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ABSTRACT: Advanced large-scale electrochemical energy
storage requires cost-effective battery systems with high energy
densities. Aprotic sodium-oxygen (Na-O2) batteries offer
advantages, being comprised of low-cost elements and
possessing much lower charge overpotential and higher
reversibility compared to their lithium-oxygen battery cousins.
Although such differences have been explained by solution-
mediated superoxide transport, the underlying nature of this
mechanism is not fully understood. Water has been suggested
to solubilize superoxide via formation of hydroperoxyl (HO2),
but direct evidence of these HO2 radical species in cells has
proven elusive. Here, we use ESR spectroscopy at 210 K to
identify and quantify soluble HO2 radicals in the electrolyte
cold-trapped in situ to prolong their lifetimein a Na-O2 cell. These investigations are coupled to parallel SEM studies that
image crystalline sodium superoxide (NaO2) on the carbon cathode. The superoxide radicals were spin-trapped via reaction with
5,5-dimethyl-pyrroline N-oxide at different electrochemical stages, allowing monitoring of their production and consumption
during cycling. Our results conclusively demonstrate that transport of superoxide from cathode to electrolyte leads to the
nucleation and growth of NaO2, which follows classical mechanisms based on the variation of superoxide content in the
electrolyte and its correlation with the crystallization of cubic NaO2. The changes in superoxide content upon charge show that
charge proceeds through the reverse solution process. Furthermore, we identify the carbon-centered/oxygen-centered alkyl
radicals arising from attack of these solubilized HO2 species on the diglyme solvent. This is the first direct evidence of such
species, which are likely responsible for electrolyte degradation.

■ INTRODUCTION

It is well recognized that the electrification of transportation
would minimize the consumption of fossil fuels and reduce
CO2 emissions. Similarly, electrochemical energy storage allows
for intermittent renewable energy sources such as wind and
solar to become dispatchable. The key to realize these very
important aims relies on cost-effective batteries with high
energy densities and good cyclability.1 Although lithium-ion
batteries greatly satisfy the needs of small mobile devices, e.g.,
cell phones, their low energy densities (typically between 100
to 200 Wh kg−1) cannot effectively meet the demands of high-
energy, large-scale storage at very low cost.2

Metal-air batteries have attracted considerable attention in
the search for rechargeable batteries with superior energy
densities and a potentially lower price point. In contrast to the
intercalation chemistry of conventional lithium-ion batteries,
nonaqueous alkali metal-air batteries utilize oxygen derived
from air to form alkali metal oxides upon discharge and
reversibly evolve oxygen during charge.3 Nonaqueous lithium-
air batteries (more properly known as Li-O2 cells), first
discovered in 1996, possess a very high theoretical energy

density of 3500 Wh kg−1, which is a magnitude higher than
current lithium-ion batteries.4 It is the highest energy per unit
mass of any electrochemical storage system. However, major
fundamental and technological challenges still remain for Li-O2

batteries.5,6 The oxidation of the insulating Li2O2 products
upon charge leads to a high overpotential (typically above 1
V).7,8 This results in a poor round-trip energy storage efficiency
and, more importantly, rapid capacity decay during cycling.9 To
overcome this hurdle, recent work has focused on the use and
development of redox mediators.10,11 The aprotic electrolytes
used in Li-O2 cells, such as ether-based electrolytes, undergo
decomposition during discharge.12 Moreover the carbon
cathodes become chemically corroded by Li2O2 at the Li2O2/
carbon interface because of the high voltage needed to
overcome the overpotential.13,14 These undesired side reactions
result in the formation of byproducts, e.g., lithium carbonate
and carboxylate, which greatly reduce the reversibility of Li-O2

cells.15,16 Recently, reversible Li-O2 cells based on LiOH
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products using reduced graphene oxide and lithium iodide as
the cathode/redox mediator, respectively,17 or Ru/MnO2 as the
“catalyst” in the presence of trace water18 have been reported.
However, the mechanism is still not well-understood.
In contrast, nonaqueous sodium-air batteries (also known as

Na-O2 cells) present more reversible chemistry, as demon-
strated by Hartman et al., when sodium superoxide (NaO2) is
produced as the main discharge product using a “dry” diglyme-
based electrolyte.19 Although Na-O2 cells offer a lower
theoretical energy density (1105 Wh kg−1 based on NaO2)
than Li-O2 cells, they feature a much more abundant,
sustainable elementNaand a much lower charge over-
potential (typically below 0.2 V) and better rechargeability.20

Such differences are partly due to their discharge products that
are stabilized as NaO2, which does not spontaneously
disproportionate to sodium peroxide (Na2O2).

