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Composite cathodes containing y-sulfur and reduced
graphene oxide for lithium—sulfur batteries
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A sulfur-reduced graphene oxide (rGO) composite was
investigated as a cathode material for lithium-sulfur
batteries. The cathode material containing both monoclinic
(y-S) and orthorhombic (a-S) sulfur and rGO exhibits
excellent electrochemical performance. The discharge
capacity of (0+y)S@rGO in Li-S battery at C/8 is 950 and
620 mAh g~! for cycles 1 and 20, respectively.
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Lithium—sulfur batteries are considered as promising ‘post-Li-ion’
energy storage devices due to their high specific energy capacity
and low cost of sulfur-containing cathodes.!~> Their practical
application is limited by a number of factors, such as the unsafe
nature of the metallic lithium anode, the low conductivity of
sulfur and discharge products (Li,S, and Li,S),* 6 a significant
change in the cathode volume during charge/discharge, the
formation of polysulfides (Li,S,, n = 4-8) soluble in the
electrolyte during charge/discharge and their migration to the
anode with subsequent irreversible reactions leading to the loss
of active material. >~

A promising approach to address these issues is the production
of composites containing sulfur and various carbon matrices,
such as meso- and microporous carbons, which are electronically
conductive and capable of both transporting and encapsulating
sulfur, suppressing the dissolution and migration of
polysulfides.!->7-10-16 Carbon materials doped with N, O and P
atoms contain polar species that promote better retention of
polysulfide anions in the cathode space,'”!® thereby improving
the electrochemical performance of Li—S batteries. Doped
carbon materials are reported to chemically interact with sulfur,
with adsorption occurring mainly through P-S or O-S
bonding.'”! Among the carbon materials studied, reduced
graphene oxide (rGO) is one of the most promising due to its
high electronic conductivity, large surface area, good mechanical
properties and the presence of oxygen functional groups.

The presence of monoclinic sulfur (y-S) in composites with
carbon is reported to improve the electrochemical performance
of cathodes.”>>> However, y-S is metastable?*>* and only
orthorhombic sulfur (c-S) is present in most S/C cathodes.>~?7
The stabilization of y-sulfur in a composite with rGO reported in
this work was observed for the first time.

The S@rGO composite was prepared by melt infiltration at
155 °C.28 The IR spectrum of rGO shows the bending vibration
Vv(C-H) at 800 cm™!, stretching vibrations v(C-O) at 1080 and
1198 cm™!, v(C=C) at 1550 cm™!, v(C=0) at 1730 cm™!, §(C-H)
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at 2850-2925 cm™! and a broad peak at 3400 cm™! corresponding
to v(O-H) (Figure S1, see Online Supplementary Materials).
These data indicate that the oxygen-containing groups and,
accordingly, the polar species in rGO are retained, which may
contribute to better retention of polysulfide anions in the cathode
space. At the same time, the content of such species is not too
high, and both rGO and the S@rGO composite are characterized
by relatively high electrical conductivity values (Table 1).

The sharp decrease in the surface area of rGO after loading
sulfur indicates that sulfur occupies almost the entire surface of
rGO (see Table 1). According to the scanning electron microscopy
and SEM-EDX analysis, the S@rGO composite has a sponge-
like structure with uniform distribution of sulfur, carbon and
oxygen.

The XRD pattern of the S@rGO composite is a combination
of diffraction peaks of orthorhombic a-S (ICDD PDF-2 card no.
08-0247) with metastable monoclinic y-S (ICDD PDF-2 card no.
53-1109) in a ratio of ~1: 1 and a broad rGO peak in the 26
region of 15-35° (Figure 1).

In published works describing the preparation of sulfur
composites with rGO,>272931 no detection of metastable
y-sulfur modification is reported. The reason for its formation
may be the stabilization of y-S during melting/cooling in the
limited space between rGO layers.

