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In Situ Infrared Spectroscopy Study of PYR14TFSI Ionic Liquid
Stability for Li–O2 Battery
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In situ infrared subtractive normalized Fourier transform infrared spectroscopy (SNIFTIRS) experiments were performed simulta-
neously with the electrochemical experiments relevant to Li-air battery operation on gold cathodes in ionic liquid PYR14TFSI based
electrolyte. Ionic liquid anion was found to be stable, while the cation PYR14

+ was found to decompose in studied conditions. In
oxygen saturated LiTFSI containing PYR14TFSI electrolyte carbon dioxide and water were formed at potential 4.3 V either with or
without previous oxygen electro-reduction reaction. However in deoxygenated LiTFSI contacting ionic liquid no formation of CO2
or water was observed, suggesting oxygen presence to be crucial in carbon dioxide production.
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Manuscript submitted November 22, 2016; revised manuscript received December 27, 2016. Published January 18, 2017.

In the recent years scientific community worldwide has shown an
enormous research interest for the development of non-aqueous Li-air
battery technology due to its high theoretical energy density.1–18 A
stable electrolyte still remains one of the biggest challenges to resolve
for improving a durability of the battery. While the majority of research
effort has focused on organic solvents (initially alkyl carbonates, and
later ethers, acetonitrile and dimethyl sulfoxide), there has been also
some interest in the use of ionic liquids as electrolyte for the Li-oxygen
system.

Ionic liquids (ILs) are organic salts that are liquid at room tem-
perature and posses a set of unique properties: non volatility, high
oxygen solubility, non flammability and high stability that make them
promising candidates as electrolyte for metal-air, and particularly
Li-air batteries.19,20 One of the most available and widely inves-
tigated ILs for lithium batteries is N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)amide (possible abbreviations for the
cation are: BMP+, C4mpyr+, PYR14

+, Pyr14
+ and for the anion

are: TFSI−, [NTf2]− or [N(SO2CF3)2]−). In this publication will use
PYR14TFSI abbreviation.

It has been shown that in many ionic liquids, including PYR14TFSI,
in the absence of protons and metal ions, reversible formation of
O2/O2

− couple is observed,21–27 an analogous behavior as in the solu-
tions of tetralkyl ammonium salts in organic solvents.

However, the chemistry of ORR in ionic liquids changes in the
presence of metal ions, and especially in the presence of the small
Lewis acid Li+ cation. De Giorgio et al.28 have reported that addi-
tion of LiTFSI to PYR14TFSI up to of 25 mM concentration did not
modify the GC electrode response, and a further increase of the Li+

amount above that value caused a gradual distortion of the oxygen re-
duction reaction (ORR) cyclic voltammetry (CV) curves. In 0.1 M Li+

the oxygen reduction current was lowered and ORR became electro-
chemically irreversible in several ionic liquids. Allen et al.29,30 have
studied ORR in two ionic liquids EMITFSI and PYR14TFSI in the
presence of Li+, Na+, K+ and TBA+ cations and have found a strong
correlation between the ORR products and the ionic charge density
of the cations. They explained these results based on Hard Soft Acid
Base (HSAB) theory and correlated the reaction mechanism with the
acidity of the cations and the basicity of the ORR products, i.e. O2

−.
For the PYR14TFSI in 25 mM Li+ the authors described the ORR as
follows:

Li+ + O2 + e → LiO2 [1]

2LiO2 → Li2O2 + O2 [2]

PYR14
+ + O2 + e → PYR+ − O2

− [3]
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And following for the oxygen evolution reaction (OER):

PYR+ − O2
− → PYR14

+ + O2 + e [4]

LiO2 → Li+ + O2 + e [5]

Li2O2 → 2Li+ + O2 + 2e. [6]