21 Lu et al.
described a Li-O2 cell based on lithium superoxide (instead of
Li2O2) which shows a similar low charge overpotential,22 as
does the recently reported K-O2 cell where KO2 is formed as
the discharge product.23 The deeper understanding into the
formation and oxidation mechanisms of NaO2 described in this
report reveals why Na-O2 cells possess such different
electrochemical characteristics and helps identify issues in
other alkali metal-oxygen chemistry, such as Li-O2 and K-O2.
These relate to the organic radical chemistry that characterizes
these aprotic systems.
Upon discharge of a Na-O2 cell, NaO2 products are

deposited as micrometer-sized cubic crystals. There has been
much speculation on the mechanisms of crystal growth and two
pathways have been put forward.24 The first pathway suggests
that NaO2 possesses sufficient electronic conductivity to allow
oxygen to be directly reduced on its surface, leading to the
electrochemical growth of NaO2 crystals. Indeed, Lee et al.
reported that the electronic and ionic conductivities were
calculated to be significantly higher in superoxide than
peroxide.25 However, recent density functional theory (DFT)
calculations and electrochemical atomic force microscopy
(AFM) studies by Hartmann et al. demonstrated that pure
stoichiometric NaO2 presents negligible conductivity at room
temperature, similar to both Na2O2 and Li2O2.

26 The “surface
conductive” pathway is thus under considerable debate. The
second pathway proposes that the transport of superoxide in an
ether-based electrolyte results in the nucleation and growth of

NaO2 particles.
27 Based on thermodynamic calculations, Shao-

Horn and Lee concluded that superoxide exhibits much lower
nucleation and dissolution energies than peroxide, which
theoretically allows the growth of NaO2 crystals through
solution processes.25,28 In our previous work, we experimentally
demonstrated that the second pathway is operative and driven
by the presence of proton phase-transfer catalysts (PPTCs),
e.g., water or proton donors such as benzoic acid.29 A trace
amount of H2O (<10 ppm) in the electrolyte leads to the
formation of cubic NaO2 crystals and a massive increase in
discharge capacity by comparison to a dry electrolyte. In the
absence of a PPTC, quasi-amorphous NaO2 films are formed,
delivering negligible cell capacity. The role of water has also
been highlighted in Li-O2 cells, (but at ultrahigh concen-
trations; a few thousand ppm) which may operate via a
different mechanism.30 We speculated that PPTCs are able to
reversibly transfer superoxide from the carbon surface to the
incipient NaO2 crystal nuclei via soluble HO2 radicals. These
are formed by the reaction of a weak acid such as water (HA)
with superoxide: HA + O2

•− ⇆ HO2 + A−. Metathesis (HO2 +
Na+ ⇆ NaO2 + H+) is responsible for transport and growth.
Our rotating ring-disk electrode (RRDE) studies also showed
that H2O additives lower the onset overpotential of the oxygen
reduction reaction (ORR), leading to much larger ring and disc
currents. Although the effects of H2O in both Li-O2 and Na-O2
cells are becoming better understood, there has been no direct
evidence for the soluble hydroperoxyl radical. Research to date
has not provided proof of solution-mediated superoxide
transport and its dependence on PPTCs. Furthermore, the
mechanisms behind the proposed solution-mediated crystal
growth and dissolution are not understood.
Here, for the first time, we employ a unique combination of

spectroscopic and microscopic techniques to elucidate this
complex radical chemistry. We quantify the superoxide species
in the electrolyte and on the solid cathode by using coupled
electron spin resonance (ESR) spectroscopy and scanning
electron microscopy (SEM) studies. Spectra and SEM images
were collected in parallel and from operando cells as a function
of charge passed and equilibration time. Our results
unequivocally demonstrate that the superoxide transfers
through solution processes and leads to the formation and
oxidation of NaO2. We show directly, via ESR, that these
solubilized superoxide species also attack the aprotic electrolyte

