Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2020

Supporting Information

Reaction heterogeneity in practical high-energy lithium—sulfur pouch cells
Lili Shi, ¥ Seong-Min Bak, * Zulipiya Shadike, * Chengqi Wang,c Chaojiang Niu,? Paul Northrup,d Hongkyung Lee,?
Arthur Y. Baranovskiy,? Cassidy S. Anderson,? Jian Qin,? Shuo Feng,? Xiaodi Ren,? Dianying Liu,? Xiao-Qing Yang,® Fei

Gao,“¢ Dongping Lu,* Jie Xiao,*? and Jun Liu*?f

2 Energy and Environmental Directorate, Pacific Northwest National Laboratory, Richland, Washington
99352, United States

b Chemistry Division, Brookhaven National Laboratory, Upton, New York 11973, United States

¢ Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor,
Michigan 48109-2104, United States

4 Department of Geosciences, Stony Brook University, Stony Brook 11794, United States

¢ Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109-
2104, United States

f University of Washington, Seattle, WA 980105
¥ These three authors contributed equally to this work.
*Corresponding authors: Dongping Lu, Jie Xiao, Jun Liu.

Email: dongping.lu@pnnl.gov; jie.xiao@pnnl.gov; jun.liu@pnnl.gov



Pouch cell energy estimation

The parameters used for the pouch cell energy estimation at both coin cell and pouch cell
conditions: cell capacity = 2 Ah, cell average voltage = 2.1 V, cell dimensions = 54 mm x 36 mm
(cathode dimension), 55.5 mm x 37.5 mm (anode dimension), specific discharge capacity based of
S = 1000 mAh g1, S content in the whole electrode = 64 wt.%, electrolyte = 1 M LiTFSI/DOL+DME
(1:1, v/v) + 0.3 M LiNO;3, electrolyte density = 1.1 g mL%, 12 um Al foil as cathode current collector,
and Cu mesh (9 um with 50% porosity) as anode current collector.

Table S1 Cell parameters for the pouch cell energy estimation with coin and pouch cell conditions.

Cell parameter Unit Coin cell condition | Pouch cell condition
S loading mg cm-2 2 6
Layer 27
E/S ratio mL g? 38 2.3
E/C ratio g (Ah)? 42 2.5
N/P ratio 25.0 1.7
M cathode g 3.3 3.3
M g 14.0 0.9
Meiectrolyte g 87.8 5.3
My g 1.9 0.7
Minert materials Me, & 22 0.7
Meparator g 1.2 0.4
Moackage, tabs | 8 1.2 1.2
Specific energy Wh kg 40 351

Table S2 Cell parameters for the 313 Wh kg pouch cell

313 Wh kg* pouch

Cell parameter Unit cell
S loading mg cm2 6

Layer 9

E/S ratio mLg? 2.5
E/C ratio g (Ah)? 2.4
N/P ratio 1.4
M cathode g 34
My; g 0.9
Meiectrolyte g 6.1
My g 0.8
Mc, g 0.9



M separator g 0 4
M package, tabs g 1.2

The pore-filling E/S ratio and active E/S ratio are estimated by:
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where E/S, is the pore-filling E/S ratio; E/S, is the active E/S ratio; E/S,,, is the applied E/S ratio; /. is the
thickness of the cathode (cm); €. is the porosity of the cathode; /., is the thickness of the separator (cm);
Esep IS the porosity of the separator; N is the layer of the anode in a pouch cell; L; is the sulfur loading (g
cm?). 1.17 is the separator area (60 mm x 38 mm) to the cathode area (54 mm x 36 mm) in the pouch cell.
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Fig. S1 Electrochemical performances of the 313 Wh kg pouch cell at 0.05 C (0.3 mA cm2, 1 C=1000 mA
g1). (a) Discharge and charge curves at the 2nd, 3rd, 5th, 10th, and 20th cycle. (b) Cycle performance and
Coulombic efficiency.
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Fig. S2 Discharge and charge curves of the cycled sulfur cathode, harvested from the 313 Wh kg Li-S
pouch cell, with fresh lithium and electrolyte. (a) E/S=10mLg?, N/P=17. (b) E/S=6 mLg?, N/P=1.4.
Current density is 0.05 C for the 1st discharge and 0.02 C for the following cycles. (c) Last cycle (22nd)
discharge and charge curves of the 313 Wh kg pouch cell.



Fig. S3 SEM images of different regions of the sulfur cathode. (a, b, d) R1, R2, and R3 on cycled cathode

from the 313 Wh kg Li-S pouch cell, respectively. (e) Pristine cathode. (c and f) High-resolution images
of b and e, respectively.
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Fig. S4 Typical discharge curves of reassembled cells with cycled sulfur cathodes from different regions of

the cycled 313 Wh kg Li-S pouch cell, new lithium, and fresh electrolyte. (E/S =6 mL g?, N/P = 1.4, and
0.02 C).
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Fig. S5 XPS atomic quantification of different regions on cycled lithium.
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Fig. S6 Variation of discharge capacity along with cycle time of the 313 Wh kg Li-S pouch cell in the first
6 cycles.
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Fig. S7 Variation of electrolyte content in S cathode along with the z-axis at different times and locations.
(a) The center of the electrode (0 cm, 0 cm, z). (b) Corner 1 (2.69 cm, 0 cm, z). (c) Corner 2 (2.69 cm, 1.79
cm, z). (d) Corner 3 (0 cm, 1.79 cm, z).
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Fig. S8 Simulation of electrolyte diffusion and redistribution along the large electrode with low tortuosity
cathode. (a) Schematic illustration of electrolyte diffusion through pores of the cathode. The color from
yellow to dark blue corresponds to the electrolyte content (%) filling in the electrode from high to low. (b)
t=0hr.(c)t=50hr.(d) t=100 hr. (e) t =150 hr. (f) t =200 hr.

Reaction surface

Spare electrolyte

Porous separator

Porous cathode

[

Ly
’

we,

Vs
Symmetry

-

20 pm

g 0%

1
L

iy
(N

Syrr’nmetry

Fig. S9 Schematic illustration of the simulation model.