Lodge et al. have also reported a detailed characterization of the
reduction of the ORR in pure PYR14TFSI: reversible reduction of O2

to O2
− and O2

− to O2
2− take place at potentials 2.1 V and 0.8 V

vs. Li+/Li, respectively. They found that in the presence of very low
concentration of Li+ such as 1 mM, the ORR take place in two distinct
peaks: 2.5 V (involving O2 and Li+) and 1.9 V (involving PYR+ and
O2). However, at higher Li+ concentration, i.e. 0.3 M the ORR starts at
the same potential as for low Li+ concentration and leads to complete
electrode passivation by insoluble Li2O2, estimated to be 7 monolayers
of a uniform film.31

Herranz et al. have used the Rotating Ring Disc Electrode (RRDE)
experiments to quantify the stability of PYR14TFSI in the presence
of superoxide anion and estimated the rate constant of the reac-
tion to be three orders of magnitude less than that for propylene
carbonate (PC).32 Fritz and co-workers used in-situ Raman spec-
troscopy to detect the products of oxygen reduction in 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide C2mimTFSI
and Pyr14TFSI.33 They reported that C2mimTFSI degrades during
the reduction of oxygen, while PYR14TFSI was found to be resistant
to degradationin 10 mM LiTFSI being superoxide the first reaction
product and Li2O2 further formed.

Up to date there are a handful of publications that report testing
of some ionic liquids, mostly PYR14TFSI in Li-air charge-discharge
experiments. In 2005 Kuboki et al. reported a Li-air battery using
ionic liquid electrolyte, however only the first discharge cycle was
reported without recharging cycle.34 In 2014 Elia et al. reported an
advanced Li-air battery based of PYR14TFSI-LiTFSI electrolyte; they
claimed the battery to have a stable electrode-electrolyte interface,
highly reversible charge−discharge cycling behavior and low charge
overpotential.35 On the other hand, Piana et al. have investigated
three different setups for a Li-O2 battery with PYR14TFSI based
electrolyte: one-compartment Li-O2 cell with metallic Li as anode,
two-compartment cell with propylene carbonate (PC) as anode elec-
trolyte with Li-ion conducting solid separator, and one-compartment
cell with lithiated Li4Ti5O12 (LTO) as anode. For the first configura-
tion it was found that pyrrolidinium ion is reduced on metallic lithium,
producing substantial amounts of alkenes and amines. The cell with
lithiated LTO did solve the problem observed with metallic lithium,
however it showed poor cyclability, therefore the authors suggested
that PYR14TFSi might not have enough long-term stability against
ORR products.36

In situ IR spectroscopy is a very useful and versatile tool that al-
lows to detect species formed at each applied potential. To the best of
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our knowledge, this technique has been used twice to study solvent
decomposition in Li-O2 system. In 2013 our group has used in-situ in-
frared subtractive normalized Fourier transform infrared spectroscopy
(SNIFTIRS) to study the stability of DMSO under conditions relevant
to Li-air battery operation.37 More recently, Hardwick and co-workers
have employed in-situ attenuated total reflectance surface enhanced
infrared absorption spectroscopy (ATR-SEIRAS) to elucidate super-
oxide induced ring opening in propylene carbonate electrolyte.38

In the present work, in situ infrared spectroscopy experiments
were performed simultaneously with electrochemical experiments
and complemented by differential electrochemical mass spectrome-
try (DEMS), to investigate the PYR14TFSI-based electrolyte stability
under conditions relevant to the Li−air cell operation. While DEMS
detects electrolyte decomposition products in the gas phase, in-situ
SNIFTIRS allows detection of the decomposition products in the sol-
vent phase, adjacent to the electrode surface.

