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ABSTRACT: Understanding the mechanistic details of the super-
oxide induced solvent degradation, is important in the development
of stable electrolytes for lithium−oxygen (LiO2) batteries.
Propylene carbonate (PC) decomposition on a model electrode
surface is studied here using in situ attenuated total reflectance
surface enhanced infrared absorption spectroscopy (ATR-SEIRAS).
The sensitivity of the SEIRAS technique to the interfacial region
allows investigation of subtle changes in the interface region during
electrochemical reactions. Our SEIRAS studies show that the
superoxide induced ring opening reaction of PC is determined by
the electrolyte cation. Computational modeling of the proposed
reaction pathway of superoxide with PC revealed a large difference in
the activation energy barriers when Li+ was the countercation compared with tetraethylammonium (TEA+), due to the
coordination of Li+ to the carbonate functionality. While the degradation of cyclic organic carbonates during the LiO2 battery
discharge process is a well-established case, understanding these details are of significant importance toward a rational selection of
the LiO2 battery electrolytes; our work signifies the use of SEIRAS technique in this direction.

■ INTRODUCTION

Lithium−oxygen (LiO2) batteries have attracted a great deal
of research interest in recent years for their promising specific
energy.1−9 The electrolytes used in nonaqueous lithium based
batteries are primarily mixtures of aprotic organic solvents and
lithium salts, the major prerequisite characteristics of the
solvents being lithium transport properties (ionic conductivity)
and electrochemical stability (wide electrochemical window).
There is a growing interest in the fundamental aspects of
electrode processes in nonaqueous electrolytes because of their
wide application in these battery systems. The physical
properties of the electrolytes such as viscosity, Li-ion solubility,
oxygen solubility, electrode wettability and thermal stability also
determine the performance of a battery. Organic carbonate
based electrolytes have been a popular choice for Li-ion
batteries10−13 because of their wide electrochemical window
and good compatibility with conventional lithium battery
electrodes. Organic carbonates have also been tested for Li
O2 cells, but have been found unsuitable because of their
instability in the presence of reduced oxygen species.5,14−16

Although the degradation of cyclic organic carbonates used in
LiO2 battery systems has already been demonstrated,14 the
mechanism of the electrolyte decomposition at the electrode/
electrolyte interface is not clearly defined; this is largely because
of the difficulty in investigating the electrode interfaces while

these reactions are happening inside the battery. A mechanistic
understanding of these reactions at the metal/electrolyte
interface is a key step in controlling and eliminating the side
reactions affecting the performance of the battery.
In spite of the adequate stability of organic carbonate

electrolytes in Li-ion battery systems; their degradation in Li
O2 batteries is believed to be due to the nucleophilic attack of
reduced oxygen species, primarily superoxide, generated at the
cathode.2,14,17−19 Although the degradation products of cyclic
organic carbonates such as propylene carbonate (PC) and
ethylene carbonate (EC) have been well studied on the LiO2

cathode by ex situ methods, the proposed reaction mechanisms
remain speculative. Because of the challenges in tracing the
reaction products and intermediates as they are formed at the
interface of battery electrodes, the reaction mechanisms are
generally supported by theoretical predictions. Numerous
quantum chemical studies have been reported in recent years
on the reductive decomposition of cyclic organic carbonates
such as EC and PC,12,20−22 which consider different reaction
pathways of a nucleophile induced decomposition of these
solvent molecules. Since these theoretical studies cannot afford
the complexities of a real battery electrolyte system, supporting
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empirical evidence from model systems is preferred. In situ
spectroelectrochemistry studies are promising in this direction;
in situ infrared spectroscopy has been employed for studying
battery electrolytes by various research groups in the recent
years.23,24 In this direction, attenuated total reflection surface
enhanced infrared spectroscopy (ATR-SEIRAS) can offer a
rather detailed in situ analysis of the interfacial region. The
advantage of this internal reflection technique pioneered by
Osawa and co-workers,25 is its sensitivity to the interfacial
region (ca. within 10 nm from the electrode surface) because of
the surface enhancement afforded by the thin gold film
electrode as well as the reduction of the bulk electrolyte signal
as the infrared beam does not pass through the electrolyte. The
evanescent wave propagating along the dielectric interface
decays exponentially from the surface, thus discriminating the
interfacial region from the bulk electrolyte.
We report an in situ electrochemical ATR-SEIRAS study on