Figure 1. Schematic illustration of the Na-O2 cell and in situ electrolyte extraction during cycling to spin-trap either HO2 radicals as the DMPO-
OOH adducts at 210 K and/or carbon based radicals. The low temperature stabilizes the radicals and allows their study by ESR spectroscopy.
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leading to the formation of organic radicals. This is the first in
situ evidence of such species to our knowledge, which is
important because such radicals play a crucial role in electrolyte
degradation.

■ EXPERIMENTAL SECTION
ESR Spin-Trapping Technique. ESR, a radical-sensitive spectro-

scopic technique, paired with 5,5-dimethyl-pyrroline N-oxide
(DMPO) spin traps, has been used to investigate short-lived
superoxide radicals.31 By forming relatively stable DMPO-OOH
adducts (i.e., DMPO-HO2), the solubilized superoxide species can
be readily trapped by DMPO, whereas NaO2 is obviously not (Figure
S1).32 This allows for ESR investigations of the superoxide species in
the electrolyte. Recently Cao et al. performed ESR studies on cathodic
reactions in Li-O2 cells by adding DMPO directly into the cell.33

However, the ongoing degradation of DMPO-OOH adducts during
discharge at room temperature complicates the resulting ESR spectra
and obscures the underlying mechanisms (Figure S2).34 In our work,
100 μL of electrolyte composed of 0.5 M sodium trifluoromethanesul-
fonate (NaOTf) in distilled diethylene glycol dimethyl ether (diglyme)
was extracted in situ from a Na-O2 glass cell operating during discharge
or charge at various stages of electrochemical cycling and quickly cold-
trapped at 210 K via reaction with 500 μL of 0.1 M DMPO in
dimethyl sulfoxide (DMSO), as illustrated in Figure 1. The ESR
spectrum of the supercooled solution was immediately measured by an
X-band continuous-wave (CW) ESR spectrometer at 210 K. This
temperature was chosen to suppress side reactions, and hence stabilize
all the radicals formed during cycling, and to facilitate tuning of the
ESR cavity. The morphological changes of the products at the same
points corresponding to the ESR spectral collection were investigated
in parallel using a LEO 1530 field-emission SEM, by extraction of the
carbon diffusion layer cathode (GDL H2315, Freudenberg). To study
the role of water in the cell, varying amounts of deionized water were
added into the electrolyte; its precise water concentration was
determined by KF titration before use. Full details on the experimental
methodology and analysis and simulation of the ESR spectra are given
in the Supporting Information.

■ RESULTS AND DISCUSSION
Nucleation and Growth of NaO2 from Electrolyte.

Variations in the ESR spectra of the electrolyte and the

morphological changes of the cathodic products upon discharge
are shown in Figure 2. The purified electrolyte contains 10 ppm
of H2O (as determined by Karl Fischer titration; see
experimental section, SI). Prior to discharge, the pristine
electrolyte does not yield an ESR signal. Once ORR
commences, a distinct ESR spectrum with four broad peaks
appears as shown in Figure 2a. The observed ESR pattern and
extracted hyperfine coupling constants (αN = 13.2 G, αH

β = 11.0
G, and αH

γ = 0.8 G) are the same as those of the reported
DMPO-OOH adduct (see Figure S3 for the detailed analysis of
the ESR spectra).35 This proves the solubilization of superoxide
as hydroperoxyl (HO2) in the diglyme-based electrolyte. As the
discharge proceeds, the ESR pattern of the electrolyte remains,
whereas its intensity changes indicating a variation of
superoxide concentration.
Figure 2b shows that the intensity of the DMPO-OOH signal

