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Introduction

Aprotic alkali metal–O2 batteries have been the focus of much
attention. Li–oxygen batteries were the first to garner interest

owing to their high theoretical gravimetric energy density
(3505 Wh kg¢1 with respect to the mass of Li2O2), based on

a two-electron reduction process (Li+ + O2 + 2 e¢QLi2O2) at

a potential of 2.96 V, and low mass reactants (Li metal and gas-
eous O2).[1–3] This combination makes the Li–O2 battery a very

appealing system for applications in which high gravimetric
energy is important, such as electric vehicles.[4] Achieving

a practical battery, however, has proven difficult owing to nu-
merous drawbacks, including electrochemical performance:
low rate capability,[5, 6] poor cycle life,[7, 8] and a high charge

overpotential.[9] More recently, a seminal report on Na–O2 bat-
teries[10] has triggered intensive follow-up studies. Its per-
formance is superior to that of the Li–O2 battery with respect
to charge overpotential (~0.1 V vs. 1 V), rate capability, and cy-

cling retention.[11] In aprotic media, the Na–O2 cell typically
forms solid sodium superoxide during discharge—not sodium

peroxide—through a one electron process (Na+ + O2 +

e¢QNaO2) at a potential of E8= 2.27 V vs. Na/Na+ .[10] Although
the theoretical energy density of the Na–O2 battery

(~1100 Wh kg¢1) is much lower than that of the Li–O2 battery,
its good performance has been suggested to provide the foun-

dation of a more practical cell.[12] We have shown that its elec-
trochemistry relies on a proton phase transfer catalyst (PPTC)

that facilitates the formation and oxidation of NaO2 in solution
via the HO2 intermediate.[13] The proton can be, and is in prac-

tice, derived from any source such as impure salt hydrates, the

inclusion of trace moisture from the system, or weak acids
owing to their reaction to produce the highly soluble HO2 radi-

cal.[14] The low charge overpotential allows the battery to oper-
ate within an electrochemical window that minimizes oxidation

side-products during charge.[11] Thus, the superior reversibility
of the Na–O2 battery is thought to be because of the “cleaner”
chemistry associated with the oxygen reduction/evolution

(ORR/OER) reactions, at least in the first cycle.[15] Nonetheless,
given the high reactivity of superoxide (NaO2) and the strongly
nucleophilic nature of the O2

¢ ion and the HO2 radical, electro-
lyte degradation is expected.

To date, Na–O2 cells have employed glyme-based electro-
lytes; typically, diethylene glycol dimethyl ether (diglyme).

Glymes have been the mainstay electrolytes for many Li–O2

batteries owing to their quasi-stability to superoxide attack, al-
though mass spectrometry,[16, 17] NMR,[18] and X-ray photoelec-

tron spectroscopy (XPS)[19] studies have shown that they react
to produce a variety of Li–carboxylate decomposition products.

These block catalytic surface sites for oxidation,[20] inhibiting
cycling. It is possible to mitigate glyme degradation through

protection of the backbone that inhibits hydrogen abstrac-

tion,[21] but the resulting electrolyte is highly viscous owing to
the formation of a solvent–ion pair. Dimethyl sulfoxide has

been reported to be a more suitable electrolyte in Li–O2 bat-
teries in conjunction with a gold cathode,[22] but its reactivity is

observed in the presence of carbon cathodes.[23, 24] Cells using
N,N-dimethylacetamide coupled with LiNO3 to stabilize the

Although Na–O2 batteries have a low overpotential and good
capacity retention, degradation reactions of glyme-based elec-

trolytes are the primary reason for inefficiency in cell per-
formance. The discharge capacity is accounted for through
analysis of the side-products. Although sodium superoxide is
the primary product (90 % theoretical), quantitative and quali-
tative evaluation of the side-products (using 1H NMR, iodomet-
ric titration, and on-line mass spectrometry) shows the pres-

ence of sodium acetate (~3.5 %), and three-fold less sodium
formate, methoxy (oxo)acetic anhydride, and sodium carbon-

ate. Our reaction mechanism proposes two paths for their for-
mation. Because the side-products are not fully removed

during oxidation, they accumulate on the cathode upon cy-
cling. Resting the cell at open circuit potential during dis-
charge results in consumption of the superoxide through the
reaction with diglyme, which greatly increases the fraction of
side products, as also confirmed by ex situ reaction studies.
These findings have implications in the search for more stable

electrolytes.
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negative electrode surface have been shown to cycle effective-
ly, although reactivity is still an issue.[25] To date, no electrolyte

has been reported that is inert in the aprotic metal–oxygen
cell and also possesses excellent electrolyte properties. The

carbon cathode is also susceptible to oxidation in a Li–O2 bat-
tery, especially during charge.[26, 27] Attempts have been made,

with some success, to alleviate cathode decomposition
through the use of alternative non-carbon or passivated
carbon cathodes.[28–30] The low mass of carbon and its high sur-

face area are still unmatched with respect to overall gravimet-
ric energy density and cost.

Here, we explore the chemistry of Na–O2 batteries in di-
glyme electrolytes. Following from the work first reported by

McCloskey et al. ,[15] we define the origin and precise nature of
the side products in the cell, quantify and propose a mecha-

nism for their formation, and address some potential draw-

backs of this system. The Na–O2 battery benefits from a very
low overpotential during charge owing to the solubility of

NaO2/HO2, which facilitates its oxidation and thus exhibits os-
tensibly better cycling performance than Li–O2 cells that lack

a redox mediator. Nonetheless analysis shows that formation
of decomposition products during discharge—which are large-

ly not removed during charge—are more problematic than

previously thought.[15] These side-products are the origin of the
rise in potential near the end of charge. Furthermore, resting

the cell at open circuit potential in the presence of NaO2 re-
sults in dramatic consumption of the superoxide through reac-

tion with diglyme. Very significant fractions of carboxylate side
products are formed. Evidence shows that the main source of

degradation stems from the strong nucleophilic character of

the discharge product, NaO2, as well as the reactivity of the
O2
¢/HO2 radical.

Experimental Section

Cathode preparation. Stainless steel meshes with an area of
0.78 cm2 (100 Õ 100 mesh) were sonicated in ethanol and dried
prior to use. A slurry of ground 13C carbon (Sigma–Aldrich) and
polytetrafluoroethylene (PTFE) (from a 20 mg/500 mL isopropanol
stock solution) was prepared in a 85:15 mass ratio. After it was
mixed for 1 min, the slurry was pressed onto the stainless steel
mesh and dried in air at 60 8C for 1 h. The cathodes were dried at
300 8C under vacuum overnight in a Bìchi oven and transferred to
an Ar-filled glovebox.

Electrochemical measurements. Cathodes were employed in
either 2 or 3-electrode-modified polyfluoroalkoxy polymer (PFA)
Swagelok cells. Each cathode was placed in a cell with a sodium
metal (Sigma–Aldrich) anode, separated by two glass fiber separa-
tors and one Celgard separator (2500). Electrolyte (240 mL) com-
posed of 0.5 m sodium trifluoromethanesulfonate (NaOTf; prepared
in-house[13])) and 15 ppm H2O in distilled diethylene glycol dimeth-
yl ether (DEGDME, or diglyme) was added to the cell. The cell was
then sealed and pressurized to 1.5 atm in 5.0 research grade
oxygen (Praxair). Prior to measurement, the cell pressure was moni-
tored with a pressure transducer (PX409, Omegadyne) to ensure
that each cell was hermetically sealed. The electrochemical meas-
urements were performed with an Arbin galvanostat/potentiostat.

