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In the search for improved energy storage, rechargeable metal–oxygen batteries are very attractive owing to their reliance
on molecular oxygen, which forms oxides on discharge that decompose reversibly on charge. Much focus has been
directed at aprotic Li–O2 cells, but the aprotic Na–O2 system is of equal interest because of its better reversibility. We
report here on the critical role and mechanism of phase-transfer catalysis in Na–O2 batteries. We find that it is solely
responsible for the growth and dissolution of micrometre-sized cubic NaO2 crystals and for the reversible cell capacity. In
the absence of phase-transfer catalysis, quasi-amorphous NaO2 films are formed and cells exhibit negligible capacity.
Electrochemical investigations provide a measure of the transportation of superoxide from the carbon electrode to the
electrolyte phase by the phase transfer catalyst. This leads to a new understanding of the mechanism of Na–O2 batteries
that, significantly, extends to Li–O2 cells and explains their different behaviour.

The discovery of the Li–oxygen cell in the mid-1990s1 initiated
studies of aprotic alkali metal–air batteries that have witnessed
tremendous resurgence in the past few years. In contrast to

conventional intercalation batteries, a metal–air battery comprises
a gas cathode that allows oxygen to be reduced to form solid
oxide products on discharge, which, in principle, reversibly evolve
oxygen on charge2. The aprotic Li–O2 cell system operates at an
equilibrium potential of 2.96 V to form Li2O2, with a theoretical
energy density of 3,458 Wh kg−1 (several times greater than that
of current Li-ion cells3,4). However, large charge overpotentials dis-
tinguish this cell chemistry, leading to relatively low roundtrip
energy storage efficiencies and significant capacity fading. The use
of carbon cathodes leads to the formation of highly insulating
layers of Li2CO3 and/or other carbonate-type species at the inter-
face5,6; additionally, favoured electrolytes such as glymes undergo
nucleophilic attack by the reactive lithium superoxide intermediate
initially formed on discharge. Electrolytes including dimethyl sulf-
oxide (DMSO)7,8, N,N-dimethylacetamide/LiNO3 (ref. 9) and
ionic liquids10 have been explored, but the reactivity of the
cathode6 remains a concern. Water also participates in directing
the chemistry in the cell, as identified by Gasteiger and co-
workers11–13. Recent work refers to the solvation of lithium superox-
ide at ultrahigh water concentrations14, as is also observed for pure
high-donor-number solvents such as DMSO15. However, oxidation
of the large insulating Li2O2 toroids formed at high discharge
capacities due to partial LiO2 solubilization16,17 leads to a high over-
potential on charge, a major hurdle that may be overcome with the
use of redox mediators18–20.

By contrast, the more reversible chemistry of the Na–O2 cell is
less understood. Although its overall energy density is lower than
that of Li–O2, it operates with over 93% Coulombic efficiency21.
The first report on Na–O2 cells utilized a polymer electrolyte and a
molten sodium anode operating at 100 °C (ref. 22). Seminal studies
on room-temperature cells have been reported by Hartmann and col-
leagues, who demonstrated that sodium superoxide is the main dis-
charge product using a diglyme-based electrolyte23. Oxidation of
NaO2 shows a much lower charge overpotential (<200 mV)21,23 and
better rechargeability than that of Na2O2 (ref. 24), as does KO2

(ref. 25). Such chemistry offers the possibility of promising energy
storage (theoretical 1.1 kWh kg−1 based on NaO2) and the opportu-
nity to elucidate the underlying mechanisms because the discharge
product is stable as NaO2, without disproportionation to Na2O2.
Importantly, it allows us to extend this understanding to Li–O2

cells and to answer the critical question of why the overpotential
is so much lower for Na–O2 batteries.

Superoxide versus peroxide stability is a function of the alkali
cation. On the basis of cyclic voltammetry (CV) and rotating disk
electrode (RDE) studies on Li–O2 cells, Laoire and colleagues con-
cluded early on that O2 is initially reduced to LiO2 on discharge26.
Although LiO2 has been trapped in nanodomains on ‘Li2−xO2’
cathode surfaces and identified using Raman and magnetic
measurements, supported by computational studies, it is thermody-
namically unstable and disproportionates into Li2O2 and O2