the reactivity of PC at a noble metal electrode interface (gold)
in an attempt to evaluate the proposed noncatalytic path of
superoxide induced decomposition of PC. The primary
objective of these measurements has been to study the Au/
PC-LiClO4 electrochemical interface in oxygen saturated as
well as deoxygenated conditions. Further, in order to elucidate
the role of lithium in determining the reactions at the interface,
SEIRA spectra with electrolytes containing tetraalkylammo-
nium salt, in place of lithium salt, were also recorded. A
dramatic difference in the stability of propylene carbonate has
been observed between these two systems. Our computational
studies revealed that the interactions of the propylene
carbonate oxygen atoms with the Li+ cations are crucial in
determining the stability of this molecule in the presence of
superoxide.

■ EXPERIMENTAL SECTION
A schematic view of the SEIRA spectroelectrochemical cell is shown in
Figure 1. The spectroelectrochemical cell was formed by a Teflon

liquid cup attached on top of an internal reflection element (IRE),
ZnSe. This ZnSe IRE spectroelectrochemical cell eliminates the large
absorption in the lower wavenumber region compared to original Si
IRE spectroelectrochemical cells. The ZnSe prism used as the ATR
element was polished, thoroughly cleaned in deionized water,
sonicated in ethanol, and then dried. The working electrode was a
15 nm thick Au film deposited on the polished surface of a ZnSe prism
by thermal evaporation.26,27 Electrochemical measurements were
performed using Bio-Logic potentiostat. A coiled Pt wire was used
as the counter electrode and a polished silver wire as the reference
electrode; the reference potentials were then adjusted to the Li/Li+

couple for convenience.

Electrolytes were prepared by mixing anhydrous HPLC grade PC
(distilled then dried over activated 4 Å molecular sieves) with either
tetraethylammonium perchlorate (TEAClO4) or lithium perchlorate
(LiClO4) salt. The ATR-SEIRAS cell components and the perchlorate
salts were dried at 120 °C under vacuum for 12 h. Caution: Organic
perchlorates and perchlorate salts of metal ion complexes are potentially
explosive and should be treated with great care. All solutions were
prepared inside an argon-filled glovebox and electrolytes were purged
using dry argon or oxygen inside the glovebox. The water content was
measured using a Karl Fisher KF Coulometer (Metrohm); typically
the electrolyte contained less than 10 ppm water. The sealed
electrochemical cell was brought outside the glovebox for in situ
SEIRAS measurements.

The ATR-FTIR measurements were conducted at room temper-
ature with a Bruker IFS66v spectrometer equipped with MCT
detector. The angle of incidence was set at 65°, and the spectral
acquisition was conducted using p-polarized infrared radiation at 4
cm−1 resolution. The interferometer was driven by dry air, and the
specular reflection assembly was also purged with dry air (CO2 free).
The electrode potential was varied from the open circuit potential to
the oxygen reduction region then reversed toward respective positive
potentials. Spectra were collected at varying potentials by holding the
potentials while collecting the spectral signals for 30 s at 4 cm−1

resolution. SEIRA spectra were plotted as the relative change in the IR
signal at the voltage of interest with respect to the open circuit voltage
(OCV) using the formula:

Δ =
−S

S
S S

S
variable OCV

OCV (1)

In this format, a negative going peak in the spectra indicates an
increase in absorbance at the corresponding wavenumber.

