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1. Introduction
It has been established that the Li-O2 battery with the

highest energy density undergoes parasitic reactions with 
degradation of electrolyte and cathode material, which lim-
its the cycle number due to the formation of very reactive 
singlet oxygen formed by superoxide disproportionation.  
    We present herein a new operando method for the detec-
tion of singlet oxygen during the discharge of an aprotic Li-
O2 battery. The first electron transfer step to molecular oxy-
gen in aprotic solvents yields superoxide anion radical,  

 O2 + Li+ + e− → [LiO2]surf   (1) 

where [LiO2]surf  is a surface superoxide ion pair, which can 
undergo disproportionation to generate the extremely reac-
tive singlet oxygen (1O2 or 1∆g ) and Li2O2(1): 

[LiO2]surf  + [LiO2]surf  → Li2O2 ↓ +x O2
1 + (1 − x)  O2

3  (2)                                                                                                   

     The identification of singlet oxygen, 1O2, is based on its 
reactivity towards 9,10-dimethylanthracene (DMA) which 
rapidly and selectively traps 1O2 by forming its endo-perox-
ide (DMA-O2) and can be detected in operando following 
DMA fluorescence decay. 

(3) 

     Gasteiger et al. showed that singlet oxygen is formed dur-
ing Li2O2 oxidation at potentials above 3.5 V vs. Li/Li+(2). 
Freiberg et al.  showed that 1O2 generated by photoexcita-
tion of Rose Bengal reacts with carbonate solvents in Li-ion 
batteries(3). Hassoun et al. had suggested the involvement of 
singlet oxygen in the Li-O2 battery cathode(4) while the group 
of Freunberger has shown that singlet oxygen causes most 
of the parasitic chemistry during non-aqueous alkali metal-
oxygen batteries(5-10). Mahne studied the reactivity of 0.1 M 
LiClO4 in ethylene glycol dimethyl-ether (DME) electrolyte 
with singlet oxygen, photochemically generated with a pho-
tosensitizer(8). It has been shown that oxidation of Li2O2(2,8) 
and also Li2CO3(7) results in the production of 1O2 detected 
by  the decrease in the fluorescence intensity of 9,10-dime-
thylanthracene (DMA) due to its specific reaction with sin-
glet oxygen(11).   
     We have reported experimental evidence of 1O2  for-
mation during oxygen reduction on carbon electrodes in 
LiTFSI in DMSO by  following the fluorescence decay of DMA 

during ORR chronoamperometry using an electrochemical 
fluorescence cell without stirring(12). 

2. Experimental
2.1 Chemicals:
     Bis-(trifluoromethanesulfonyl) imide (LiTFSI, 99.995%), 
anhydrous dimethyl sulfoxide (DMSO, ≥99.9%), N-Methyl-2-
pyrrolidone (NMP), 9,10-Dimethyl-anthracene (DMA) and 
poly (vinylidene fluoride) (PVDF) were purchased from 
Sigma-Aldrich. Sodium azide (NaN3, 99%) was obtained from 
Fluka.  

2.2 Electrodes: 
    Carbon cathodes were made from a slurry of Multi-Wall 

Carbon Nanotubes (MWCNTs, Nanolab) with PVDF as binder 
in the ratio 9:1 using N-methyl-2-pyrrolidone (NMP). We 
used Li1.5Mn2O4 as counter electrode (~3.04 V vs. Li/Li+ 
(DMSO)(13) in order to specifically probe reactions at the 
cathode and to exclude unwanted reactions of electrolyte 
components with a Li-metal anode. Li1.5Mn2O4 was prepared 
from an equimolar mixture of Li2Mn2O4 and LiMn2O4, carbon 
Vulcan XC-72 (Cabbot) and PVDF (8:1:1) dispersed in NMP. 

2.3 Electrolytes: 
     0.5M LiTFSI in DMSO and 1mM DMA with and without 
addition of 30mM NaN3 as a physical quencher of singlet ox-
ygen. Prior to use, the electrolyte was dried using 4 Å type 
molecular sieves (Sigma-Aldrich) and water content (<20 
ppm) was measured using a Karl Fisher 831 coulometer 
(Metrohm). All solutions were prepared inside the MBraun 
glove box.  