Experimental

Chemicals and Solutions.—Anhydrous N-butyl-N-methylpyrro-
lidinium bis(trifluoromethane-sulfonyl) amide (PYR14TFSI, Io-Li-
Tec), Bis(trifluoromethane)sulfonimide lithium salt (544094, LiTFSI,
sigma aldrich) and Metallic lithium wire, diam. 3.2 mm, 99.9%
trace metals basis (220914, Sigma Aldrich), were stored in the
argon-filled MBRAUN glove box with an oxygen content ≤0.1
ppm and water content below 2 ppm. PYR14TFSI and in mix-
ture with LiTFSI were dried for several hours at 80◦C under
vacuum. All solutions were prepared inside the glove box, and
the water content was measured using the Karl Fisher 831 KF
Coulometer (Metrohm). Solutions were found to contain around
20 ppm of water.

Potentiometric Experimental.—The reference Li2Mn2O4/
LiMn2O4 electrode was prepared as described: 1) LiMn2O4 syn-
thesis: Li2CO3 and MnO2 were mixed in a molar relation 0.51:2,
grounded, pressed and heated at 350 ◦C for 12 h and at 800 ◦C for
24 h. 2) Li2Mn2O4 synthesis: equimolar amounts of LiMn2O4 and
LiI were mixed and placed in a vacuum oven at 80 ◦C overnight. 3)
Equimolar quantities of LiMn2O4 and Li2Mn2O4 were mixed with
Carbon black (10% of total mixture weight) and PVDF binder (10%
of total mixture weight) and dissolved in an appropriate organic
solvent to make an ink. 4) A Pt wire was covered with the ink, and
placed in a fritted glass compartment containing 0.1 M LiTFSI in
PYR14TFSI. The reference electrode was calibrated inside of glove
box with respect to Li/Li+ couple, which is commonly used as a
reference in Li−air battery studies.

Infrared Experimental.—Electrochemical in situ subtractively
normalized interfacial Fourier transform infrared spectroscopy
(SNIFTIRS) experiments were carried out on a Thermo Nicolet 8700
(Nicolet, Madison, WI) spectrometer equipped with a custom-made
external tabletop optical mount, an MCTA detector, and a custom-
made Teflon electro-chemical cell (Scheme 1) with a polycrystalline
gold disc electrode aligned against the CaF2 window, a 1 in. (25 mm)
CaF2 equilateral prism (Harrick Scientific Technology). Typically, a
few micrometers of electrolyte solution separated the electrode and the
CaF2 window. The design of spectroelecrochemcal cells for FTIRS or
PMIRRAS have been described before in the literature.39,40 The elec-
trochemical cell was a conventional three-electrode cell connected to
a Jaissle IMP88 Potentiostat controlled by the computer via a digital-
to-analog converter (Agilent USB AD/DA converter). All potentials
were measured with respect to a non aqueous Li2Mn2O4/LiMn2O4

reference electrode (as described above) and a Pt foil used as counter
electrode. The working gold electrode has been polished first with
1 μm alumina, then with 0.3 μm and finally 0.05 μm alumina, un-
till mirror like appearance has been achieved. The electrode potential
was varied from 3.0 to 2.2 V and back to 4.2 V .Each potential step
comprises an equilibration time of 120 s followed by the acquisition
of the spectrum by averaging 200 scans at 4 cm−1 resolution. For

Scheme 1. Experimental spectroelectrochemical cell a) schematic represen-
tation and b) photograph. WE: working electrode, CE: counter electrode, RE:
reference electrode.

each system, a spectrum was obtained at open circuit and taken as
reference. In a typical in situ FTIR spectroscopy experiment, it is
necessary to measure a reference spectrum at a potential, where the
electrochemical process does not take place, and a sample spectrum,
where the desired process does take place. A ratio of the two spectra is
then obtained. This type of experiment was originally called subtrac-
tively normalized interfacial Fourier transform infrared spectroscopy
(SNIFTIRS). In SNIFTIRS spectra, usually there are bands in both the
up and down directions with respect to the baseline. Taking R0 as the
reflectance in the reference spectrum and R as the sample spectrum
reflectance, positive bands (R0 > R) correspond to consumption of
species and negative bands (R0 < R) correspond to appearance of new
species. Transmission spectra of the solutions were performed using
a thin optical pass liquid cell with CaF2 windows. The resolution was
set to 4 cm−1, and 200 scans were performed.