(refs 27–29). Conversely, in a Na–O2 cell, the formation of NaO2

during discharge competes with Na2O2 owing to their close equili-
brium potentials (2.27 V versus 2.33 V, respectively)21,23.
Importantly, Kang and co-workers concluded from computation
that Na2O2 is a stable bulk phase, whereas NaO2 is more stable at
the nanoscale30. Although both the peroxide31–35 and superox-
ide36–38 have been reported as the discharge products of a Na–O2

cell, which of these is favoured is not understood. The formation
of NaO2 may be kinetically preferred due to the requirement of
only a 1 e− transfer (compared to two for Na2O2). Indeed, in
glyme-based electrolytes, solid NaO2 is deposited as micrometre-
sized cubic crystals, which are oxidized to O2 at very low overpoten-
tial23. There has been much speculation on the mechanism of crystal
growth, and two pathways have been put forward36. One suggests
that NaO2 formed at the cathode migrates to the surface of the
growing nuclei via the electrolyte solution. The other is that
oxygen is directly reduced at the crystalline NaO2 surface due to
the possible (albeit very low) electronic conductivity of NaO2, also
providing a mechanism of charge/oxidation.

Here, we demonstrate that the first pathway is operative, and but
that it is almost exclusively driven by the presence of a proton phase-
transfer catalyst (PPTC), which is critical to solubilizing and trans-
porting the superoxide. The proton can be, and is in practice,
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derived from any source, such as impure salt hydrates or the
inclusion of trace H2O from the system, owing to the formation
of the highly soluble HO2 radical39. Any anhydrous weak acid can
also function as the proton source. Key to this understanding was
the synthesis of pure, completely anhydrous sodium triflate
(NaOTf) salt. This has allowed us to elucidate a simple mechanism
of crystal growth whereby HO2 is readily transported in solution to
the surface of growing NaO2 nucleation sites, and deposition is
driven by the large negative free energy of crystalline NaO2.
Kinetics and thermodynamics operate in concert to grow large
NaO2 cubic crystals, giving rise to very high capacities. In the
absence of the PPTC, quasi-amorphous superoxide thin films
result, which have a very low capacity owing to the low solubility
of NaO2 and/or low conductivity of the solid phase. These results
lead us to an overarching understanding of alkali–metal oxygen
electrochemistry, explaining why high overpotentials on charge
are characteristic of Li–O2 cells but not Na–O2 cells.

Results and discussion
Effect of a phase-transfer catalyst. Figure 1 shows the effects of
different NaOTf salts on the oxygen reduction reaction (ORR)
performance and discharge products. Commercial NaOTf salts
displayed a high discharge capacity at low overpotential and
abundant coverage of the electrode surface with large crystalline
NaO2 cubes, as previously reported23. By contrast, our pure,
synthesized (Supplementary Methods) NaOTf salt, the crystalline
purity of which was confirmed by Rietveld refinement of its
X-ray diffraction (XRD) pattern (Supplementary Fig. 1), behaved
very differently. This anhydrous salt is freely soluble in
common solvents such as dimethoxyethane and diglyme to give

entirely clear solutions, but yielded very low discharge capacities
(∼0.1 mAh cm−2, Fig. 1a). The presence of a small quantity
of NaO2 deposited as a thin film on the carbon fibres of the
cathode was revealed by scanning electron microscopy (SEM)
image (Fig. 1d) and energy-dispersive X-ray (EDX) analysis
(Supplementary Fig. 2) of the film. The latter measures the
expected 1:2 Na:O ratio of the product. A weak, but discernable
XRD signature of the (200) reflection of NaO2 further confirms
its formation (Fig. 1b, inset). The impurity in the commercial
salt—and its absence in pure NaOTf—was identified as NaOH
and its associated water (as a hydrate) by infrared spectroscopy
(Supplementary Fig. 3). This leads to 10 (±1) ppm water in the
electrolyte when using 0.5 M commercial NaOTf salt, as
determined by Karl–Fisher titration. Accordingly, adding a trace
of water (8 ± 1 ppm) to the electrolyte with the pure anhydrous
NaOTf salt results in a massive increase in discharge capacity to
2.65 mAh cm−2 (Fig. 1a, blue curve) and a plethora of ∼10 µm
crystalline NaO2 cubes on the cathode (Fig. 1c). With higher
water content (14 ± 1 ppm), the discharge capacity (Fig. 1a, inset)
and the dimensions of the NaO2 cubes increase (to 4.25 mAh
cm−2 and ∼25–30 µm respectively, Supplementary Fig. 4). The
effect maximizes at 100 ppm water and then declines, highly
suggestive of a catalysed process (Supplementary Fig. 5). We
conclude that H2O—but more specifically H+—is vitally involved
in catalytic crystal growth. Precisely the same effects are
observed when traces (∼10 ppm) of other anhydrous weak acids
(for example, benzoic or acetic acid) are used as the PPTC (Fig. 1f
and Supplementary Fig. 6). We note that very high
concentrations of H2O (500–4,000 ppm) have been reported to
increase capacity in Li–O2 cells via solvation of LiO2, with an
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Figure 1 | Comparison of the electrochemistry, XRD patterns and morphology of NaO2 formed by discharge in pure and water-added NaOTf salt
electrolyte. a, First discharge curves of Na–O2 cells using different NaOTf salts at 50 µA cm−2 with a cutoff voltage of 1.8 V. The inset shows the variation in
capacity with water contents ranging from 0–14 ppm. The error bars are a standard deviation of the mean. b, XRD patterns of the corresponding discharged
cathodes. The charge cycle was ∼93% efficient, as is typical of other reports23 (Figs 2 and 5). Pure NaOTf, black; pure NaOTf with 8 ppm water added, blue;
pure NaOTf with 14 ppm water added, red; pure NaOTf with 10 ppm anhydrous benzoic acid added, magenta; pure NaOTf with 10 ppm anhydrous acetic
acid added, green. c–f, SEM images showing the morphology of discharge products on the carbon fibre gas diffusion membrane: salt with 8 ppm water (c);
pure anhydrous NaOTf showing a film on the carbon fibres (d); commercial NaOTf salt (e); pure NaOTf salt with 10 ppm benzoic acid (f). Scale bars, 10 µm.
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asymptotic increase in response observed14. In our studies,
however, the amount of superoxide produced per minute greatly
exceeds that of the total PPTC concentration (Supplementary
Methods). Thus, ‘solvation’ of the superoxide by water or weak
acid can be ruled out.