initially increases to a maximum value at a discharge time of 45
min, followed by a short decrease that eventually reaches steady
state. Such time-dependent changes have also been reported in
the crystallization of other nanomaterials in solution, e.g., sulfur,
silver halide, and magnetite.36,37 They are described by the
classical LaMer mechanism, based on a seminal study that
described a reaction system using a plot of a notional reacting
species concentration versus time.38 Based on this mechanism,
the curve representing dissolved superoxide content can be
divided into three regions as illustrated in the inset of Figure
2b:39 (I) The solubilization of superoxide in the electrolyte
leads to an initial increase of superoxide concentration. (II)
once a critical supersaturation, Ccrit, is achieved, the superoxide,
in the presence of sodium cations, undergoes “burst-nucleation”
forming a large number of solid NaO2 nanonuclei, which
reduces the concentration of superoxide in solution. Sub-
sequently, there is almost no nucleation occurring due to the
low concentration of free superoxide in the electrolyte. (III)
The newly formed superoxide moieties steadily diffuse to the
nucleation sites of NaO2 nanoparticles. This leads to the
epitaxial growth of NaO2 crystals and stabilizes the concen-
tration of superoxide at a low supersaturation, i.e., slightly

Figure 2. X-band ESR spectra of the electrolyte at different discharge depths (a) and the corresponding intensity variation of the DMPO-OOH ESR
signal (b). (c−f) SEM images of carbon-fiber cathode discharged for 15 min (c), 90 min (d), 600 min (e), and 15 min followed by immersing the
cathode into electrolyte for 1 h (f). The white bars indicate a length of 5 μm. The discharge current is 50 μA cm−2.
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higher than its solubility (C*). The morphology changes of the
cathodic products during discharge are shown in Figure 2c−f.
At a short discharge time of 15 min (region I), film-like
products are formed which partially cover the surface of the
carbon fiber cathode (Figure 2c). Such film products are likely
to be quasi-amorphous NaO2 (Figure S4), which has been
previously identified using an almost anhydrous electrolyte.29

After immersing the cathode in electrolyte for 1 h without
polarization, however, the NaO2 films are completely dissolved
in the electrolyte, revealing the bare surface of the cathode
(Figure 2f). This indicates slow dissolution of surface
superoxide. Additional experimental evidence is discussed
below in the context of Figure 3.40 Recently, such NaO2 thin
films have been proven to be highly insulating.26 They passivate
the carbon cathode, reducing the cell capacity, while their
oxidation likely causes the initial overpotential feature upon
charge. Thus, accelerating the dissolution of superoxide to
eliminate the formation of NaO2 films is critical to improve the
discharge capacity and lower the overall charge overpotential.
As the discharge proceeds to 90 min (region III), the entire
cathode is covered by a NaO2 film. Moreover a number of spot-
like particles are found deposited on the cathode (Figure 2d).
They are likely to be the NaO2 nuclei as predicted by the
LaMer mechanism. With a prolonged discharge to 600 min,
these NaO2 nuclei grow to micrometer-sized NaO2 cubic
crystals (Figure 2e),19 kinetically driven by the proton transfer
catalytic process. To the best of our knowledge, this is the first
experimental observation that conclusively shows that solution-
mediated superoxide transport leads to the nucleation and
growth of NaO2 crystals upon discharge.
Water-Assisted Superoxide Transfer. Figure 3 shows the

effects of H2O concentration on the solubilized superoxide
species and the morphology of the cathode with a short
discharge time of 15 min. With an increase of H2O content, less
NaO2 film is found on the cathode (Figure 3c−f). Instead,

more superoxide is detected in the electrolyte that shows
enhanced signals of the DMPO-OOH adduct (Figure 3a).
Based on the Noyes−Whitney equation, the poor solubility

and low diffusion coefficient of NaO2 in the electrolyte with 10
ppm of H2O likely lead to the slow dissolution of NaO2.

