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ABSTRACT
An in operando spectro-electrochemical 
Lithium-Sulfur cell is used to show 
performance benefits of using a LiNO3
additive. Using attenuated total reflection 
infrared spectroscopy, we are able to track 
the evolution of lithium polysulfides in a 
coin cell during cycling. We see that the 
concentration of polysulfides in electrolyte 
containing LiNO3 is substantially higher, 
and capacity retention of the cell is 
improved.

ATR FT-IR spectroscopy is used to monitor 
thermal decomposition of organic 
carbonate and room temperature ionic 
liquid electrolytes. Samples are tested in a 
flooded coin cell and heated up to a 
temperature of 175°C. The results will be 
used to monitor decomposition products 
and study limitations inherent to RTIL 
electrolyte.

During discharge the PS peak in the Li-S cell recedes and 
shifts to lower wavenumbers, and the reverse takes place 
during charging (See Fig. 3). This data was used to create 
the plots in Fig. 4. Fig. 4(a) compares the efficiency and 
(b) the mean PS order in Li-S cells with and without LiNO3
additive. We see in Fig. 4(a) that the capacity retention of 
the cell with LiNO3 is dramatically improved.

The spectro-electrochemical cell in Fig. 2 is used for in 
operando Li-S studies, and can be modified accordingly 
for Li-ion studies. The bottom of the cell is a Thermo
Fisher Scientific XR Diamond Crystal Plate for Smart iTX. 
On top of the plate is a PTFE disk and a metal foil which 
acts as a current collector (Cu for Li-S cells), with a hole in 
the center to accommodate the diamond crystal. The Li-S 
cathode is prepared by dissolving PVDF in NMP. Sulfur 
and carbon are added in a 2:1 weight ratio to make a 
slurry which is spread onto a Celgard separator. The 
control electrolyte was a 1.0 M solution of LiTFSI in 
TEGDME. The modified electrolyte included 0.5 M LiNO3. 
The anode was cut out of lithium ribbon. The casing (Fig. 
2) is a CR2032 casing with an attached rubber gasket. 
The assembly was mounted on a Nicolet iS50 FT-IR 
spectrometer. The cell was cycled at 1 C and spectra was 
collected every four minutes using a DTGS detector.

Previously, we had demonstrated that the in operando 
optical diagnostic was capable of tracking PS evolution in 
Li-S cells. This diagnostic allowed us to show that 
because PS concentration is higher in electrolyte 
containing LiNO3, the additive prevents PS from reacting 
with the Li anode, increasing capacity retention and 
cycling efficiency.

Lithium-Sulfur (Li-S) batteries have been studied since the 
1960s as potential high-performing energy storage solutions. 
Li-S batteries have a theoretical specific energy more than 5 
times greater than today’s advanced Li-ion batteries1,4. This 
potential, combined with the abundance, low cost, and 
environmental benignity of materials make Li-S cells attractive 
technology in the field of rechargeable batteries4. However, 
commercialization of Li-S cells has been unsuccessful due to 
short cycle life and high self-discharge rates. These problems 
are caused by the dissolution of lithium polysulfides (PS)1,2,4. 
PS and intermediate species are formed in these steps1:
i. Reduction of elemental sulfur

S8 + 2 Li ⟶ Li2S8
ii. Reduction of Li2S8

Li2S8 + 2 Li ⟶ Li2S8-n + Li2Sn
iii. Reduction from dissolved lower order PS to insoluble Li2S2

2 Li2Sn + (2n-4) Li ⟶ n Li2S2
iv. Solid-phase reduction to Li2S

Li2S2 + 2 Li ⟶ 2 Li2S
During the cycling process, a mechanism known as “shuttling” 
causes loss of active material as long-chain PS react with the 
anode and form insoluble Li2S2-4. Electrolyte additives, such 
as LiNO3, have been reported to form a solid electrolyte 
interface (SEI) on the Li anode. The SEI protects the anode 
from reacting with PS and increases cycling efficiency2. The 
experiments performed here were designed to use our 
previously demonstrated optical diagnostic to compare cell 
capacity and PS order between Li-S batteries with and without 
LiNO3 electrolyte additive. The diagnostic uses the position 
and area of a characteristic IR absorption band to determine 
the order and concentration of PS in the electrolyte.
During operation, an IR beam undergoes total internal 
reflection within the diamond crystal and an evanescent wave 
penetrates the porous cathode (Fig 1). The pores of the 
cathode accommodate the electrolyte, allowing for effective 
monitoring of the electrolyte chemistry4.
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Fig. 1. Illustration of 
the IR beam 
reflected through 
the ATR diamond, 
absorbed by 
electrolyte in a 
porous cathode.
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Fig. 2. Schematic of the Li-S spectro-electrochemical cell.