All received spectra were processed with the OMNIC software
in the following manner: standard gaseous water and carbon dioxide
spectra were subtracted separately from each obtained spectrum in
order to eliminate noise corresponding to ambient air.

Differential electrochemical mass spectrometry (DEM).—DEM
was accomplished using a Pfeiffer vacuum Omnistar GSD 320 gas
analysis system with a quadrupole mass spectrometer QGM 220 (mass
range 1−200 amu) with ion gastight ion source, yttriated iridium-
filament with secondary electron multiplier C-SEM and Faraday de-
tectors. The DEMS cell setup was a modification of the design pio-
neered by Baltruschat et al.41,42 and consisted of a stainless steel base
with a PTFE body. A gold sputtered PTFE membrane gas diffusion
electrode (200 μm thick and 0.1 μm pore diameter T01047WPH Mi-
croclar Teflon) with 0.50 cm2 geometric electroactive area located at
the bottom of the cell. The Au sputtered membrane was mechanically
supported on a porous stainless steel frit. Surface tension of elec-
trolyte prevents penetration in the capillary porous structure of the
PTFE membrane. The electrolyte-vacuum interface was connected to
the gas analyzer by 1/16′′ ss tubing through a Varian precision needle
valve adjusted at 2 × 10−6 mbar. A nonaqueous LiMn2O4/LiMn2O4

reference electrode in the same electrolyte was used in a fritted glass
compartment and a 1 cm2 platinum gauze (Johnson Matthey) was
employed as counter electrode.

Results and Discussion

Cyclic voltammetry of oxygen saturated ionic liquid PYR14TFSI
containing 25 mmol LiTFSI is depicted on the Figure 1. Two reduc-
tion peaks are observed at 2.15 and 1.9 V, that could be assigned to
oxygen reduction to superoxide involving Li+ and PYR14

+ respec-
tively. On the reverse scan, the first oxidation peak corresponds to the
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Figure 1. Cyclic voltammetry of 0.2 cm2 Au electrode in 25 mM LiTFSI in
O2 saturated PYR14-TFSI, scan rate 50 mV/s.

oxygen evolution from superoxide stabilized by ionic liquid cation
(PYR14

+ - O2
−), while oxidation of lithium peroxide formed by LiO2

disproportination is observed at much higher potentials above 3.5 V,
in agreement with previous studies.29,31

Results of differential electrochemical mass spectrometry (DEMS)
performed simultaneous to the ORR (1.8 V) and OER (2.4–4.5 V) in
pure ionic liquid and 25 mM LiTFSI in PYR14TFSI are shown in
Figure 2.

In both systems oxygen consumption is observed at 1.8 V. However
oxygen evolution for pure ionic liquid occurs at 2.4 V, while for the
25 mM Li+ salt in the ionic liquid, oxygen evolution takes place at
two distinct potentials: 2.4 and 4.5 V respectively. Those results are
in agreement with a previous research and confirm oxygen evolution
from the superoxide in the case of pure ionic liquid, and oxygen
evolution partly from superoxide and lithium peroxide in the case
of Li+ salt containing ionic liquid. Ionic currents for mass 44 at

Figure 3. IR Spectrum and structure of PYR14TFSI ionic liquid.

potential of 4.5 V demonstrate the formation of carbon dioxide by
decomposition of the ionic liquid in both electrolytes.