2.4 Operando cell assembly and electrochemical measure-
ments: 

A stainless steel EQ-STC-Li-air split test cell (MTI) was 
used with a quartz observation window at the bottom which 
allows spectroscopic analysis of the battery for the in oper-
ando measurements using a bifurcated optical fiber 
(Thorlabs). A schematic representation of the experimental 
setup is shown in Fig. 1. The cell was assembled inside an 
MBraun glove box under Ar atmosphere. The cathode com-
prised carbon nanotubes deposited on onto a carbon gas 
diffusion layer (Freudenberg H23C4) of 10mm in diameter. A 
glass microfiber filter was used as separator (Whatman, 
GF/D) with 150 μl electrolyte and the Li1.5Mn2O4 counter 
electrode on the side of quartz window with a 5 mm 
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diameter hole to allow the light from the optical fiber to 
reach the cathode surface.  

  The cell was purged with high purity O2 for 15 minutes 
before discharge. The electrochemical performance was an-
alized by galvanostatic discharge using an Autolab PGSTAT 
204 (Metrohm) at different current densities and discharge 
cut off potential set at 2 V vs. Li/Li+ (DMSO). 

 
2.5 Fluorescence Measurements: 

DMA fluorescence was measured in DMSO solution and 
in the battery Li-O2 battery before, during and after dis-
charge at 0.1 mA during 500 seconds with MWCNTs cathode 
and Li1.5Mn2O4 anode. 

DMA fluorescence was measured in DMSO solution and 
in the battery Li-O2 battery before, during and after dis-
charge. The fluorescence measurements were carried out 
using a PTI model QM-4 spectrofluorometer, which was 
adapted to fit input and output light with a bifurcated opti-
cal fiber in front face configuration. Emission spectra were 
measured exciting the electrolyte at 378 nm, and corrected 
by considering the detection responsivity with wavelength 
provided by the manufacturer and checked in our labora-
tory. The DMA fluorescence emission exhibits a maximum at 
430 nm. For the operando measurements 1 mm slits were 
used and a GG400 filter (Schott) was employed to avoid ex-
citation light reaching the detector. 

 

 

Figure 1. Experimental set: split cell, bifurcated optical fiber, spec-
trofluorometer and potentiostat/galvanostat. 

3. Results and Discussion 
     Fig. 2 depicts base line corrected fluorescence emission 
spectra of 1mM DMA in 0.5 M LiTFSI in DMSO with excita-
tion at 378 nm. For comparison DMA in DMSO solution (Red 
dotted line) is shown and operando fluorescence of DMA in 
electrolyte before battery operation (black line), and DMA 
fluorescence decay after battery discharge at 0.1 mA for 500 
seconds (blue line). This demonstrates that the experiment 
can capture spectroscopically the fate of DMA and hence of 
1O2 that results from the Li-O2 battery discharge under op-
eration conditions. 

      The fluorescence decay of 1 mM DMA under constant 
current (0.05 – 0.1 mA) increases with the O2 reduction 
charge and follows the O2 reduction diffusion pattern as has 
been previously shown in a cuvette with the cathode under 
O2 reduction conditions.  
     The life time of singlet oxygen in DMSO is 5.5 μs(14) and 
therefore the DMA fluorescence quenching arises from a so-
lution adjacent to the carbon cathode. 

It should be noticed that DMA fluorescence spectrum 
features are the same but the intensity decays. When the 
electrolyte contains 30 mM sodium azide the fluorescence 
is constant and shows that any 1O2 formed during the bat-
tery operation has been quenched by the NaN3. 
     Under similar conditions the battery has been cycled at 
limited discharge charge of 500mAh/g for more than 150 cy-
cles while in the absence of the physical quencher, NaN3, af-
ter 40 cycles an important increase in the charge and dis-
charge overpotential was observed fading away after 90 cy-
cles. 
 
 

 
 
Figure 2. Fluorescence emission spectra of DMA and quenching by 
singlet oxygen generated in the battery operation. MWCNTs 
cathode and Li1.5Mn2O4 anode.  

4. Conclusions 
We have shown for the first time an operando detection 

of singlet 1O2 during discharge of a Li-O2 battery with a new 
experimental approach using a bifurcated optical fiber and 
a Li-O2 battery with an optical window that allowed the in-
spection of DMA fluorescence decay by formation of non 
fluorescent endoperoxide with singlet oxygen. The fluores-
cence decay could be offset by 30 mM sodium azide which 
physically quenches the singlet oxygen. 
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