Oxygen evolution activity. The results from in situ mass
spectrometry measurements of oxygen evolution from cells are
presented in Fig. 2. Comparison of the electrochemical capacity
on charge with the oxygen evolved in a cell using pure NaOTf
with ∼10 ppm H2O added (Fig. 2a,b) provides a charge ratio of
1.1 e−/O2 (Fig. 2c), nearly identical to that for commercial NaOTf
and as reported elsewhere38. The oxygen evolution profile,
corresponding to a flat voltage plateau (Fig. 2b), is constant
throughout the state of charge. It is not accompanied by CO2

evolution, even up to 4.5 V. This contrasts with typical Li–O2

cells, which show multiple stages of oxygen evolution indicative of
complex reactions and CO2 evolution40. The behaviour is
completely different from the pure anhydrous salt electrolyte, free
of a proton source (<1 ppm H2O), where the voltage profile
dramatically slopes and exhibits a much larger overpotential
(onset at ∼3.3 V). Compared to the electrolyte with the addition
of H2O, oxygen evolution associated with the pure-salt electrolyte
is extremely low. Oxygen evolution is not constant, and primarily
occurs at the onset of charge. At the end of charge, the e−/O2

ratio is ∼5.75 e−/O2, indicating that oxygen evolution is a highly
hindered process in the absence of a PPTC. Here, charge is
accompanied by significant side reactions. The evolution of CO2

occurs above 4 V, the typical decomposition voltage of alkyl
carbonates40. We speculate that the film-structured NaO2 in the
water-free cell may react at the carbon electrode interface to form
Na2CO3 due to the large interfacial area6.

Mechanism. The charge profile described above cannot be explained
by water acting as a solvating agent14. A mechanism that explains
the findings relies on proton-based phase-transfer catalysis
(illustrated in Fig. 3). During discharge, oxygen is reduced on the
carbon surface, forming superoxide (O2

−). Reaction of surface-
bound superoxide (O2

−) with H2O in solution yields HO2 and
OH− (O2

− +H2O→HO2 +OH−), based on the ability of superoxide
to act as a strong Brønsted base, readily abstracting protons from
water and weakly acidic substrates41–43. The above reaction
dominates in aprotic media when weak acids are present. It is
driven by the consumption of HO2 via dismutase44. We propose
that HO2, being a soluble intermediate, desorbs from the carbon
surface into the electrolyte and forms nuclei of NaO2 via metathesis
on encountering solvated Na+ ions (HO2 +Na+→NaO2 +H+), thus
regenerating the H+

(solv) catalyst for another cycle. The proton acts
as a carrier, continuously transporting the superoxide from the
cathode surface to the solution phase. The reactions can be
summarized on discharge, with HA representing a weak acid, as:

HA + O2
•− ⇆ HO2 + A− (1)

HO2 + Na+ ←−→ NaO2 + H+ (2)

Summary: HA + O2
•− + Na+ � NaO2 + A− + H+

Overall: O2
•− + Na+ � NaO2

The equilibrium in equation (1) is shifted strongly to the right by the
removal of HO2 via equation (2), namely by the crystallization of
NaO2 on discharge. This makes O2