The current density for all experiments was 130 mA cm¢2 ; capacity
and voltage limitations are as indicated.

Determination of NaO2 content. Iodiometric titration of the dry
cathode contents was performed using a slightly modified ver-
sion[31] of a previously reported method;[32] see the Supporting In-
formation for details.

1H NMR. NMR experiments were conducted in D2O on a 300 MHz
Bruker Advance spectrometer at room temperature. 1H NMR spec-
tra were referenced to the residual HOD peak at 4.78 ppm. The
fraction of decomposition products was determined through inte-
gration of the peak area with respect to a known amount of ben-
zene standard added to the solution. This stock solution was pre-
pared using 100 g of D2O and 0.2 mL benzene and was allowed to
equilibrate for 24 h prior to analysis. Cathodes and separators were
removed from the cell and washed with tetrahydrofuran (THF) The
contents were then left to dry under vacuum for 12 h and backfil-
led with argon before addition of the D2O/benzene solution.
0.8 mL of the stock solution was added to the cell contents and
collected for measurement.

KO2 reaction. KO2 (Sigma–Aldrich) and 18-crown ether (Sigma–
Aldrich) were used as received. Diglyme was distilled prior to use
and NaOTf was prepared as indicated above. For each reaction,
0.02 g KO2 and 0.13 g dicyclohexyl-18-crown-6 (crown ether) were
added to 2.5 mL diglyme. The reaction was left to stir for four
days. To produce NaO2, 0.10 g NaOTf was added immediately fol-
lowing the addition of KO2 and crown ether. The added NaOTf was
twice the molar amount of KO2 to ensure complete reaction of the
O2
¢ to NaO2. After four days, the solid contents were left to settle

and were collected using a centrifuge. The contents were washed
three times with 15 mL THF and dried under argon overnight. D2O
was added directly to the solid contents for NMR analysis.

Mass spectrometry (electrochemistry). To measure gas evolution
during cell charge, the cathodes were first discharged using the
same Swagelok design described above. Upon completion of the
discharge, the cell contents (without the metallic sodium elec-
trode) were immediately transferred to an El-Cell electrochemical
cell in an argon-filled glove box and an additional 50 mL of electro-
lyte was added. The cells were attached in-line with an RGA 200
(Stanford Research Systems), and a continuous flow of 5.0 argon
(Praxair) was used to sweep the evolved gases during cell charge
across a 50 mm diameter capillary. Quantification was performed
using a calibration curve composed of different concentrations of
O2/CO2 in Ar (0–2000 ppm).

Mass spectrometry (chemical). The method for chemical analysis
of carboxylates/carbonates was adapted from Thotiyl et al.[26] Cells
were discharged/charged to specific capacities and removed either
immediately upon completion after a specific rest period as indi-
cated in the text. Both the cathode and separator were removed
and placed into a custom-design glass reaction vessel. This vessel
was fitted with Swagelok microconnects for ease of connection in-
line with the mass spectrometer. The vessel was sealed air-tight
with a fitted septum. The cell was left to rest under flowing argon
for 1 h prior to measurements. The Ar flow rate was then set to
1 mL min¢1, and approximately 0.5 mL of 2 m H3PO4 were added to
the cell contents and stirred. The evolved gases were swept into
the mass spectrometer, and the reaction was left to continue until
CO2 levels returned to base level. The concentration of CO2 (and
13CO2) was measured and quantified using the same method as for
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the electrochemical mass spectrometry experiments mentioned
above.

Scanning electron microscopy. Cathodes were removed from cells
immediately after completion of discharge or charge (no rest
unless indicated). The cathodes were washed with THF, dried
under vacuum, and mounted onto SEM stubs with double sided
carbon tape in a hermetically sealed argon-filled box. Transfer from
the glovebox to the SEM was performed with minimal (�1 s) ex-
posure to the atmosphere upon placement into the SEM load–lock
chamber. Analysis was performed with a Zeiss Ultraplus FESEM.

X-ray diffraction. XRD measurements were performed using
a Bruker d-8 Advance diffractometer employing CuKa radiation (l=
1.5406 æ). Samples were mounted on a silicon low-background
holder using a moisture-protective barrier.

XPS. XPS measurements were performed on electrodes that were
removed immediately upon completion of a discharge/charge
cycle, with prior washing with THF to remove the electrolyte/salt.
The electrodes were dried and transferred under argon to the XPS
instrument. The binding energy values were calibrated to the ad-
ventitious carbon C 1s peak at 284.8 eV.

Results and Discussion

In our study, 13C-labelled cathodes were used to identify the

source of decomposition reactions in the Na–O2 cell by tracing
their origin to either the reaction of the carbon surface or of

the 12C glyme-based electrolyte. To determine the nature of

the discharge products, a cell was discharged and charged to
a capacity of 1 mAh in 0.5 m NaOTf/diglyme. The electrolyte

consisted of distilled diglyme, with pure, crystalline NaOTf (syn-
thesized in-house to ensure no contamination from NaOH·H2O

or other species) and 15 ppm H2O to provide a controlled,
albeit very low, fraction of the phase-transfer catalyst necessary

to achieve good discharge/charge properties, as previously re-

ported.[13] Figure 1 a shows an electrochemical profile for a cell
first discharged to 1 mAh, and charged to an upper cutoff volt-

age of 4.5 V, along with the associated gas evolution quantified
by on-line electrochemical mass spectrometry (OEMS). The dis-
charge potential of 2.1 V and initial charge plateau at 2.3 V is
representative of a typical Na–O2 cell, and in agreement with

most other reports that utilize carbon-based cathodes and ex-
hibit NaO2 as the discharge product.[10, 11, 15] The presence of

crystalline NaO2 as the single discharge product is confirmed

by its diffraction pattern (Figure S1). We note that a few re-
ports have documented the formation of Na2O, or Na2O2 hy-

drate, as the discharge product with similar carbon cathodes
and glyme-based electrolytes.[33–36] Although the parameters

that determine the selectivity of products are not well under-
stood, we observe some Na2O2 hydrate on long exposure of

the cell to rest periods, as discussed in the next section. Such

cells exhibit poor rechargeability and much larger overpoten-
tials compared to NaO2, similar to Li2O2.[33, 34] The formation en-

ergies of bulk NaO2 and Na2O2 are quite close and slightly
favor the formation of Na2O2, but the lower surface energy of

nanocrystals that are initially nucleated thermodynamically
favors the production of NaO2.[37] The phase transfer catalyst ki-

netically drives the growth of this phase upon initial nucleation

of the superoxide, as previously demonstrated.[13]

The electrochemical charge plateau at 2.3 V in Figure 1 a is
accompanied by a flat oxygen evolution profile measured by

OEMS that corresponds to the near theoretical 62.0 nmol min¢1

O2 evolution (based on a 100 mA discharge current). The volt-

age rises to 3.0 V as oxygen evolution declines to zero, sugges-
tive of an overpotential that must be exceeded to complete
the process, and which we ascribe to an impedance layer (see

below). Integration of the amount of O2 evolved (28.6�
0.1 mmol) with respect to the total charge passed up to 3.0 V
corresponds to 1.10 e¢/O2 as expected, based on the one-step
oxidation of NaO2 to Na+ and O2 (Figure 1 b). Deviation from

the theoretical 1.00 e¢/O2 ratio agrees closely with other re-
ports.[13, 15] The loss in charge efficiency results from electro-

chemical side reactions that produce degradation products

(see below), in addition to a very small fraction of NaO2 entrap-
ment in the separator owing to its dissolution in the electro-

lyte, as has been mentioned by others.[15] After the initial
charging step, a subsequent stepped voltage profile from 3.0 V

to 4.5 V is characterized by CO2 evolution starting at approxi-
mately 3.2 V followed by a trace of additional O2 evolution

above 3.8 V. CO2 evolution is ascribed to the oxidation of

sodium carboxylates present on the cathode surface, similar to
that exhibited by Li–O2 cells.[17] The gas evolution of both CO2

and O2 both ceases before electrochemical electrolyte oxida-
tion is signalled by the onset of a flat voltage profile at 4.45 V.