In the first cycle, the discharge capacity of the S@rGO
composite at C/8 was 950 mAh per 1 g of sulfur. During

Table 1 Electrical conductivity (o) and specific surface area (S) of rGO
and the S@rGO composite.

o/S m™!
Sample Measurement direction vs. pressing axis ~ S/m? g7!
Parallel Perpendicular
rGO 72 452 320
S@rGO 45 400 5
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Figure 1 XRD patterns of (/) rGO, (2) initial S and (3) S@rGO composite,
as well as bar diagrams of orthorhombic a.-S (ICDD PDF-2 card no. 08-0247)
and monoclinic y-S (ICDD PDF-2 card no. 53-1109).

subsequent cycling, a gradual decrease in the discharge capacity
was observed, and by the 20™ cycle, the discharge capacity was
about 620 mAh per 1 g of sulfur (Figure 2). The discharge
capacities of S@rGO significantly exceed those of cathodes
obtained by mechanically mixing sulfur with carbon material.?

The capacity loss gradually decreases with increasing number
of cycles (N) (Figure 2). During the first few cycles, the average
degradation is rather high (about 2.3% per cycle), largely due to
the formation of a solid electrolyte interphase (SEI) at the
electrode/electrolyte boundary. Then, the dependence of the
discharge capacity on 1/N becomes linear. Therefore, extrapolation
of this dependence to zero can be used to estimate the capacity at
an infinite number of cycles. Estimation by this method yields a
discharge capacity of 549 =2 mAh g~! (Figure 3).
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Figure 2 Charge—discharge curves of the S@rGO composite at a current
density of 208 mA g=! (C/8).

This work was supported by the Russian Science Foundation
(grant no. 23-19-00642, https://rscf.ru/project/23-19-00642/).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7767.

References

1 S. Xin, L. Gu, N.-H. Zhao, Y.-X. Yin, L.-J. Zhou, Y.-G. Guo and
L.-J. Wan, J. Am. Chem. Soc., 2012, 134, 18510; https://doi.org/10.1021/
ja308170k.

2 X.Yu and A. Manthiram, Adv. Funct. Mater., 2020, 30, 2004084 https://
doi.org/10.1002/adfm.202004084.

3 D.Yu. Voropaeva, E. Yu. Safronova, S. A. Novikova and A. B. Yaroslavtsev,
Mendeleev  Commun., 2022, 32, 287; https://doi.org/10.1016/
j-mencom.2022.05.001.

~J

W

(=)
T

-

=

(=]
T

N

wn

(=]
T

600

550

Specific capacity/mAh g~!

500 1 1 1 1 1 1
0.00 0.02 004 006 008 0.10 0.12
1/N

Figure 3 Dependence of the discharge capacity of the S@rGO composite
on the value of 1/N.

4 V. S. Kolosnitsyn and E. V. Karaseva, Russ. J. Electrochem., 2008, 44,
506; https://doi.org/10.1134/S1023193508050029.

5 M. Yu, J. Ma, M. Xie, H. Song, F. Tian, S. Xu, Y. Zhou, B. Li, D. Wu,
H. Qiu and R. Wang, Adv. Energy Mater., 2017, 7, 1602347; https://
doi.org/10.1002/aenm.201602347.

6 M. Hakimi and M. Hakimi, Colloids Surf., A, 2024, 685, 133265;
https://doi.org/10.1016/j.colsurfa.2024.133265.

7 A. Manthiram, Y. Fu, S.-H. Chung, C. Zu and Y.-S. Su, Chem. Rev.,
2014, 114, 11751; https://doi.org/10.1021/cr500062v.

8 A.N. Mistry and P. P. Mukherjee, J. Phys. Chem. C, 2018, 122, 23845;
https://doi.org/10.1021/acs.jpcc.8b06077.

9 S. A. Novikova, D. Yu. Voropaeva and A. B. Yaroslavtsev, Inorg. Mater.,
2022, 58, 333; https://doi.org/10.1134/S0020168522040124.

10 D.-W. Wang, G. Zhou, F. Li, K.-H. Wu, G. Q. (M.) Lu, H.-M. Cheng and
I. R. Gentle, Phys. Chem. Chem. Phys., 2012, 14, 8703; https:/
doi.org/10.1039/c2cp40808b.