26

However, with the increase of H2O content, the superoxide
anionbeing a strong Brønsted basereadily abstracts a
proton from H2O, forming the soluble HO2 intermediate as
suggested in the literature.29,41 This accounts for the enhanced
superoxide transport which leads to the formation of larger
NaO2 crystals with improved cell capacity.29 Recently Aetukuri
et al. suggested that H2O acts as a solvating additive that drives
the solution processes and enhances the growth of Li2O2
toroids. As solvation does not change the surface ORR kinetics,
it shows negligible influence on the overpotentials of Li-O2
cells.30 In contrast, as shown in Figure 3b, the discharge
overpotential of the Na-O2 cell is lowered by 100 mV when the
H2O concentration of electrolyte increases from 10 to 5000
ppm. Similar improvement is also observed in the RRDE
studies of Na-O2 chemistry.29 On the basis of cyclic
voltammetry and in situ Raman studies on Li-O2 cells, Markovic
et al. also concluded that H2O acts as a catalyst and promoter,
thus improving ORR by interacting with the superoxide species
on the surface of the cathode.42

ESR Evidence of Carbon-Centered Organic Radicals
on Reduction. When an ultrahigh H2O concentration of 5000
ppm is added to the electrolyte, the ESR spectrum of the
discharged electrolyte changes to a six-peak pattern. This
pattern has very different underlying hyperfine values compared
to the DMPO-OOH pattern, indicating the formation of other
radicals (see Figure 3a). The hyperfine coupling constants of
αN = 14.1 G and αH = 21.3 G indicate carbon-centered radicals
(Figure S5).43 Large amounts of hydroperoxyl, well-known as a
chemically reactive radical, will cause hydrogen abstraction
from the glyme solvent thus forming carbon-centered radicals
as reported previously.12 This results in the decomposition of

Figure 3. Effects of H2O content on the ESR spectra of discharged electrolytes (a) and the discharge curves of Na-O2 cells at a constant discharge
time of 15 min (b). In (b), the electrochemical profile is affected at the highest H2O concentration of 5000 ppm (magenta) due to reaction of water
with the Na anode resulting from crossover. Insets: the intensity changes of DMPO-OOH ESR signal and the discharge overpotential changes of
cells as a function of H2O concentration, respectively. (c−f) SEM images of the discharged cathodes using electrolytes with H2O concentrations of
10 ppm (c), 100 ppm (d), 500 ppm (e), and 1000 ppm (f). The white bars indicate a length of 5 μm. A constant discharge current of 50 μA cm−2

was applied.
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electrolyte restricting the cycling performances of Na-O2 cells.
44

Therefore, only low quantities of H2O (<5000 ppm) can be
tolerated in Na-O2 cells.
Solution-Mediated NaO2 Oxidation. The reversible

oxidation of NaO2 products through solution-mediated trans-
port determines the rechargeability of the Na-O2 chemistry. For
charging studies, carbon cathodes predischarged to 2 mAh
cm−2 were used. Prior to charge, reaction of the electrolyte
containing 10 ppm of H2O with DMPO shows the ESR
spectrum of the DMPO-OOH adduct (Figure 4a). Naturally,
the HO2 formed on discharge is not consumed (it is a catalyst).
As presented in Figure 4b, upon charge, the intensity of

DMPO-OOH signal decreases and then reaches steady state
after 45 min of charge. It indicates that the charge reaction
consumes the superoxide in the electrolyte. We constructed a
solution-diffusion model to simulate the charge processes,
assuming that superoxide diffuses to the surface of the cathode,
via electrolyte, for oxidation (see Figure S6 for modeling
details). As shown in Figure 4b, the calculated signal-intensity
curve (red curve) based on this model agrees well with the
experimental results (black squares). In addition, this model
also reveals that solvent properties, e.g., hydroperoxyl solubility
and its diffusion coefficient, will significantly influence super-
oxide mobility in the electrolytes, which would in turn affect the

Figure 4. ESR spectra of the electrolyte at different charge depths (a) and the changes in intensity of DMPO-OOH signal upon charge (b). Black
squares indicate the measured intensities, and the red line is the calculated intensity curve based on the solution-diffusion model. (c-f) Morphology
of cathodes charged for 0 min (c), 90 min (d), 1200 min (e), and 3.5 V (∼2160 min) (f). Note: the cathodes were predischarged to 2 mAh cm−2 and
were then used for charge studies. The white bars indicate a length of 5 μm. The charge current is constant at 50 μA cm−2.