The amount of NaO2 on cathodes discharged to 1 mAh was
determined to be 33.9�0.5 mmol by iodometric titration,

Figure 1. a) Representative discharge (D)/charge (C) curve for the first cycle
of a Na–O2 cell with a 13C cathode, and corresponding O2 and CO2 evolution
profiles. b) The integrated values of oxygen evolution (black solid line) com-
pared to theoretical O2 evolution (dashed red line). In the electrochemical
profile shown in (a), the onset of the flat profile above 4.4 V indicates the
onset of electrolyte oxidation.
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namely 90 % of theoretical (37.7 mmol based on a 100 % con-
version of O2 to NaO2 via a one electron process; see the Sup-

porting Information for details). This value agrees with previ-
ous reports on the NaO2 formed after a single discharge step,

although it is slightly lower.[15] Thus, about 10 % of the elec-
trons passed cannot be accounted for based solely on the

NaO2 present in the cell.
The amount of NaO2 that remained on the cathode surface

after charging the cell to 3.0 V was also measured by iodomet-

ric titration. That voltage corresponds to the end of the initial
O2 evolution profile, but before CO2 evolution starts. At 3.0 V,
1.8 mmol of NaO2 still remained, equivalent to about 5 % of the
NaO2 that was deposited during discharge. This explains the

lower-than-ideal capacity measured during charge to this point
(~0.85 mAh vs. 1 mAh). The capacity on charge can be fully ac-

counted for based on the amount of NaO2 on discharge (90 %

of theoretical), less the NaO2 that remains at 3.0 V (5 %). The
second oxygen evolution process in Figure 1 a between 3.8

and 4.4 V corresponds to oxidation of the remaining NaO2, as
determined by iodometric analysis of the product at 4.4 V.

Only a trace (~0.4 mmol of NaO2) remains after this point, indi-
cating that virtually all of the NaO2 is removed prior to the

start of electrolyte oxidation at 4.5 V.

Identity of discharge products and their quantification

To assess and quantify the carboxylate and carbonate products
formed during discharge, the 13C positive electrode and sepa-

rators were washed in THF and dried under vacuum. They
were subjected to acid treatment with 2 m H3PO4, utilizing on-

line mass spectrometry to quantify the total evolved CO2

(13CO2) gases.[15] In parallel, similarly prepared electrodes were
immersed in D2O to extract the soluble species, providing the
1H NMR spectrum shown in Figure 2. The relative contribution
of carboxylate side-products was estimated from peak integra-

tion. Experiments were performed in duplicate, and the
amount of the side-products was determined from the com-

bined analysis. A majority of the degradation product is com-

posed of sodium acetate (~4 % of total discharge product),
along with equal contributions of sodium formate, methox-

y(oxo)acetic anhydride, and Na2CO3 (~1 % each of the total dis-
charge product). These data are summarized in Table S1 and

Figure 3, which express the products as a percentage of the
total theoretical NaO2 expected. Only a miniscule fraction of

the total decomposition products (~0.5 %) originate from the
carbon cathode as Na2

13CO3. To confirm that the addition of

D2O or H3PO4 does not promote the formation of these prod-

ucts, XPS analysis was performed on a freshly discharged cath-
ode without any treatment other than a THF wash. C 1s signals

corresponding to C¢O¢Li (formate/acetate) and C=O (formate/
acetate/carbonate) unequivocally confirm the degradation

products are produced from the chemical reactions taking
place during cell operation (Figure S2). The O 1s spectrum also

shows the existence of NaO2 as a major product, together with

a small fraction of carboxylate degradation products (Fig-
ure S3). A more detailed discussion of the XPS analysis is avail-
able in the Supporting Information.

The amount of carboxylate degradation products

formed during discharge depends on the cathode
composition. Comparison of a very low surface area

carbon fiber cathode (Freudenberg GDL, H2315),
with a high surface area carbon (VulcanÏ) (Table S2)
shows that the Freudenberg cathode exhibits

a much higher fraction of NaO2 formed as a function
of current passed (98 %). This is reflected in the low

fraction of decomposition products, which are also
less than those observed from the 13C cathode. In

contrast, the NaO2 and carboxylate fraction exhibited

on the VulcanÏ electrode is similar to that of the 13C
electrode. These findings agree with a study by

Bender et al. , which reports dramatic differences in
the electrochemical performance of different carbon

cathodes in the Na–O2 cell.[38] They report that the
discharge capacity as well as charge efficiency is de-

Figure 3. Products as a fraction of the total theoretical product (37.7 mmol
NaO2) at different stages of cell operation. The NaO2 fraction was deter-
mined from iodometric titration; the identity and amount of sodium acetate,
sodium formate, methoxy(oxo)acetic anhydride [C6H6O7] and Na2CO3/
Na2

13CO3 was determined from a combination of 1H NMR spectroscopy and
acid treatment to evolve CO2 from the carboxylates/carbonate, which was
measured by mass spectrometry.

Figure 2. 1H NMR spectrum of a 13C cathode discharged to 1 mAh with major com-
pounds identified: sodium formate = 8.4 ppm, sodium acetate = 1.8 ppm, methoxy (oxo)-
acetic anhydride = 3.8 ppm. A known amount of benzene (7.3 ppm) was used as the in-
ternal standard.
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pendent on the cathode material, with charge efficiencies
ranging between 75–93 %. The wide range is most likely owing

to variability in the decomposition products, although their
nature was not addressed in that study. A comprehensive ex-

amination of the role of the carbon is also beyond the scope
of the present work. For our study, 13C cathodes were used to
distinguish degradation products from the electrolyte from
those arising from the carbon cathode.