Computational Methods. All stationary points were fully
optimized with Gaussian 0928 using M06-2X/6-311++(d.p).29 An
ultrafine grid density was used for numerical integration in all DFT
calculations. Harmonic vibrational frequencies were computed for all
optimized structures to verify that they were either minima or
transition states, possessing zero imaginary frequencies and one
imaginary frequency, respectively. Calculations were performed with
M06-2X functional, which is constructed to include nonlocal effects of
electronic dispersion and is found to give good estimates for reaction
enthalpies in bond-forming reactions. Coordinates of the species
calculated can be found in the Supporting Information (SI).

■ RESULTS AND DISCUSSION

Figure 2a shows cyclic voltammograms on a Au thin film
electrode at 0.1 V/s scan rate in the typical ORR/OER
potential region, recorded in deoxygenated as well as oxygen
saturated 0.1 M TEAClO4/PC electrolyte. The voltammogram
of the deoxygenated electrolyte shows no faradaic current,
indicating a stable potential window; a negative going current
peak seen in oxygenated electrolyte (red) indicates reduction of
oxygen. The reduced oxygen species (presumably superoxide)
does not appear to be reoxidizable as only a very small anodic
peak is observed at this scan rate. The tetraalkylammonium
cation generally stabilizes the superoxide anion, enabling the
latter to be reoxidized during the reverse potential sweep; ORR
in electrolytes comprising tetraalkylammonium salts and
relatively stable solvents such as acetonitrile and dimethyl
sulfoxide are known to be pseudoreversible.16

The irreversibility of oxygen reduction in PC containing
electrolytes indicates the instability of superoxide in this
solvent. It is generally understood that O2

− preferentially
attacks the less hindered ethereal carbon of cyclic carbonates,
leading to a ring opening reaction (Scheme 1). Interestingly,
the anodic peak corresponding to the oxidation of superoxide
in PC/TEAClO4 is stronger and the superoxide formed shows

Figure 1. Schematic of SEIRA spectroelectrochemical cell.
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more reversibly behavior at higher scan rates (Figure 2b). This
implies that the superoxide generated at the interface is stable
only for a short period.
SEIRA spectra in Figure 3a correspond to the voltammogram

in deoxygenated electrolyte (Figure 2a, corresponding spectra
over a broader range is provided in the SI Figure S1), and these
show growing downward-pointing peaks as the electrode
potential is made more negative. All these bands resemble
typical PC bands, but a shift in the CO stretch to higher
wavenumber is observed as the electrode potential is moved
toward more negative values. As shown in Table 1, there is a 16
cm−1 shift in the CO stretch of PC, on changing the
potential from 3.0 to 1.9 V. This shift may indicate a stronger
intermolecular dipole−dipole interactions or surface−dipole
interactions as a result of selective partitioning or orientation of

PC at the interface at these potentials. Apart from the PC and
TEA vibrational bands, no new peaks are observed in this case,
indicating that no new species (detectable within this spectral
range) are formed at the interface. SEIRAS in Figure 3b
corresponds to oxygenated electrolyte, showing very similar
features, including the shift (25 cm−1) in carbonyl stretch, as in
the deoxygenated system. SEIRAS bands of both oxygenated
and deoxygenated PC-TEAClO4 systems at three representative
potentials (as the potential is scanned from OCV through 3.0
to 1.90 V, then reversed the scan toward 3.6 V) are listed in
Table 1. It is rather surprising that even though oxygen
reduction is quasireversible, SEIRAS analysis does not indicate
any superoxide induced reaction products in the interfacial
region; for instance, the ring-opened reaction products of PC.
While parasitic chemical reactions happening in the bulk
electrolyte (away from the interfacial region) will not be
observed in SEIRA spectra, our results indicate that no
appreciable superoxide induced degradation of PC directly at
the interface happens under these conditions.
The presence of ring-opened reaction products of cyclic

organic carbonate based electrolytes in both Li-ion battery
anode as well as LiO2 cathodes have been extensively

Figure 2. Cyclic voltammograms (a) the reduction of oxygen (red)
and the argon background (black) in 0.1 M TEAClO4/PC, at 0.1 V/s
scan rate. (b) for the oxygen reduction reaction in 0.1 M TEAClO4/
PC, at 4 different scan rates.