11 L.Hu,Y. Lu, T. Zhang, T. Huang, Y. Zhu and Y. Qian, ACS Appl. Mater.
Interfaces, 2017, 9, 13813; https://doi.org/10.1021/acsami.7b01387.

12 H.B.Wu, S. Wei, L. Zhang, R. Xu, H. H. Hng and X. W. (D.) Lou, Chem. —
Eur. J., 2013, 19, 10804; https://doi.org/10.1002/chem.201301689.

13 FE Pei, L. Lin, A. Fu, S. Mo, D. Ou, X. Fang and N. Zheng, Joule, 2018,
2, 323; https://doi.org/10.1016/j.joule.2017.12.003.

14 H. M. Joseph, M. Fichtner and A. R. Munnangi, J. Energy Chem., 2021,
59, 242; https://doi.org/10.1016/j.jechem.2020.11.001.

15 X.Ji, K. T. Lee and L. E. Nazar, Nat. Mater., 2009, 8, 500; https://
doi.org/10.1038/nmat2460.

16 A. B. Yaroslavtsev, S. A. Novikova, D. Yu. Voropaeva, S. A. Li and
T. L. Kulova, Batteries, 2022, 8, 162; https://doi.org/10.3390/
batteries8100162.

17 W.Ai, W. Zhou, Z. Du, Y. Chen, Z. Sun, C. Wu, C. Zou, C. Li, W. Huang
and T. Yu, Energy Storage Materials, 2017, 6, 112; https:/
doi.org/10.1016/j.ensm.2016.10.008.

18 Q. Zhao, K. Zhao, G. Ji, X. Guo, M. Han, J. Wen, Z. Ren, S. Zhao,
Z. Gao, R. Wang, M. Li, K. Sun, N. Hu and C. Xu, Chem. Eng. J., 2019,
361, 1043; https://doi.org/10.1016/j.cej.2018.12.153.

19 J. Song, T. Xu, M. L. Gordin, P. Zhu, D. Lv, Y.-B. Jiang, Y. Chen,
Y. Duan and D. Wang, Adv. Funct. Mater., 2014, 24, 1243; https://doi.
org/10.1002/adfm.201302631.

20 S.Moon, Y. H. Jung, W. K. Jung, D. S. Jung, J. W. Choi and D. K. Kim,
Adv. Mater., 2013, 25, 6547, https://doi.org/10.1002/adma.201303166.

21 B. He, W.-C. Li, Y. Zhang, X.-F. Yu, B. Zhang, F. Li and A.-H. Lu,
J. Mater. Chem. A, 2018, 6, 24194; https://doi.org/10.1039/C8TA09564G.

22 R.Pai, A. Singh, M. H. Tang and V. Kalra, Commun. Chem., 2022, 5, 17;
https://doi.org/10.1038/s42004-022-00626-2.

23 R. Steudel and B. Eckert, in Elemental Sulfur and Sulfur-Rich
Compounds 1, ed. R. Steudel, Springer, Berlin, 2003, pp. 1-79; https://
doi.org/10.1007/b12110.

24 R. Mayer, in Organic Chemistry of Sulfur, ed. S. Oae, Springer, Boston,
MA, 1977, pp. 33-69; https://doi.org/10.1007/978-1-4684-2049-4_2.

25 S. Moon, Y. H. Jung and D. K. Kim, J. Power Sources, 2015, 294, 386;
https://doi.org/10.1016/j.jpowsour.2015.06.011.

26 Y.-S. Su and A. Manthiram, Electrochim. Acta, 2012, 77, 272; https://
doi.org/10.1016/j.electacta.2012.06.002.

27 G. Zhou, L. Li, C. Ma, S. Wang, Y. Shi, N. Koratkar, W. Ren, F. Li and
H.-M. Cheng, Nano Energy, 2015, 11, 356; https://doi.org/10.1016/].
nanoen.2014.11.025.