Because NaO2 is charged at a relatively low potential (owing

to phase transfer catalysis) Na–O2 chemistry is reported to be
less affected by side-reactions.[11, 15] In the Li–O2 system, decom-
position products are formed during discharge, but a significant
fraction are also produced during the oxidation step owing to

the high overpotential required to oxidize Li2O2.[15, 16, 17, 32] Fur-
thermore, as shown by Thiotyl et al. ,[26]the stability of the

carbon cathode is also an issue: above 3.5 V the carbon under-

goes oxidation in the presence of Li2O2 to form Li2CO3. To con-
firm that the decomposition products are formed mostly

during discharge in the Na–O2 cell, the products analyzed
above were compared to those remaining after a cell was

charged to 3.0 V after prior discharge to 1 mAh (Table S1).
Analysis was again performed by a combination of 1H NMR to

determine carboxylate contributions and acid treatment/mass

spectrometry (see Figure S4). In agreement with McCloskey
et al. ,[15] the fraction of decomposition products produced

during charge is minimal, as summarized in Figure 3. The rela-
tive ratio of formate, acetate, carbonate, and anhydride is very

similar to that of the discharged cathode, implying that there
is no additional decomposition during charge. The only differ-

ence is the amount of Na2
13CO3, which increases by approxi-

mately three fold compared to that of the discharged catho-
des. Thus, although the charge overpotential for the NaO2 cell

is very low (~0.1 V vs. theoretical), the voltage is sufficient to
promote slight oxidation of the cathode, forming a very small

fraction of Na2
13CO3, by the direct oxidation of carbon with

NaO2 :

5 NaO2 þ 2 13C! 2 Na2
13CO3 þ 2 O2 þ Naþ þ e¢ ð1Þ

To determine if all or any of these carboxylate decomposi-
tion products are removed at elevated voltage and correspond
to the CO2 evolution that is centered at approximately 3.5 V,
the products were analyzed using the method described

above, after the cell was charged to 4.4 V. These results are
also summarized in Figure 3. We found that the amount of all
of the carboxylate products decreases after charge to 4.4 V,
but they are still present. XPS of the charged electrodes (Fig-
ure S2 and S3) corroborates this conclusion. It suggests that

only a fraction can be oxidized, consistent with the small
amount of CO2 that is evolved. In a recent study we probed

the electrochemical oxidation of Li-based decomposition prod-

ucts. We demonstrated they could not be oxidized on
a carbon surface at a potential below the stability window of

the glyme-based electrolyte, without a catalyst.[39] The inability
to oxidize carboxylate decomposition products on a carbon

surface in Li–O2 cells at a low potential (>4.7 V vs. Li/Li+) was
also reported by Gasteiger et al.[40] and Leskes et al.[18] There-

fore, either the 4.4 V charge voltage in the Na–O2 cell is below
the necessary potential to oxidize the carboxylate side-

products, or they are continuously formed in tiny amounts
during the charge process.[26, 39] The former is more likely. We

further conclude that NaO2 can be oxidized in the presence of
indelible, insoluble electrolyte decomposition products be-

cause solution-based proton phase transfer catalysis (PPTC)
governs the charge process.[13] The oxidation of Li2O2 does not
pass via an LiO2 intermediate,[41] and hence a proton phase

transfer catalyst in the Li–O2 battery has little positive effect
during charge.[42] The large overpotential during oxidation of
Li2O2 is also partly owing to the presence of surface carboxy-
lates, which increase the surface impedance.[43] The oxidation

of NaO2 in solution mediated by PPTC is not impeded by the
presence of these degradation products, however, leading to

a lower charge overpotential.

Decomposition mechanisms

Hydrogen abstraction from glyme by the highly nucleophilic

O2
¢ species is a known cause of dimethoxyethane decomposi-

tion in Li–O2 cells, which leads to the formation of lithium for-
mate and lithium carbonate on the cathode surface.[21, 44, 45]

Recent work also suggests that the reactivity of Li2O2 with
water used to determine speciation in NMR experiments may

exacerbate carboxylate formation.[46] Much research has been
dedicated to the mitigation of electrolyte degradation by ex-

ploring alternative solvents, such as sulfones,[47] amides,[48]

ionic liquids,[49] and backbone-protected ethers,[21] but no truly
stable electrolyte has been discovered yet. In Li–O2 cells anoth-

er source of reactivity is the surface of the discharge Li2O2

product. Significantly, using a combination of computational

techniques, Kumar et al. showed that the rate of glyme decom-
position is faster on the superoxide-terminated (O2

¢) surface of

Li2O2 than on its peroxide-terminated (O2
2¢) surface.[50] It was

proposed that the highly reactive superoxide surface of Li2O2

accelerates the degradation of glyme by a very similar mecha-

nism to that of hydrogen abstraction by O2
¢ . This has implica-

tions for the Na–O2 cell, as it implies that the superoxide NaO2

surface will play a major role in the production of these de-
composition products, as we confirm below.

The sodium formate, sodium acetate, and methoxy(oxo)ace-
tic anhydride products identified in the cell using NMR analysis

enable us to propose a mechanism for the decomposition of
diglyme and higher order glymes (see Figure 4). In this
scheme, sodium formate is generated via Path 1, whereby
a methyl hydrogen (Ha) abstraction by O2

¢C is followed by b-
scission of an ether bond to give formaldehyde, which is then

oxidized by highly nucleophilic NaO2 to formate. The mecha-
nism by which sodium acetate is generated requires transloca-

tion of a hydrogen atom to generate the required methyl-

containing two carbon unit of acetate. The most plausible
mechanism by which this could occur is an intramolecular 1,5-

hydrogen abstraction, which conforms to the reactivity profile
expected for radical species. A dialkyl ether radical (such as

that generated during the initial b-scission of Path 1) would be
expected to undergo a 1,5-hydrogen abstraction to give a ther-
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modynamically favored oxygen-stabilized secondary radical. b-
scission of this secondary radical would give methyl vinyl ether

and an ethoxy radical, from which a hydrogen ab-
straction would lead to acetaldehyde and, upon fur-

ther oxidation with NaO2, sodium acetate. Whereas

only sodium formate is observed for mono-
glyme,[15, 36] we note that the 1,5-intermolecular hy-

drogen abstraction reaction can only occur with
higher order glyme electrolytes, which explains why

we observe sodium acetate as the major side-prod-
uct. The formation of methoxy(oxo)acetic anhydride

and related compounds are proposed to occur via
Path 2 as a result of sequential oxidation events,
whereby backbone methylene hydrogens (Hb) are

abstracted by superoxide O2
¢C radicals. The predomi-

nance of sodium acetate suggests that hydrogen ab-

straction from the terminal hydrogen (Ha) in diglyme,
Path 1, is favored for sodium superoxide. Conversely,

computational[51] and experimental[21] results show

that Hb abstraction is slightly more thermodynamical-
ly favorable for glyme in the presence of Li2O2, re-

gardless of whether the surface is O2
¢ or O2

2¢ termi-
nated. Nonetheless, the fact that we observe both

Path 1 and Path 2 products in detectable amounts
demonstrates the dynamic processes at play.

Effect of side-products on cycling and stability at
open circuit potential

The fact that NaO2 and carboxylate products are not

completely removed during charge to a typical 3.0 V
has implications for cell cycling. Figure 5 a shows

a typical electrochemical curve of a cell cycled four
times with a charge voltage limitation of 3.0 V, fol-
lowed by a 4.4 V cutoff at the end of the 5th charge.
Figure 5 b shows SEM images of the cathode surface
at the end of the 5th discharge. The surface is cov-

ered with 8 mm NaO2 cubes that possess a relatively
clean and smooth surface. Figure 5 c shows the cath-

ode surface at the end of the 5th charge, at a poten-
tial limit of 3.0 V (chosen to correspond to the initial

O2 evolution peak in Figure 1 a). Here, the surface is

not covered with pristine NaO2 cubes, but is popu-
lated with smaller structures. These resemble col-

lapsed cubes that appear to have been oxidized
from the center outwards to leave behind a rough-

ened shell. This suggests that the inner NaO2 prod-
uct is oxidized from within the interior of the cubes

(through proton phase transfer catalysis in solution,

leaving the surface of the cubes covered with
sodium carboxylate products, which require a high

overpotential for stripping. On cycling, these prod-
ucts accumulate along with the NaO2. This was con-

firmed by iodometric titrations: 4.48 mmol of NaO2

remain after 5 cycles at a charge cutoff of 3.0 V,

which is greater than the amount of NaO2 remaining

after a single discharge/charge cycle (1.80 mmol).
To completely remove the remaining decomposi-

tion species, the cathode was charged on the 5th cycle to 4.4 V;
beyond the point of CO2 and O2 gas evolution, but below that

Figure 4. Proposed reaction pathways. The formation of sodium formate and sodium
acetate occurs via Path 1, and is initiated by a methyl hydrogen abstraction. If hydrogen
abstraction initially occurs from a methylene hydrogen, as shown in Path 2, the produc-
tion of methoxy (oxo)acetic anhydride results.