Figure 5. Effects of water concentrations on the ESR spectra of charged electrolytes (a) and the charge curves of Na-O2 cells at a constant charge
time of 15 min (b). Insets show the intensity changes of ESR signal from DMPO-OOH adducts and the charge overpotential changes of cells as a
function of H2O content. (c−f) Morphology of cathodes charged for 15 min using electrolytes with H2O concentrations of 10 ppm (c), 500 ppm
(d), 1000 ppm (e), and 5000 ppm (f), respectively. The white bars indicate a length of 5 μm. A constant charge rate of 50 μA cm−2 is applied.
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charge behavior of Na-O2 cells (Figure S7). In comparison with
the diglyme-based electrolyte, the ionic liquid 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr14TFSI) and tetraethylene glycol dimethyl ether (tetra-
glyme) exhibit lower superoxide solubilities and diffusion
coefficients, thereby leading to high charge overpotentials and
poor Coulombic efficiencies (see Figure S8).40,45 In addition,
shoulders appear in the ESR spectrum when the charge time is
longer than 90 min, as shown in Figure 4a. These additional
peaks indicate the formation of other radical species. They were
also observed in the presence of large amounts of H2O (see
above, Figure 3a) and identified as oxygen-centered organic
radical species. Elucidation of their spectral features is
presented near the end of the discussion. Upon the interruption
of charge, NaO2 crystals continuously dissolve in the electrolyte
until an equilibrium state, i.e., maximum solubility, is achieved.
The intensity of the DMPO-OOH adduct signal thus returns to
its initial value after the cathode rests at open circuit conditions
for 2 h (Figure 4b).
Figure 4c−f shows the morphology changes of the cathodic

products upon charge. The dissolution of NaO2 diminishes the
size of the cubic crystals. At a charge time of 1200 min, the
edges of NaO2 particles are preferentially dissolved, likely due
to their higher surface energy.46 After charging the Na-O2 cell
up to 3.5 V, NaO2 products are fully oxidized showing a bare
cathode (see Figure 4f). The Na-O2 cell shows a typical
Coulombic efficiency of 90% due to parasitic reactions and loss
of superoxide within the cell.47,48

Effect of High Water Concentrations on Charge. With
increasing H2O concentration (up to 1000 ppm) larger ESR
signals from the DMPO-OOH adduct are observed. This
indicates more superoxide radicals are present in the electrolyte
(Figure 5a). It also suggests that H2O improves the
solubilization of superoxide during charge. Furthermore, the
charge overpotential of the cell using an electrolyte with 500
ppm of H2O is ∼30 mV lower than that of the electrolyte with
10 ppm of H2O (Figure 5b). However, when the H2O
concentration is higher than 500 ppm, the charge overpotential
rises. Figure 5c-f shows that the increase of H2O content
roughens the surface of NaO2 cubic crystals. The carbon fibers
are fully covered with flake-like particles. These particles are
identified as sodium acetate and sodium peroxide dihydrate
byproducts (Figure S9). Thus, enhanced solubilization of
superoxide triggers the decomposition of the electrolyte during
charge. This is discussed below.
ESR Evidence of Oxygen-Centered Organic Radicals

on Oxidation. Figure 6 compares the normalized ESR spectra
of the electrolyte samples containing 10 ppm of H2O charged
for 0 and 120 min as well as the electrolyte samples with 10 and
500 ppm of H2O charged for 15 min. The spectrum with either
longer charge time or higher H2O concentration in the
electrolyte presents a distorted ESR pattern compared with that
of the DMPO-OOH adduct, which indicates another radical
species is formed under these conditions. Subtraction of the
sets of measured spectra shows identical ESR patterns of the
newly formed radicals (blue curves) with six equally distanced
peaks. The simulated ESR spectra (dotted magenta curves)
with simulation parameters of αN = 12.8 G and αH = 6.4 G
show good agreement to the subtracted spectra (more detailed
analysis on the spectra is given in the SI). The extracted
hyperfine coupling constants obtained from the simulations
suggest that the paramagnetic species responsible for the