- 561 -


https://rscf.ru/project/23-19-00642/
https://doi.org/10.1021/ja308170k
https://doi.org/10.1021/ja308170k
https://doi.org/10.1002/adfm.202004084
https://doi.org/10.1002/adfm.202004084
https://doi.org/10.1016/j.mencom.2022.05.001
https://doi.org/10.1016/j.mencom.2022.05.001
https://doi.org/10.1134/S1023193508050029
https://doi.org/10.1002/aenm.201602347
https://doi.org/10.1002/aenm.201602347
https://doi.org/10.1016/j.colsurfa.2024.133265
https://doi.org/10.1021/cr500062v
https://doi.org/10.1021/acs.jpcc.8b06077
https://doi.org/10.1134/S0020168522040124
https://doi.org/10.1039/c2cp40808b
https://doi.org/10.1039/c2cp40808b
https://doi.org/10.1021/acsami.7b01387
https://doi.org/10.1002/chem.201301689
https://doi.org/10.1016/j.joule.2017.12.003
https://doi.org/10.1016/j.jechem.2020.11.001
https://doi.org/10.1038/nmat2460
https://doi.org/10.1038/nmat2460
https://doi.org/10.3390/batteries8100162
https://doi.org/10.3390/batteries8100162
https://doi.org/10.1016/j.ensm.2016.10.008
https://doi.org/10.1016/j.ensm.2016.10.008
https://doi.org/10.1016/j.cej.2018.12.153
https://doi.org/10.1002/adfm.201302631
https://doi.org/10.1002/adfm.201302631
https://doi.org/10.1002/adma.201303166
https://doi.org/10.1039/C8TA09564G
https://doi.org/10.1038/s42004-022-00626-2
https://doi.org/10.1007/b12110
https://doi.org/10.1007/b12110
https://doi.org/10.1007/978-1-4684-2049-4_2
https://doi.org/10.1016/j.jpowsour.2015.06.011
https://doi.org/10.1016/j.electacta.2012.06.002
https://doi.org/10.1016/j.electacta.2012.06.002
https://doi.org/10.1016/j.nanoen.2014.11.025
https://doi.org/10.1016/j.nanoen.2014.11.025

Mendeleev Commun., 2025, 35, 560-562

28 S.A.Novikova, D.Yu. Voropaeva, S. A. Li, T. L. Kulova, A. M. Skundin, 31 Z.Li, G. Liang, T. Wang, J. Liu, C. Cheng, G. Ao, Z. Guan, T. Tao and

1. A. Stenina and A. B. Yaroslavtsev, Mendeleev Commun., 2024, 34, J. Zhu, Carbon, 2024, 229, 119512; https://doi.org/10.1016/
478; https://doi.org/10.1016/j.mencom.2024.06.003. j-carbon.2024.119512.

29 T. Lin, Y. Tang, Y. Wang, H. Bi, Z. Liu, F. Huang, X. Xie and M. Jiang, 32 T. L. Kulova, S. A. Li, E. V. Ryzhikova and A. M. Skundin, Russ.
Energy Environ. Sci., 2013, 6, 1283; https://doi.org/10.1039/ J. Electrochem., 2022, 58, 391; https://doi.org/10.1134/
c3ee24324a. S102319352205007X.

30 J.-Z. Wang, L. Lu, M. Choucair, J. A. Stride, X. Xu and H.-K. Liu,
J.  Power Sources, 2011, 196, 7030; https://doi.org/10.1016/
j.jpowsour.2010.09.106. Received: 17th March 2025; Com. 25/7767

- 562 -


https://doi.org/10.1016/j.mencom.2024.06.003
https://doi.org/10.1039/c3ee24324a
https://doi.org/10.1039/c3ee24324a
https://doi.org/10.1016/j.jpowsour.2010.09.106
https://doi.org/10.1016/j.jpowsour.2010.09.106
https://doi.org/10.1016/j.carbon.2024.119512
https://doi.org/10.1016/j.carbon.2024.119512
https://doi.org/10.1134/S102319352205007X
https://doi.org/10.1134/S102319352205007X