Figure 5. a) Electrochemical discharge/charge profiles of a 13C cathode cycled 5 times,
with the 5th charge ending at a voltage of 4.4 V. SEM micrographs of the cathode surface
at b) the end of 5th discharge; c) the end of 5th charge to 3.0 V; d) the end of 5th charge
to 4.4 V.
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of electrolyte decomposition. The SEM image in Figure 5 d
shows a relatively clean surface. Unsurprisingly, the amount of

CO2 and O2 that is evolved during the 5th charge process
beyond 3.0 V is greater than that of charging beyond 3.0 V for

a single cycle (Figure S5). In summary, although the generation
and decomposition of NaO2 could occur during cycling in
a narrow window if it were the only product, charge to higher
voltage is necessary to completely remove the remaining NaO2

that is trapped as a result of the accumulation of carboxylate-
based decomposition products. However, this is not a suitable
method to improve Na–O2 cell cycling.

The effect of cycling a cell to an upper potential limit of
4.4 V is illustrated by the working electrode profile (Figure 6 a).

On subsequent discharge, an overpotential that precedes the
normal ORR discharge plateau is ascribed to the reduction of

a species generated at a high charge potential, although its

nature has not yet been identified. In contrast to Hartmann
et al. ,[11] the cell can still discharge after it is charged to a high

potential. Another difficulty with a high voltage charge cutoff
is illustrated in Figure 6 b, which shows a plot of the potential

of the working potential of the anode with respect to
a sodium metal reference electrode. Charging a Na–O2 cell to

the voltage necessary to remove carboxylates is clearly detri-

mental to the anode. The overpotential required to strip
sodium increases with each subsequent cycle, implying the

growth of insulating layers that form on the metallic sodium
anode. We speculate that this results from the accumulation of

decomposition products and impedance layers that form on
the metallic sodium anode. This is in contrast to a cell operat-

ed within the potential window between 1.8 V vs. 3.0 V, where

the stripping/plating profile of the anode does not change

upon cycling and the stripping voltage is much lower, as
shown in Figure S6. Such a profile is similar to electrochemical

stripping/plating of lithium in glyme-based electrolytes.[51]

However, the cell is only able to achieve <20 cycles with an

upper voltage cutoff of 3.0 V (Figure S7), before capacity
fading begins, followed by eventual cell termination. Visual in-

spection of the cathode (inset, Figure S7) suggests that accu-
mulation of the discharge product on the cathode surface is

the cause of cell termination. In short, other methods are nec-

essary to completely charge the NaO2 and remove the decom-
position products, as their removal through electrochemical
charge not only requires a high overpotential, but also acceler-
ates decomposition on the anode of the Na–O2 battery.

Reactivity of superoxide/sodium superoxide at open circuit
potential

Reactivity of NaO2 with diglyme can be of concern for the life-

time of Na–O2 cells that utilize this electrolyte (which at the
time of this publication, are the majority of reports), as any

period of rest in a cell at open circuit voltage (OCV) could

induce electrolyte decomposition and consumption of the su-
peroxide. To “mimic” OCV conditions following discharge, di-

glyme was reacted with KO2 in the presence of crown ether.
Superoxide, i.e. , “solvated O2

¢” is liberated through chelation

of K+ ions with dicyclohexyl-18-crown-6 (crown ether).[52] This
method was previously utilized to determine electrolyte stabili-

ty.[7, 21, 53] For comparison, a second solution was prepared with

the same concentration of KO2/crown ether, except NaOTf was
added to the reaction after 1 h of reaction to immediately trig-

ger precipitation of NaO2. Reactivity of the solvated O2
¢ can

thus be partly distinguished from that of solid NaO2, although

we recognize that sodium superoxide itself has some—albeit
limited—solubility in diglyme.[13] After the solutions were al-

lowed to stir to mimic cell conditions, the solids were recov-

ered and analyzed using 1H NMR. Regardless of whether solvat-
ed O2

¢ or NaO2 is present, formate and acetate were both ob-

served; however, 3–5 fold more of these products was gener-
ated if formation of NaO2 is triggered (Figure S8). Furthermore,

the ratio of formate/acetate varies. In the presence of O2
¢ ,

sodium formate is the most abundant decomposition product

and only a minimal amount of sodium acetate is observed
(sodium acetate/sodium formate = 0.18). In the presence of

NaO2, the proportion of sodium acetate is three times greater
(sodium acetate/sodium formate = 0.60). Although we do not
yet fully understand the reason for the difference, it may result

from the difference between solution versus surface reactivity.
The reactivity of NaO2 within the cell was further confirmed

by discharging the cathodes to a capacity of 1 mAh and hold-
ing the cell at an open circuit for a period of 100 h. SEM

images that compare a freshly discharged cathode surface (Fig-

ure 7 a) to a discharged cathode held for 100 h (Figure 7 b)
show that the NaO2 cubic morphology is greatly altered after

extended diglyme exposure. A similar phenomena was ob-
served by Hartmann et al.[11] In accord, the amount of NaO2 de-

termined by iodiometric titration is drastically reduced. Only
16 mmol of NaO2 remains, which amounts to 43 % of the theo-

Figure 6. a) Working electrode and b) counter electrode potential of a Na–O2

cell using a 13C cathode cycled 5 times with an upper potential limit of 4.4 V.
Plating of sodium onto the anode occurs when the cathode is charged, and
stripping of the anode occurs when the cathode is discharged.
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retical value, and nearly 50 % less than that of the NaO2 con-
tent of a freshly discharged cathode (Figure 7 c). X-ray diffrac-

tion analysis of the cathode, shown in Figure 7 d, reveals that
some of the NaO2 converts to Na2O2·8H2O, which is expected

to require a high voltage to oxidize. Compared to the freshly
discharged cathode, the reduction in fraction of superoxide is
also associated with a very large increase in the amount of car-

boxylate-based decomposition products (Figure 7 e). Although
the fraction of sodium carbonate doubles during the rest
period, the fraction of sodium acetate increases by as much as
50-fold, with a much lower increase in sodium formate. It is

clear that the reaction pathway of sodium acetate formation
(Figure 4 above) is kinetically favored compared to the forma-

tion of sodium formate. We postulate that, after the initial b-

scission, the fragmented anion radical remains on the NaO2

surface (to produce sodium acetate), while the formaldehyde

dissolves in solution and thus its conversion to sodium formate
is less favored, by comparison.This agrees with the quantifica-

tion of the reaction products described above, which shows an
increased fraction of sodium acetate resulting from contact of

diglyme with NaO2. The SEM images (Figure 7 a,b) indicate that

the interior of the NaO2 cubes have been etched away in this
process, leaving hollow outer shells. It suggests that the outer

surface of the NaO2 crystallites react with diglyme to form an
incomplete passivating layer of side-products, and as the

cubes crack, dissolution/reaction of the interior superoxide fol-
lows.