The Li-ion electrolytes were provided by SiILion. The 
conventional Li-ion electrolyte tested was EC/DEC with 
1.0 M LiPF6. Two tests with 5 and 10 wt.% FEC added 
were also performed. The RTIL electrolyte was PYR13FSI 
with 1.2M LiFSI. The electrolytes were sealed in a Golden 
Gate™ ATR, and heated in 25°C increments to a 
temperature of 175°C.
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Use of lithium-ion batteries, although widely commercialized, 
is limited due to instability at high temperatures5. Lithium 
hexafluorophosphate (LiPF6) dissolved in organic carbonates 
(EC, DEC) is the most widely used electrolyte and is unstable 
at temperatures >60°C5. Instability is caused by reactions 
undergone between the electrolyte and the SEI on the 
anode5. Recently, room temperature ionic liquids (RTIL) have 
been studied as an alternative electrolyte5,6. RTILs are 
characterized by low vapor pressure, making them stable at 
high temperatures5. The experiments performed here used 
ATR FT-IR to measure thermal decomposition by monitoring 
the molecular bonds of typical Li-ion electrolytes.

Fig. 3. Polysulfide absorbance spectra for (Left) first discharge, and (Right)
first charge. Absorbance was calculated by taking the negative natural 
logarithm of the ratio of the light reflected through the cell to to that through 
1.0 M LiTFSI in TEGDME.

Fig. 5 compares the spectra taken after holding each Li-
ion electrolyte at a temperature for twenty minutes. The 
dotted line represents the results after letting the sample 
cool and return to room temperature. Results from 
samples without FEC and with 5 wt.% were also 
analyzed, but showed little to no differences from the 10 
wt.% electrolyte. The sample containing the RTIL was 
found to be the most thermally stable electrolyte, showing 
the least amount of decomposition. 

Fig. 4. Left: Capacity retention of Li-S cells and, right: mean PS order.

Fig. 5. Left: Absorbance spectra for EC/DEC (1.0M LiPF6) +10 wt.% FEC 
electrolyte and right: RTIL (PYR13FSI, 1.2M LiFSI) electrolyte. Electrolytes 
were heated to 175°C and held at each temperature for 20 min.

1.Zhang, S. S. “Role of LiNO3 in Rechargeable Lithium/Sulfur Battery.” Electrochimica Acta
70 (2012): 344–48. 

2.Xiong, S., K. Xie, Y. Diao, and X. Hong. “Characterization of the Solid Electrolyte 
Interphase on Lithium Anode for Preventing the Shuttle Mechanism in Lithium–sulfur 
Batteries.” Journal of Power Sources 246 (2014): 840–45.

3.Marceau, H., C. Kim, A. Paolella, S. Ladouceur, M. Lagacé, M. Chaker, A. Vijh, et al. “In 
Operando Scanning Electron Microscopy and Ultraviolet–visible Spectroscopy Studies of 
Lithium/Sulfur Cells Using All Solid-State Polymer Electrolyte.” Journal of Power Sources
319 (2016): 247–54.

4.N. Saqib, C. J. Silva, C. M. Maupin, and J. M. Porter, "A Novel Optical Diagnostic for In 
Situ Measurements of Lithium Polysulfides in Battery Electrolytes," Appl. Spectrosc.71, 
1593-1599 (2017)

5.Campion, C. L., W. Li, and B. L. Lucht. “Thermal Decomposition of LiPF6-Based 
Electrolytes for Lithium-Ion Batteries.” Journal of The Electrochemical Society 152, no. 12 
(2005): A2327–34.

6.Lewandowski, A., and A. Świderska-Mocek. “Ionic Liquids as Electrolytes for Li-Ion 
batteries—An Overview of Electrochemical Studies.” Journal of Power Sources 194, no. 2 
(2009): 601–9.

Absorbance spectra show that RTIL electrolyte undergoes 
less thermal decomposition than conventional organic 
carbonate based electrolyte. A spectro-electrochemical 
cell can be made using RTIL to study in operando and
determine the thermal effects on electrolyte chemistry.