observed signals are likely oxygen-centered alkyl radicals
(RO•).32

Consistent with the results here, Adams et al. recently
demonstrated that glyme-based solvents decompose and form
alkyl oxygen radicals through hydrogen abstraction by super-
oxide followed by a β-scission.49 The results in Figure 6 indicate
that the formation of RO• radicals requires either longer charge
or higher H2O content. Based on simulations, Khetan et al.
suggested that the rate of solvent degradation is determined by
the solvent acidity (pKa) and concentration of superoxide in the
electrolyte.50 With the electrolyte used here that contains 10
ppm H2O, a long time may be required to achieve a sufficiently
high content of superoxide due to its limited dissolution rate.
However, such concentration of superoxide could easily be
obtained in the presence of large amounts of H2O. These
solution processes greatly influence the reversibility of Na-O2
cells.
We have demonstrated that these chemically unstable alkyl

oxygen radicals further degrade to sodium acetate,51 while
superoxide is finally converted to Na2O2·2H2O via reaction of
NaO2 with water52 upon peroxo-hydroxylation as proposed by
Kim et al.53 Upon charge, these insoluble byproducts
progressively precipitate from the electrolyte, forming a
passivating layer on the cathode (Figure 5c−f).51 This raises
the charge overpotential of Na-O2 cells using electrolytes with
high H2O content (Figure 5b).
Clearly, the reactivity of the HO2 radicalformed in Na-O2

and Li-O2 cells alike in the presence of trace wateris a major
problem underlying rechargeability. Work is needed to develop
transfer agents to solubilize and stabilize sodium superoxide in
the electrolyte (as recently demonstrated for the Li-O2
system),54,55 which would aid in preventing decomposition of
aprotic solvents.

Figure 6. (a) Comparison of normalized ESR spectra of the electrolyte
samples with 10 ppm of H2O charged for 0 min (black curve) and 120
min (red curve). The blue solid curve is the spectrum obtained by
subtracting the ESR signal of 120 min charged electrolyte from that of
0 min charged electrolyte. The dotted magenta curve is the simulation
of the subtracted spectrum. (b) Comparison of ESR spectra of the
electrolyte samples containing 10 and 500 ppm of H2O charged for 15
min. The blue solid curve is the spectrum obtained by subtracting the
ESR signal of charged electrolyte with 500 ppm of H2O from that of
charged electrolyte with 10 ppm of H2O. Dotted magenta curve is the
simulated spectrum.
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■ CONCLUSIONS
Key to the findings presented here was coupling the technique
of cold spin trapsto stabilize the dissolved superoxide species
in the electrolyte for ESR analysiswith parallel investigations
of the morphological evolution of solid NaO2 products by
SEM. The observation of the ESR signal of DMPO-HO2 (i.e.,
DMPO-OOH) conclusively shows the solubilization of super-
oxide in the 10 ppm of H2O/diglyme-based electrolyte via
hydroperoxyl radicals. Increasing H2O content leads to a greatly
enhanced DMPO-OOH ESR signal, indicative of higher HO2
concentration. Once a critical supersaturation is achieved,
nucleation and growth of NaO2 cubic crystals on the cathode,
as observed by SEM, follow the classical LaMer mechanism. We
propose this takes place by metathesis (HO2 + Na+ ⇆ NaO2 +
H+). On charge, the reverse occurs: The NaO2 crystals shrink in
size, while the diminished intensity of the DMPO-OOH signal
indicates consumption of superoxide in the electrolyte. These
findings show that the charge pathway involves the dissolution
of NaO2 and subsequent hydroperoxyl diffusion to the carbon
cathode where it is oxidized; i.e., HO2 → O2 + H+ + e−. A
simple model to simulate the diffusion of the hydroperoxyl
radical in the electrolyte and its electrochemical oxidation
agrees very well with the changes in hydroperoxyl concen-
tration as measured by the ESR signal intensity.
The results provide not only direct evidence of the soluble

hydroperoxyl species in the Na-O2 cell and its role in transport
but also of its reaction with glyme to form both carbon-
centered and oxygen-centered organic radicals. These are
predicted to be the agents that degrade the electrolyte, lowering
the charge efficiency and limiting the cycling capabilities of the
Na-O2 cells.

51 This provides insight into a significant reaction
pathway. A better understanding into the solution-mediated
oxygen reaction mechanism should inspire future studies to
explore other phase transfer catalysts with higher efficiency and
to develop chemically stable electrolytes, both liquid and
solid.56−58
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