Conclusions

Our study of the decomposition products formed
during operation of a Na–O2 battery shows that

during cell discharge, solvated O2
¢ and NaO2 react

with both the carbon cathode and the diglyme elec-

trolyte to form a variety of Na-carboxylate decompo-
sition products. Little additional decomposition
occurs during charge. The consumption of NaO2

through chemical reaction with diglyme (to form
sodium carboxylates) gives rise to the majority of the
capacity loss. Even in the presence of these decom-
position products, a large overpotential is not ob-

served for the oxidation of NaO2 (in contrast to Li–O2

batteries) owing to the dominance of a solution-

based process mediated by a phase transfer catalyst.

However, since the decomposition products cannot
be oxidized within the narrow electrochemical

window that ideally characterizes the Na–O2 cell,
they accumulate over many cycles, leading to cell

death. This is different from the Li–O2 cell, where
electrolyte degradation is exacerbated during charge

owing to inherently high overpotentials unless redox

mediators are invoked. In the Li–O2 cell, the rapid
conversion of transient lithium superoxide to lithium

peroxide means that superoxide does not aggravate
glyme degradation during discharge. Thus, although

the low charge overpotential of the Na–O2 cell does
limit the amount of decomposition products that

form during charge, the highly reactive O2
¢ (or HO2),

as well as the nucleophilic character of the NaO2 itself, make
(poly)glyme-based electrolyte degradation in the NaO2 cell

a very real concern. This is especially true during storage
unless the cell is fully charged, because the formation of

Na2O2·8H2O occurs upon extended exposure, which would re-
quire a high voltage to oxidize. The performance of the Na–O2

cell is nonetheless very promising because of its low overpo-

tential, and once significant improvements in electrolyte stabil-
ity are achieved, very good cycling properties and charge effi-
ciency can be expected.

Keywords: batteries · degradation · electrochemistry ·
electrolytes · sodium–oxygen

[1] J. S. Lee, S. Tai Kim, R. Cao, N. S. Choi, M. Liu, T. Lee, J. Cho, Adv. Energy
Mater. 2011, 1, 34 – 50.

[2] P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J. M. Tarascon, Nat. Mater.
2012, 11, 19 – 29.

[3] Y. C. Lu, B. M. Gallant, D. Kwabi, J. Harding, R. Mitchell, M. S. Whitting-
ham, Y. Shao-Horn, Energy Environ. Sci. 2013, 6, 750 – 768.

[4] B. Scrosati, J. Garche, W. Tillmetz, Advances in battery technologies for
electric vehicles, Elsevier, Oxford, UK, 2015.

[5] B. Adams, C. Radtke, R. Black, M. Trudeau, K. Zaghib, L. F. Nazar, Energy
Environ. Sci. 2013, 6, 1772 – 1778.

[6] Y. C. Lu, D. G. Kwabi, K. Yao, J. Harding, J. Zhou, L. Zuin, Y. Shao-Horn,
Energy Environ. Sci. 2011, 4, 2999 – 3007.

[7] K. U. Schwenke, S. Meini, X. Wu, H. A. Gasteiger, M. Piana, Phys. Chem.
Chem. Phys. 2013, 15, 11830 – 11839.

Figure 7. SEM images of a) a discharged cathode removed immediately upon completion
of the discharge; and b) a discharged cathode rested at an open circuit potential in the
cell for 100 h; c) comparison of the fraction of NaO2 in the product at the end of dis-
charge, and after 100 h of rest based on the theoretical capacity of 1 mAh (37.7 mmol);
d) X-ray diffraction pattern of the product of cell discharge after rest at open circuit for
100 h. A mixture of NaO2 (blue ticks) and Na2O2·8 H2O (red ticks) is formed, as shown by
comparison of the reflections to those in the JCPDS data base; asterisks represent the
stainless steel mesh current collector; e) Decomposition products of the freshly dis-
charged cathode compared to the discharged cathode held at open circuit potential for
100 h.

ChemSusChem 2016, 9, 1795 – 1803 www.chemsuschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1802

Full Papers

http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1039/c3ee23966g
http://dx.doi.org/10.1039/c3ee23966g
http://dx.doi.org/10.1039/c3ee23966g
http://dx.doi.org/10.1039/c3ee40697k
http://dx.doi.org/10.1039/c3ee40697k
http://dx.doi.org/10.1039/c3ee40697k
http://dx.doi.org/10.1039/c3ee40697k
http://dx.doi.org/10.1039/c1ee01500a
http://dx.doi.org/10.1039/c1ee01500a
http://dx.doi.org/10.1039/c1ee01500a
http://dx.doi.org/10.1039/c3cp51531a
http://dx.doi.org/10.1039/c3cp51531a
http://dx.doi.org/10.1039/c3cp51531a
http://dx.doi.org/10.1039/c3cp51531a
http://www.chemsuschem.org


[8] H. G. Jung, J. Hassoun, J. B. Park, Y. K. Sun, B. Scrosati, Nature Chem.
2012, 4, 579 – 585.

[9] Y. C. Lu, Y. Shao-Horn, J. Phys. Chem. Lett. 2013, 4, 93 – 99.
[10] P. Hartmann, C. Bender, M. Vracar, A. K. Durr, A. Garsuch, J. Janek, P.

Adelhelm, Nat. Mater. 2013, 12, 228 – 232.
[11] P. Hartmann, C. Bender, J. Sann, A. K. Durr, J. Jansen, P. A. Adelhelm,

Phys. Chem. Chem. Phys. 2013, 15, 11661 – 11672.
[12] S. Das, S. Lau, L. A. Archer, J. Mater. Chem. A 2014, 2, 12623 – 12629.
[13] X. Chun, R. Black, R. Fernandes, B. Adams, L. F. Nazar, Nature Chem.

2015, 7, 496 – 501.
[14] B. H. J. Bielski, D. E. Cabelli, R. L. Arudi, J. Phys. Chem. Ref. Data 1985, 14,

1041 – 1100.
[15] B. McCloskey, G. Jeannette, A. C. Luntz, J. Phys. Chem. Lett. 2014, 5,

1230 – 1235.
[16] B. D. McCloskey, D. S. Bethune, R. M. Shelby, G. Girishkumar, A. C. Luntz,

J. Phys. Chem. Lett. 2011, 2, 1161 – 1166.
[17] B. D. McCloskey, D. S. Bethune, R. M. Shelby, T. Mori, R. Scheffler, A. Spei-

del, M. Sherwood, A. C. Luntz, J. Phys. Chem. Lett. 2012, 3, 3043 – 3047.
[18] M. Leskes, A. J. Moore, G. Goward, C. P. Grey, J. Phys. Chem. C 2013, 117,

26929 – 26939.
[19] Y. C. Lu, E. Crumlin, G. Veith, J. Harding, E. Mutoro, L. Baggetto, N.

Dudney, Z. Liu, Y. Shao-Horn, Sci. Rep. 2012, 2, 715.
[20] R. Black, J. H. Lee, B. Adams, C. Mims, L. F. Nazar, Angew. Chem. Int. Ed.

2013, 52, 392 – 396; Angew. Chem. 2013, 125, 410 – 414.
[21] B. Adams, R. Black, Z. Williams, R. Fernandes, M. Cuisinier, E. Jaemstorp

Berg, P. Novak, G. Murphy, L. F. Nazar, Adv. Energy Mater. 2015, 5,
1400867.