The IR spectrum of the ionic liquid under study exhibits several
peaks in the 4000–900 cm−1 interval. The spectrum and molecular
structure of pure PYR14TFSI is shown in Figure 3 and the assignment
of the peaks is summarized in Table I. Both the spectrum and assign-
ments are in perfect agreement with previously reported IR data for
similar systems.43–45

In order to evaluate the stability of the ionic liquids under condi-
tions relevant to the Li-air battery operation, a set of fixed potentials
has been applied to the Au cathode and the IR spectra have been
collected at each potential. The potentials applied were chosen as in-
dicated in the cyclic voltammetry of oxygen saturated 25 mM LiTFSI
in PYR14TFSI solution depicted in Figure 1, as well as previously
reported data on charge-discharge experiments in similar systems.

Figure 2. DEMS ionic currents for mass 32 and 44 respectively in O2 saturated solution of 25 mM LiTFSI in PYR14-TFSI at different potentials: OCP, 1.8, 2.4,
4.5 V and OCP.
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Table I. Peak assignments for the ionic liquid PYR14TFSI.

Wavenumber, cm−1 Assignment

2970 CH3 antisymmetric C-H stretching
(νasCH3)48

cation

2943 CH2 antisymmetric stretching
(νasCH2)48

cation

2882 CH3 symmetric C-H stretching
(νsCH3)48

cation

1467 CH2 scissoring bending (δsCH2)48 cation
1433 CH3 antisymmetric bending (δasCH3)48 cation
1353 SO2 antisymmetric stretching (νasSO2)48 anion
1195 broad peak CF3 antisymmetric stretching

(νasCF3)48,49
anion

1225 shoulder
1138 SO2 symmetric stretching (νsSO2)48 anion
1056 SNS asymmetric stretching (νasSNS)49 anion

We first analyzed the system at near open circuit potential (about
3.0 V), then during ORR (2.2 V), back near open circuit potential (3.0
V), during OER (3.7, 4.3 and 4.9 V respectively), and then back to
reducing potential of 2.2 V.

In the SNIFTIR spectra, negative peaks (downward) correspond
to the compounds that are formed, while positive peaks (upward)
correspond to the modes that disappear.

The spectra obtained in the oxygen saturated 25 mM LiTFSI solu-
tion in PYR14-TFSI are shown on the Figure 4. Almost in all spectra
positive peaks at 2970, 2943, 2882, 1467 and 1433 cm−1 are detected
with higher intensity at 3.7, 4.3 and 4.9 V. Those are attributed to CH2

and CH3 groups of ionic liquid cation PYR+, thus suggesting slow de-
composition of ionic liquid cation during ORR and more pronounced
decomposition during the OER at higher oxidizing potentials.

Notably, at the high oxidizing potential of 4.3 and 4.9 V a down-
ward peak is detected at 2340 cm−1 that corresponds to the formation
of CO2 at the electrode surface.46 Those results are consistent with
data obtained from DEMS, showing CO2 evolution at 4.5 V. An im-
portant result is that by switching back to 2.2 V, the peak intensity
seems unchanged. Thus we suggest that the CO2 is formed during the
recharge starting at 4.3 V which cannot be reduced neither undergoes
reaction with lithium peroxide deposit during the following discharge.

Also at 4.9 V two broad negative peaks appear approximately at
3470 and 1720 cm−1. They may be assigned to the formation of water
at the interface (the shift of one of the peaks to more positive wave
numbers could be explained in terms of water environment and high

Figure 4. In situ IR spectra taken in O2 saturated 25 mM LiTFSI in
PYR14TFSI solution on Au working electrode.

Figure 5. In situ IR spectra taken in O2 saturated 25 mM LiTFSI solution in
PYR14TFSI on Au working electrode, at potentials above 3.0 V.

positive potential). Interestingly, in the following discharge (step to
2.2 V), those two peaks disappear.

We can conclude that during the recharge, the ionic liquid cation
undergoes decomposition forming carbon dioxide and water, and wa-
ter formed during ionic liquid decomposition, is consumed during the
following battery discharge, probably reacting with lithium peroxide
to form lithium hydroxide and hydrogen peroxide.