•− a stronger base than
expected, similar to the effect of dismutase (see above)41,43. Once
supersaturation of NaO2 nuclei occurs, crystallization is driven
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Figure 2 | Oxygen evolution monitored by online mass spectrometry. a, Charge profiles of Na–O2 cells using pure NaOTf salt (dotted line) and pure salt
with ∼10 ppm water (solid line) at 0.05 mAh cm−2 with a cutoff voltage of 4.5 V. b, The corresponding gaseous products, O2 (blue) and CO2 (red), evolved
during charge. c,d, Cumulative evolved oxygen (magenta) and electrons (grey) as a function of charge capacity on the basis of the online mass spectrometry
results presented in a and b. Before charge, the cell using the pure NaOTf salt was fully discharged to 1.8 V, giving a low discharge capacity of 0.13 mAh cm−2,
whereas the cell using the pure NaOTf with 10 ppm water was partially discharged to 1 mAh cm−2.
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by the large free energy associated with formation of the NaO2 lattice
(ΔG = −437.5 kJ mol–1)21,30. The peroxide, Na2O2, should actually
be thermodynamically favoured on the basis of its slightly lower
free energy of formation (ΔG = −449.7 kJ mol–1). However,
calculations notably reveal that these energies are reversed for
nanocrystallites that are <5 nm in dimension30. Thus, incipient
nucleation of nanodimensioned NaO2 triggers epitaxial growth,
kinetically promoted by the proton phase transfer catalyst to create

micrometre-sized crystals. We note that HO2 is aggressive towards
organic electrolytes and oxygen-rich surface functional groups27,
leading to the formation of side products (for example, NaF and
NaOAc)36. Only low quantities can be tolerated in the cell. The
diffusion of HO2 towards the separator and anode also results in
some NaO2 crystallizing on the separator (Supplementary Fig. 7).
Both factors can lower the charge efficiency and limit cycling
performance. These may be overcome by cell and cathode
optimization, as suggested recently45.

Concrete evidence for the solubilization of superoxide and its
phase-transfer reaction with water in the electrolyte was provided
by rotating ring disk electrode (RRDE) studies, as summarized in
Fig. 4 and Supplementary Fig. 8, where smaller ring currents indi-
cate a lower fraction of transported species. In the presence of
H2O, the linear sweep voltammogram reveals both a large disk
current response associated with the reduction of oxygen to super-
oxide and a significant ring current from the solution-mediated
transport of superoxide. The onset of reduction occurs 0.13 V
higher than in the absence of H2O, indicating a catalysed process.
In the water-free electrolyte, more limited transport of NaO2

results in approximately threefold lower disk and ring currents.
This accounts for the greatly reduced capacity observed in full
cells employing anhydrous NaOTf (Fig. 1). Whereas rapid passiva-
tion of the disk electrode starts at ∼1.9 V (Edisk) for the anhydrous
electrolyte, the PPTC enhances dissolution of O2

−, freeing active
sites on the glassy carbon surface and leading to a much higher
disk current with little passivation evident until <1.6 V. Johnson
and colleagues have also used RRDE to determine the partial solu-
bility of LiO2 in glyme, similar to what we see for NaO2 in anhy-
drous diglyme, and to show the higher solubility of LiO2 in
DMSO on a gold disk electrode15. Although solvation in DMSO is
quite different from the phase-transfer process we describe here
(see Supplementary Fig. 8 for a discussion), both result in higher
capacity. However, solvation does not lower the overpotential on
charge or on discharge, whereas the PPTC lowers the overpotential
for ORR as expected for a catalysed process. More importantly, it
significantly lowers it for the oxygen evolution reaction (OER).

Charge/oxidation. Based on the well-known principle of
microscopic reversibility, a catalyst for the forward reaction must
also function for the reverse. The PPTC during charge must also
reversibly transport the superoxide, via HO2, from the NaO2
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crystallites to the surface of the carbon fibre cathode for oxidation
(that is, NaO2 + H+

(solv)→ HO2 + Na+(solv); Fig. 3b). We demonstrate
this below. This gives rise to near complete charge capacity at a
low overpotential, in contrast to the negligible charge when the
catalyst is absent, as shown in Fig. 2a. However, because of the
very small amount of superoxide deposited in the water-free
Na–O2 cell on discharge, it is difficult to prove whether the cell
charges poorly owing to the reaction of (limited) superoxide with
the carbon surface, or a kinetically hindered process.