[22] Z. Q. Peng, S. A. Freunberger, Y. H. Chen, P. G. Bruce, Science 2012, 337,
563 – 566.

[23] D. Sharon, M. Afri, M. Noked, A. Garusch, A. Frimer, D. Aurbach, J. Phys.
Chem. Lett. 2013, 4, 3115 – 3119.

[24] D. Kwabi, T. Batcho, C. Amanchukwu, N. Ortiz-Vitoriano, P. Hammond, C.
Thompson, Y. Shao-Horn, J. Phys. Chem. Lett. 2014, 5, 2850 – 2856.

[25] W. Walker, V. Giordani, J. Uddin, V. S. Bryantsev, G. Chase, D. Addison, J.
Am. Chem. Soc. 2013, 135, 2076 – 2079.

[26] M. Ottakam Thotiyl, S. Freunberger, Z. Peng, P. G. Bruce, J. Am. Chem.
Soc. 2013, 135, 494 – 500.

[27] D. M. Itkis, D. Semenenko, E. Kataev, A. Belova, V. Neudachina, A. Siroti-
na, M. Havecker, D. Teschner, A. Knop-Gericke, P. Dudin, A. Barinov, E. A.
Goodilin, Y. Shao-Horn, L. V. Yashina, Nano Lett. 2013, 13, 4697 – 4701.

[28] M. Ottakam Thotiyl, S. Freunberger, Z. Peng, Y. Chen, Z. Liu, P. G. Bruce,
Nat. Mater. 2013, 12, 1050 – 1056.

[29] D. Kundu, R. Black, E. Jaemstorp Berg, L. F. Nazar, Energy Environ. Sci.
2015, 8, 1292 – 1298.

[30] J. Lu, Y. Lei, K. C. Lau, X. Luo, P. Du, J. Wen, R. S. Assary, U. Das, D. Miller,
J. Elam, H. Albishri, S. Abd El-Hady, Y. K. Sun, L. Curtiss, K. A. Amine, Nat.
Commun. 2013, 4, 2383.

[31] B. Adams, R. Black, C. Radtke, L. Mehdi, N. Browning, L. F. Nazar, ACS
Nano 2014, 8, 12483 – 12493.

[32] B. D. McCloskey, A. Valery, A. C. Luntz, S. R. Gowda, G. M. Wallraff, J. M.
Garcia, T. Mori, L. E. Krupp, J. Phys. Chem. Lett. 2013, 4, 2989 – 2993.

[33] Z. Jian, Y. Chen, F. Li, T. Zhang, C. Liu, H. J. Zhou, J. Power Sources 2014,
251, 466 – 469.

[34] Y. Li, Y. Hossein, X. Li, M. N. Banis, R. Li, X. Sun, Chem. Commun. 2013,
49, 11731 – 11733.

[35] H. Yadegari, Y. L. Li, M. N. Banis, X. F. Li, B. Q. Wang, Q. Sun, R. Y. Li, T. K.
Sham, X. Y. Cuic, X. L. Sun, Energy Environ. Sci. 2014, 7, 3747 – 3757.

[36] W. Liu, Q. Sun, Y. Yang, J. Y. Xie, Z. W. Fu, Chem. Commun. 2013, 49,
1951 – 1953.

[37] S. Y. Kang, Y. Mo, S. P. Ong, G. Ceder, Nano Lett. 2014, 14, 1016 – 1020.
[38] C. Bender, P. Hartmann, M. Vracar, P. Adelhelm, J. Janek, Adv. Energy

Mater. 2014, 4, 1301863.
[39] S. H. Oh, B. Adams, B. Lee, L. F. Nazar, Chem. Mater. 2015, 27, 2322 –

2331.
[40] S. Meini, N. Tsiouvaras, K. Schwenke, M. Piana, H. Bever, L. Lange, H. A.

Gasteiger, Phys. Chem. Chem. Phys. 2013, 15, 11478 – 11493.
[41] S. Ganapathy, B. Adams, G. Stenou, K. Goubitz, L. F. Nazar, M. Wagemak-

er, J. Am. Chem. Soc. 2014, 136, 16335 – 16344.
[42] K. Schwenke, M. Metzger, T. Restle, M. Piana, H. A. Gasteiger, J. Electro-

chem. Soc. 2015, 162, A573 – A584.
[43] B. McCloskey, A. Speidel, R. Scheffler, D. C. Miller, V. Viswanathan, J. S.

Hummelshoj, J. K. Norskov, A. C. Luntz, J. Phys. Chem. C 2012, 3, 997 –
1001.

[44] S. A. Freunberger, Y. Chen, N. Drewtt, L. Hardwick, F. Barde, P. G. Bruce,
Angew. Chem. Int. Ed. 2011, 50, 8609 – 8613; Angew. Chem. 2011, 123,
8768 – 8772.

[45] D. Sharon, V. Etacheri, A. Garsuch, M. Afri, A. A. Frimer, D. Aurbach, J.
Phys. Chem. Lett. 2013, 4, 127 – 133.

[46] J. M. Garc�a, H. W. Horn, J. E. Rice, J. Phys. Chem. Lett. 2015, 6, 1795 –
1799. We note that although analogous reactivity cannot be completely
discounted in the Na – O2 cell, it cannot explain the lower than expect-
ed NaO2 (90 %) fraction in the cell, and the fact that our analysis ac-
counts for most of the side-products observed.

[47] R. Younesi, P. Norby, T. Vegge, ECS Electrochem. Lett. 2014, 3, A15 – A18.
[48] Y. Chen, S. A. Freunberger, Z. Peng, F. Barde, P. G. Bruce, J. Am. Chem.

Soc. 2012, 134, 7952 – 7957.
[49] S. Das, J. Hojberg, K. B. Knudsen, R. Younsei, P. Johansson, P. Norby, T.

Vegge, J. Phys. Chem. C 2015, 119, 18084 – 18090.
[50] N. Kumar, M. Radin, B. Wood, T. Ogitsu, D. Siegel, J. Phys. Chem. C 2015,

119, 9050 – 9060.
[51] G. Bieker, M. Winter, P. Bieker, Phys. Chem. Chem. Phys. 2015, 17, 8670 –

8679.
[52] J. San Filippo, C. I. Chern, J. S. Valentine, J. Org. Chem. 1975, 40, 1678 –

1680.
[53] R. Black, S. H. Oh, J. H. Lee, T. Yim, B. Adams, L. F. Nazar, J. Am. Chem.

Soc. 2012, 134, 2902 – 2905.