Scheme 1. Superoxide Induced Ring Opening in PC

Figure 3. SEIRA spectra recorded for a Au thin film electrode in 0.1 M
TEAClO4/PC electrolyte at various representative electrode poten-
tials. (a) Deoxygenated electrolytecorresponds to the black CV
curve in Figure 2a, and (b) oxygen saturated electrolytecorresponds
to the red CV curve in Figure 2a. The reference spectra were taken at
open circuit voltage (3.3 V) before the potential sweep started.
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reported, both in PC and EC based electrolytes.2,12,14,15,30−32

There have been several theoretical studies using quantum
chemical methods, providing mechanistic insight into the ring
opening reactions of cyclic carbonates in lithium ion batteries.
It has been proposed that electron attack at the less hindered
ethereal carbon is responsible for the solid electrolyte
interphase (SEI) layer formation,12,22,33 and a similar
nucleophilic attack by superoxide species generated at the
LiO2 cathode is believed to be responsible for the ring
opening reactions of PC,7,14,34 (Scheme 1). Furthermore, the
effect of the Li-ion in the ring opening reaction has also been
addressed using quantum chemical methods, and some of these
studies indicated that the presence of Li+ cation does not have a
significant effect in the overall reaction in Li-ion battery
environment.20,35 As our SEIRAS studies of the PC-TEAClO4

system indicate no major chemical change happening to PC at
the interface in either oxygenated or deoxygenated environ-
ment, we extend our SEIRAS analysis to Li+ ion containing PC
electrolytes.
The voltammogram of the electrode in deoxygenated 0.1 M

LiClO4 containing PC shown in Figure 4 indicates the absence
of any reversible redox reaction. Corresponding SEIRA spectra
in Figure 5a also show only PC vibrational bands, but the
intensity of the peaks and the shift of CO stretch with
potential is considerably lower when compared to the PC-
TEAClO4 system. This may indicate that the interaction of PC
with the electrode surface is affected by the presence of Li+ ions
in the interfacial region. The cyclic voltammogram of oxygen
reduction in PC-LiClO4 is significantly different from the PC-
TEAClO4 system. A positive shift in the oxidation peak
indicates that the presence of lithium influences the reversibility
of oxygen reduction. As shown by previous authors, this peak
can be related to the oxidation of solvent decomposition
products.14 In situ SEIRA analysis has been carried out to

understand the superoxide induced changes to the interface
relating to the difference in reversibility observed in the CVs.
Corresponding SEIRA spectra in Figure 5b show strong

positive as well as negative bands as the electrode is negatively
polarized (the same spectra over a broader range are provided
in Figure S2). Upward going bands indicate the loss of PC at
the interface, while strong downward bands indicate the
formation of ring-opened carbonate species, ROCO2Li. All
the downward going bands appearing at the less positive
potentials remain stable, even at the most anodic polarizations,
indicating that the surface layer formed is relatively stable.
SEIRAS bands for PC-LiClO4 oxygenated as well as
deoxygenated systems in the reduction as well as oxidation
regions (2.12 and 3.7 V, respectively) are also summarized in

Table 1. SEIRAS Band Assignments of PC-TEAClO4

bands (cm−1) at representative potentials assignmentb

3.0 V 1.90 V 3.6 V vibration species

PC-TEAClO4/Argon 1801 1817 1815 ν(CO) PC
1482 1482 τ(CH2) + ζ(CH2) PC, TEA

1391, 1355 1398, 1355 δ(CH3),νring, ω(CH2), ω(OCH2) PC, TEA
1190, 1122 1190, 1122 νs(COC)+ νas(OCO), νs(CH2CHCH3) PC

