environ. Sci., 4, 3243 (2011).

2. J.B. Goodenough, Y. Kim, Chem. Mater., 22, 587
(2010).

3. B. Scrosati, J. Garche, J. Power Sources, 195,
2419(2010).

A. Manthiram, Y. Fu, S.-H.Chung, Ch. Zu, Y.S. Su,
Chem. Rev., 114, 11751 (2014).

4. L. Chen, L.L. Shaw, J. Power Sources, 267, 770
(2014).

5.  R.M. Dell, Solid State lonics,134,139 (2000).

6. W. Kang, N. Deng, N., J. Ju, Q. Li, D. Wu, X. Ma,
L. Li, M. Naebe, B. Cheng, Nanoscale, 8, 16541
(2016).

7. N. Ding, S.W. Chien, T.S.A. Hor, Z. Liu, Y. Zong,
J. Power Sources, 269, 111 (2014).

8. C. Barchasz, J.-C.Leprétre, F. Alloin, S. Patoux, J.
Power Sources,199, 322 (2012).

9. J. Scheers, S. Fantini, P. Johansson, J. Power
Sources, 255, 204 (2014).

10. Y. V. Mikhaylik, J. R. Akridge, J. Electrochem.
Soc.,151, A1969 (2004).

11. J. Wang,L. Liu, Z. Ling, J. Yang, C. Wan, C. Jiang,
Electrochim. Acta,48, 1861 (2003).

12. X. Ji, K.T. Lee, L.F. Nazar, Nat. Mater.,8, 500
(2009).

13. M. Rao, W. Li, EJ. Cairns,
Commun.,17, 1 (2012).

14. T. Zeng, X. Hu, P. Ji, G. Zhou, Solid State lonics,
291, 47 (2016).

15. J.-S. Parl, G.-B.Cho, H.-S.Ryu, J.-H.Ahn, H.-J.Ahn,
K.-W. Kim, Mater. Tech., 28, 270 (2013).

16. P. Potrolniczak, K. Wasinski, M. Walkowiak, Int. J.
Electrochem. Sci.,10, 9370, (2015).

17. S.S. Zhang, Energies, 5, 5190 (2012).

Electrochem.

161



P. Pétrolniczak: Key parameters determining the performance of lithium sulfur batteries

OCHOBHU ITAPAMETPHU, OIIPEAEJIAIIN EGEKTUBHOCTTA HA JIMTUEBO-CEPHU
BATEPUUN

I1. Mynponunuak, M. [Tmmoburyak, K. Bacuascku, M. BankoBuak

Hnemumym 3a yeemuu memanu, omoen 6 Ilosnan, llenmpanna nabopamopus 3a bamepuu u xnemku, 61-362 Iosnan,
Honwa

Ioctenmna Ha 13 centemBpwy, 2017r.; mpueta Ha 29 HOeMBpH, 2017 T.
(Pesrome)

Jlutneso - csipHarta OaTepus € oOermaBaa eIeKTPOXUMUIHA CHCTEMA, KOSITO Mpelyiara BUCOKAa €HEPruiHa INTbTHOCT OT
2500 Wh kg, k0oeTo € IIo4TH HeT IBTH II0-BHCOKA OT Ta3M Ha Hail-CHBPEMEHHMTE JIUTHEBO-HOHHM O0aTepuu. BhIpekn
TOBa, KOMepcuanu3anuaTa Ha Li/S 6arepun Bce orie He MOKe 1a ce OCBHINECTBU MTOPaIH ChIIECTBYBAIIH IPOOIEMH, KaTo
JIOIIaTa eJIEKTPOIIPOBOANMOCT Ha csipaTa, pa3TBOPUMOCTTA Ha JIMTUEBUTE MOJMUCYI(PHUIN B OPraHUYHUTE EIIEKTPOIIUTH U
M3MO0JI3BAHETO HA BUCOKO PEaKTHBEH METAJICH JIMTUHM KaTo aHo/. B Ta3u cratus ca TUCKyTHpaHH OCHOBHUTE IapaMeTpH,
HO-CHEIHAJIHO CHOTHOLIEHHETO BBIJTIEPOJ/CApa, BBITIEPOJHATa MOPHO3HOCT, ChABPIKAHHUETO Ha cspa M obeMa Ha
€JIEKTPOJINTA, KOMTO OKa3BaT BIMSHHE BBbPXY €(EKTHBHOCTTA Ha OaTepusra. YCTaHOBEHO €, Y€ yBEJIMYaBaHETO Ha
KOJIMYECTBOTO BBIJIEpoa B cepHus katoxa ot 20 no 40% Boau no nonoOpsiBane Ha kamanutera Ha Li/S Garepus ¢ 30%.
ONTHMU3HPAHOTO ChABPKAHUE Ha cApa € 2,2 mg Ha S cm™2, KaTo 06EMBT Ha EJIEKTPOJIUTA He TPAOBA Jia 6bjie MO-MallbK
ot 75 pl Ha mg cspa.

KiaouoBu JAYMHU: JIATUEBO - CsIpHA 6aTepI/m, CCPCH KaTO/J, aKTUBCH BBIJICH, CJICKTPOXUMHUYHHN XaPaAKTCPHUCTUKU.
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