Received: January 10, 2016

Revised: March 15, 2016

Published online on June 6, 2016

ChemSusChem 2016, 9, 1795 – 1803 www.chemsuschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1803

Full Papers

http://dx.doi.org/10.1038/nchem.1376
http://dx.doi.org/10.1038/nchem.1376
http://dx.doi.org/10.1038/nchem.1376
http://dx.doi.org/10.1038/nchem.1376
http://dx.doi.org/10.1021/jz3018368
http://dx.doi.org/10.1021/jz3018368
http://dx.doi.org/10.1021/jz3018368
http://dx.doi.org/10.1039/c3cp50930c
http://dx.doi.org/10.1039/c3cp50930c
http://dx.doi.org/10.1039/c3cp50930c
http://dx.doi.org/10.1039/C4TA02176B
http://dx.doi.org/10.1039/C4TA02176B
http://dx.doi.org/10.1039/C4TA02176B
http://dx.doi.org/10.1063/1.555739
http://dx.doi.org/10.1063/1.555739
http://dx.doi.org/10.1063/1.555739
http://dx.doi.org/10.1063/1.555739
http://dx.doi.org/10.1021/jz500494s
http://dx.doi.org/10.1021/jz500494s
http://dx.doi.org/10.1021/jz500494s
http://dx.doi.org/10.1021/jz500494s
http://dx.doi.org/10.1021/jz200352v
http://dx.doi.org/10.1021/jz200352v
http://dx.doi.org/10.1021/jz200352v
http://dx.doi.org/10.1021/jz301359t
http://dx.doi.org/10.1021/jz301359t
http://dx.doi.org/10.1021/jz301359t
http://dx.doi.org/10.1021/jp410429k
http://dx.doi.org/10.1021/jp410429k
http://dx.doi.org/10.1021/jp410429k
http://dx.doi.org/10.1021/jp410429k
http://dx.doi.org/10.1002/anie.201205354
http://dx.doi.org/10.1002/anie.201205354
http://dx.doi.org/10.1002/anie.201205354
http://dx.doi.org/10.1002/anie.201205354
http://dx.doi.org/10.1002/ange.201205354
http://dx.doi.org/10.1002/ange.201205354
http://dx.doi.org/10.1002/ange.201205354
http://dx.doi.org/10.1126/science.1223985
http://dx.doi.org/10.1126/science.1223985
http://dx.doi.org/10.1126/science.1223985
http://dx.doi.org/10.1126/science.1223985
http://dx.doi.org/10.1021/jz4017188
http://dx.doi.org/10.1021/jz4017188
http://dx.doi.org/10.1021/jz4017188
http://dx.doi.org/10.1021/jz4017188
http://dx.doi.org/10.1021/jz5013824
http://dx.doi.org/10.1021/jz5013824
http://dx.doi.org/10.1021/jz5013824
http://dx.doi.org/10.1021/ja311518s
http://dx.doi.org/10.1021/ja311518s
http://dx.doi.org/10.1021/ja311518s
http://dx.doi.org/10.1021/ja311518s
http://dx.doi.org/10.1021/ja310258x
http://dx.doi.org/10.1021/ja310258x
http://dx.doi.org/10.1021/ja310258x
http://dx.doi.org/10.1021/ja310258x
http://dx.doi.org/10.1021/nl4021649
http://dx.doi.org/10.1021/nl4021649
http://dx.doi.org/10.1021/nl4021649
http://dx.doi.org/10.1038/nmat3737
http://dx.doi.org/10.1038/nmat3737
http://dx.doi.org/10.1038/nmat3737
http://dx.doi.org/10.1039/C4EE02587C
http://dx.doi.org/10.1039/C4EE02587C
http://dx.doi.org/10.1039/C4EE02587C
http://dx.doi.org/10.1039/C4EE02587C
http://dx.doi.org/10.1021/nn505337p
http://dx.doi.org/10.1021/nn505337p
http://dx.doi.org/10.1021/nn505337p
http://dx.doi.org/10.1021/nn505337p
http://dx.doi.org/10.1021/jz401659f
http://dx.doi.org/10.1021/jz401659f
http://dx.doi.org/10.1021/jz401659f
http://dx.doi.org/10.1016/j.jpowsour.2013.11.091
http://dx.doi.org/10.1016/j.jpowsour.2013.11.091
http://dx.doi.org/10.1016/j.jpowsour.2013.11.091
http://dx.doi.org/10.1016/j.jpowsour.2013.11.091
http://dx.doi.org/10.1039/c3cc46606j
http://dx.doi.org/10.1039/c3cc46606j
http://dx.doi.org/10.1039/c3cc46606j
http://dx.doi.org/10.1039/c3cc46606j
http://dx.doi.org/10.1039/C4EE01654H
http://dx.doi.org/10.1039/C4EE01654H
http://dx.doi.org/10.1039/C4EE01654H
http://dx.doi.org/10.1039/c3cc00085k
http://dx.doi.org/10.1039/c3cc00085k
http://dx.doi.org/10.1039/c3cc00085k
http://dx.doi.org/10.1039/c3cc00085k
http://dx.doi.org/10.1021/nl404557w
http://dx.doi.org/10.1021/nl404557w
http://dx.doi.org/10.1021/nl404557w
http://dx.doi.org/10.1021/cm5034904
http://dx.doi.org/10.1021/cm5034904
http://dx.doi.org/10.1021/cm5034904
http://dx.doi.org/10.1039/c3cp51112j
http://dx.doi.org/10.1039/c3cp51112j
http://dx.doi.org/10.1039/c3cp51112j
http://dx.doi.org/10.1021/ja508794r
http://dx.doi.org/10.1021/ja508794r
http://dx.doi.org/10.1021/ja508794r
http://dx.doi.org/10.1149/2.0201504jes
http://dx.doi.org/10.1149/2.0201504jes
http://dx.doi.org/10.1149/2.0201504jes
http://dx.doi.org/10.1149/2.0201504jes
http://dx.doi.org/10.1002/anie.201102357
http://dx.doi.org/10.1002/anie.201102357
http://dx.doi.org/10.1002/anie.201102357
http://dx.doi.org/10.1002/ange.201102357
http://dx.doi.org/10.1002/ange.201102357
http://dx.doi.org/10.1002/ange.201102357
http://dx.doi.org/10.1002/ange.201102357
http://dx.doi.org/10.1021/jz3017842
http://dx.doi.org/10.1021/jz3017842
http://dx.doi.org/10.1021/jz3017842
http://dx.doi.org/10.1021/jz3017842
http://dx.doi.org/10.1021/acs.jpclett.5b00529
http://dx.doi.org/10.1021/acs.jpclett.5b00529
http://dx.doi.org/10.1021/acs.jpclett.5b00529
http://dx.doi.org/10.1149/2.001403eel
http://dx.doi.org/10.1149/2.001403eel
http://dx.doi.org/10.1149/2.001403eel
http://dx.doi.org/10.1021/ja302178w
http://dx.doi.org/10.1021/ja302178w
http://dx.doi.org/10.1021/ja302178w
http://dx.doi.org/10.1021/ja302178w
http://dx.doi.org/10.1021/acs.jpcc.5b04950
http://dx.doi.org/10.1021/acs.jpcc.5b04950
http://dx.doi.org/10.1021/acs.jpcc.5b04950
http://dx.doi.org/10.1021/acs.jpcc.5b00256
http://dx.doi.org/10.1021/acs.jpcc.5b00256
http://dx.doi.org/10.1021/acs.jpcc.5b00256
http://dx.doi.org/10.1021/acs.jpcc.5b00256
http://dx.doi.org/10.1039/C4CP05865H
http://dx.doi.org/10.1039/C4CP05865H
http://dx.doi.org/10.1039/C4CP05865H
http://dx.doi.org/10.1021/jo00899a048
http://dx.doi.org/10.1021/jo00899a048
http://dx.doi.org/10.1021/jo00899a048
http://dx.doi.org/10.1021/ja2111543
http://dx.doi.org/10.1021/ja2111543
http://dx.doi.org/10.1021/ja2111543
http://dx.doi.org/10.1021/ja2111543
http://www.chemsuschem.org