1051 1057 1057 νs(CO), νs(CCH3) PC
PC-TEAClO4/Oxygen 1788 1813 1800 ν(CO) PC

1480 1480 1480 τ(CH2) + ζ(CH2) PC, TEA
1391 1391, 1355 1391, 1355 δ(CH3), νring, ω(CH2), ω(OCH2) PC, TEA

1191, 1118 1192, 1123 νs(COC)+ νas(OCO), νs(CH2CHCH3) PC
1064, 1041 1041 νs(CO), νs(CO), νs(CCH3) PC

bands (cm−1) at representative potentials assignmentb

2.12 V 3.7 V vibration species

PC-LiClO4/Argon 1803 1817 ν(CO) PC
PC-LiClO4/Oxygen 1813(+)c 1813(+) ν(CO) PC

1676 1676 ν(CO) ROCO2Li
1401 1401 ω(CH2) + ω(OCH2) ROCO2Li
1375 1375 δ(CH3) ROCO2Li
1315 1315 τ(CH2) ROCO2Li
1094 1093 (unassigned)

1189(+),1121(+) 1189(+), 1121(+) νs(COC) + νas(OCO), νs(CH2CHCH3) PC
1055(+) 1055(+) νs(CO) νs(CO)

aThe band assignments were on the basis of refs 14, 34, and 37−41. bν = stretching, τ = twisting, ζ = scissoring, δ = bending, νs = symmetric
stretching, νas = asymmetric stretching ω = wagging c(+) represent upward band indicating loss of species at the interface.

Figure 4. Cyclic voltammograms for the reduction of oxygen (red)
and the argon background (black) in 0.1 M LiClO4/PC, at 0.1 V/s
scan rate.
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Table 1 (please also see Table S1). The PC ring-opened species
observed here is in line with the surface film observed on Li
O2 cathodes cycled in PC electrolyte.14,34 Superoxide species
generated during the reduction of oxygen at the cathode are
believed to be responsible for this degradation reaction.7,14,34

We have left a moderate downward going peak seen around
1094 cm−1 unassigned; this band may be related to a
coordinated superoxide species,36 but a detailed investigation
is required before assigning this to superoxide because other
species such as perchlorate also have infrared absorbance in this
region.
Even though the reduction of molecular oxygen produces

superoxide in both PC-TEAClO4 and PC-LiClO4 systems,
interestingly there is no indication of a ring opened species in
oxygenated PC-TEAClO4 investigated here. This suggests that
the presence of Li+ cation is important in inducing the ring
opening reaction of PC leading to significant surface film
formation that eventually leads to LiO2 cell failure. We re-
examined the behavior of oxygen reduction reaction on a Au
electrode in PC-LiClO4 by cyclic voltammetry at 0.1 V/s scan
rate for an extended period (15 cycles) in a conventional three
electrode cell. Representative cycles of this measurement shown

in Figure 6a clearly demonstrate that the oxygen reduction peak
has been greatly attenuated by the 15th cycle. We repeated the

same set of experiments in PC-TEAClO4; the redox process is
only slightly changed even after 15 cycles (Figure 6b).
Voltammograms at a faster scan rate (1 V/s) shown in the
inset of Figure 6b demonstrate the reversibility of the oxygen
redox chemistry in TEA+ even after several cycles. A
comparison of the cyclic voltammograms of Li+ and TEA+

electrolytes clearly demonstrate that cationic species in the
battery electrolyte plays a major role in the degradation of
solvent at the interface. This understanding is particularly
important for the development of electrolyte systems for Li
O2 batteries.
Oxygen reduction in PC containing a larger alkali metal

cation, Cs+ also results in downward band at ∼1670 cm−1

(Figure S3). This indicates that rather than the chemical nature
or the size of the cationic species, the coordination of cations to
the carbonyl group is significant in superoxide induced ring
opening reactions of cyclic carbonate solvents. As bulky
tetraalkylammonium cations cannot coordinate to the carbonyl
group of PC because of steric hindrance, superoxide attack on
the ethereal carbon is not favored in the PC-TEA+ system.
Additionally, some previous spectroscopic studies of lithium

Figure 5. SEIRA spectra recorded for Au thin film electrode in
deoxygenated 0.1 M LiClO4/PC electrolyte at various representative
electrode potentials. (a) Deoxygenated electrolytecorresponds to
the black CV curve in Figure 4, and (b) oxygen saturated electrolyte
corresponds to the red CV curve in Figure 4. The reference spectra
were taken at the OCV (3.1 V) before the potential sweep started.