Li2O2 + 2H2O → H2O2 + 2LiOH [7]

To discover, whether the presence of lithium superoxide or perox-
ide promoted the decomposition of the PYR+ cation, we have repeated
the experiment, but avoiding the ORR excursion (2.6, 2.4 and 2.2 V).
The resulting spectra are plotted in Figure 5 and differ very slightly
from those reported previously.

From 4.3 V, a negative peak at 2340 cm−1 is observed which cor-
responds to carbon dioxide formation. At 4.5 V broad negative peaks
at 3470 and 1720 cm−1 indicate formation of water. Therefore, we can
conclude that with or without ORR, the ionic liquid decomposition
proceeds in a similar way.

To fully elucidate the mechanism for PYR+ decomposition and
CO2 formation, analogous experiments were performed on the de-
oxygenated PYR14TFSI in the presence of Li+ ion (Figure 6) and on
the pure deoxygenated ionic liquid without Li+ (Figure 7).

Figure 6. In situ IR spectra taken in deoxygenated 25 mM LiTFSI solution in
PYR14TFSI on Au working electrode.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.175.138.243Downloaded on 2017-01-20 to IP 



A522 Journal of The Electrochemical Society, 164 (2) A518-A523 (2017)

Figure 7. In situ IR spectra taken in O2 free PYR14TFSI ionic liquid on Au
working electrode.

Figure 6 shows positive peaks at 2970, 2943, 2882, 1467 and 1433
cm−1 independently of the applied potential. These features are to be
attributed to the ionic liquid PYR+ cation decomposition as described
previously and this decomposition process in the presence of Li+ ion
is independent of the applied potential.

The results obtained from pure deoxygenated ionic liquid (Figure
7) do not show any peaks corresponding to PYR+ decomposition,
thus corroboration our assumption that the Lewis acid Li+ alone is
responsible for the slow ionic liquid decomposition. However, at po-
tentials of 4.3 V and 4.4 V downward peaks at near 1400 cm−1 and
1375 cm−1, respectively, appear. Those peaks grow while increasing
the applied potential, and decrease while switching back to 3.0 V
with complete disappearance at 2.2 V. Considering the reversibility of
this phenomena, we assume that those peaks represent changes in the
electrical double layer due to the adsorption of the ionic liquid anion
species, probably by SO2 groups, at high positive potential.47

Notably, in Figures 6 and 7 no peak appears at 2340 cm−1 wave
number, as well as no peaks are seen at 3470 and 1720 cm−1. Those
results imply that no carbon dioxide, neither water were formed under
those anaerobic conditions in the absence of lithium ions. It is fair
to conclude that the presence of O2 in the solution is necessary to
produce in CO2 and H2O.

Conclusions

In this paper the stability of the ionic liquid PYR14-TFSI has been
evaluated under conditions relevant for the Li-air battery operation.

In situ SNIFTIRS experiments have indicated relative stabilty of
the ionic liquid anion, while the cation PYR14

+ showed several pos-
sible decomposition reactions under the studied conditions.

We showed carbon dioxide and water formation starting at
4.3 V in oxygen saturated LiTFSI containing ionic liquid, which is in
agreement with results obtained by DEMS, indicating carbon dioxide
evolution at 4.5 V. Importantly, carbon dioxide and water were formed
regardless of oxygen reduction reaction was occurring or not.

Interestingly, oxygen free solutions have shown neither water nor
carbon dioxide formation, suggesting that the presence of oxygen is
crucial for those parasitic reactions to take place.

The present results are of importance to estimate ionic liquid
PYR14-TFSi stability for its possible use in Li-air battery cathodes.
We have shown that this ionic liquid could be relatively stable until the
charging voltage of 4.3 V. As in the case with other solvents (as DMSO
for example), the charging potential can be lowered with redox medi-
ators if necessary. However more experimental evidence is required

to conclude if PYR14TFSI ionic liquid is an adequate electrolyte for
Li-air battery.
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