Figure 6. Representative voltammograms for extended oxygen
reduction cycles in (a) 0.1 M LiClO4/PC and (b) in 0.1 M
TEAClO4/PC, at 0.1 V/s scan rate. The inset of (b) shows oxygen
reduction in TEAClO4/PC, at 1 V/s scan rate.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b12494
J. Am. Chem. Soc. 2016, 138, 3745−3751

3749

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12494/suppl_file/ja5b12494_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12494/suppl_file/ja5b12494_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12494


oxygen cathode discharge in PC based electrolytes have shown
lithium carbonate along with the ring opened lithium alkyl
carbonates,14,18 but we did not observe vibrational bands
corresponding to Li2CO3 that would result from the further
reaction of ring opened products of PC.
We have also looked at the generality of the superoxide

induced ring opening in organic carbonate electrolytes by
carrying out similar SEIRAS analysis of another popular battery
electrolyte solvent EC. As shown in Figure S4, the SEIRA
spectrum is similar to PC and shows a similar downward band
that corresponds to the ring opened species after reaction with
superoxide. This measurement was carried out at 40 °C in
order for EC/0.1 M LiClO4 to be in the liquid state. Unlike PC
and EC, solvents like dimethyl sulfoxide (DMSO) are relatively
stable in the presence of superoxide. A similar SEIRA analysis
of DMSO under analogous conditions (i.e., oxygen reduction in
the presence of Li+) is also included in the SI (Figure S7); the
spectra do not show any appreciable downward band other
than the bands of DMSO, indicating that this solvent is
relatively stable. The stability of DMSO/Li+ in the oxygen
reduction environment and the surface reactions probed in PC/
Li+ and EC/Li+ electrolytes under the same conditions, can be
related to the failure of LiO2 batteries in organic carbonate
electrolytes and superior performance of LiO2 batteries when
DMSO was used as the solvent.3 Although the electrodes used
in real LiO2 batteries would be different from the gold
electrode used in our SEIRAS studies, the insights obtained
through our approach are relevant because once superoxide has
been generated its subsequent interaction with solvent
molecules and cations is independent of the electrode substrate
the superoxide was generated upon.
Computational studies using density function theory (M06-

2x/6-311++(d,p)),28,29 were performed on the reaction of
superoxide with PC in the presence of Li+ and TEA+. The
transition state for PC ring opening with Li+ revealed two
favorable interactions between oxygen atoms and the small,
hard cation (Figure 7b) of 1.87 and 1.92 Å. There is no such
coordination interaction observed between TEA+ and the
carbonate functionality (Figure 7c). This difference in
coordination is presumably the major reason why a very large
difference in activation energies was observed in the two
reactions. The activation energy in the presence of Li+ is 0.64
kcal/mol compared with 17.83 kcal/mol with TEA+. This large
difference in activation energy is consistent with the
experimental findings.
In conclusion, we have demonstrated the effective use of

ATR-SEIRAS technique in studying the interfacial processes
relevant to the LiO2 battery system. The role of solvent
coordinating cationic species in the degradation of PC solvent
in an LiO2 environment has been investigated in this work,
in which the presence of a PC coordinating Li+ plays a
significant role in lowering the activation barrier for superoxide
induced ring opening reaction. Although our system does not
account for a real battery/electrolyte interface; SEIRAS
evaluation of battery electrolytes on model 2D noble metal
electrodes has provided direct mechanistic insight into a
significant reaction pathway and is thereby demonstrated as an
important analytical approach for examining promising LiO2

battery electrolytes.
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