To isolate charge from discharge, NaO2 loaded electrodes were
prepared by discharging cathodes to 1 mAh cm−2 in our NaOTf
electrolyte containing 10 ppm water. The electrodes were extracted
from the cell, thoroughly washed with anhydrous diglyme, and
dried. One set of electrodes was subjected to charge in the same elec-
trolyte, and the other was charged in anhydrous NaOTf/diglyme
electrolyte. The results, shown in Fig. 5, are representative of mul-
tiple experiments. Figure 5a clearly shows that the PPTC is the criti-
cal component that allows for full oxidation of NaO2 at a low
overpotential. The charging voltage (2.3 V) for 10 ppm H2O is the
same as previously reported for ‘dry’ electrolytes and is much
lower than in the absence of the PPTC, where a complex profile is
observed (mostly above 3.5 V). The activation step at initial
charge is ascribed to electrolyte decomposition, which releases
minute amounts of water, as proposed by Gasteiger and colleagues,

who observed a similar voltage jump on oxidation of a cathode pre-
filled with commercial Li2O2

12. In accord, NaO2 cubes are oxidized
on full charge (see the inset SEM image in Fig. 5a), but potentials in
excess of 4.0 V are required in the absence of added water. This leads
to extremely poor cycling in a typical voltage window, whereas 10 ppm
water allows cycling with over 95% Coulombic efficiency (Fig. 5b
and Supplementary Fig. 9). This demonstrates that at low water
concentrations, reaction of a weak acid (HA) with superoxide
O2

•− generated at the cathode is kinetically competitive compared
to the diffusion of HA to the sodium surface; that is, some HA sur-
vives, even at the 10 ppm level. Its entrapment within the porous
cathode may be similar to that of long-lived redox mediators in
Li–O2 cells18. Passivation of the sodium surface to form a solid-
electrolyte interphase undoubtedly assists. In a practical cell,
PPTC reactivity at the anode would be eliminated by a protective
membrane, which would also prevent dendrite formation. This
will be the subject of future studies.

Conclusions
Our study demonstrates the critical role of the phase-transfer cata-
lyst on both discharge and charge in the Na–O2 cell. It tremendously
enhances the transport of superoxide in the form of HO2 into the
electrolyte, initiating crystallization of NaO2 in the solution phase.
The formation of large cubic NaO2 crystals is signalled by high dis-
charge capacities at low overpotentials, whereas poorly crystalline
NaO2 thin films are formed with very low capacity in the absence
of the PPTC. Our studies with benzoic and acetic acids demonstrate
that the active catalyst is H+, but any substance that can donate a
proton to superoxide in aprotic media will function in this role.
Other non-protonic phase-transfer catalysts can also be envisioned.
The kinetic advantage supplied by the catalyst also explains the growth
of the less thermodynamically stable sodium superoxide to form
micrometre-size crystallites. Foremost, the PPTC is vital to lowering
the overpotential of the charge process. Although HO2 is essential
for significant cell capacity, it will result in side reactions with the
electrolyte and cathode support if concentrations are high14. This
should inspire studies to explore other phase-transfer catalysts with
lower reactivity. Such catalysts were investigated in the early days of
Li–O2 batteries46,47 and merit further study for the Na–O2 system.

This work also illustrates the important difference from Li–O2

cells, which form Li2O2 on discharge. Water is reported to
enhance the solution transfer of Li2O2 to the carbon cathode for
complete electrooxidation via the formation of a soluble H2O2 inter-
mediate12. However, H2O does not significantly affect the high
charge overpotential (∼1 V) of Li–O2 cells, compared to that of
Na–O2 cells (<0.2 V). We believe there are several reasons for this.
One is that the formation of Li2O2 in Li–O2 cells is accompanied
by the formation of stable side products (for example, carbonates)
in the discharge products, which maintain the high charge overpo-
tential48. In contrast, Na–O2 cells show fewer parasitic reactions and
a much higher yield of NaO2

38. More importantly, the phase trans-
fer from superoxide in solid NaO2 to solubilized HO2 is the cata-
lysed reverse of the forward reaction to form NaO2. In the Li–O2

cell, however, the initially formed LiO2 is thermodynamically
unstable. Disproportionation to form Li2O2 dominates the forward
reaction at moderate current densities where high capacities are
observed (2LiO2→ Li2O2 + O2)16. Accordingly, the oxidation of per-
oxide goes through a different (uncatalysed, high energy) pathway,
as we have demonstrated49 and as predicted based on first-principles
calculations50. Similarly, when Na2O2 is the discharge product, the
cells show poor reversibility and high charge overpotential (typi-
cally >1 V)34,35 compared to the <200 mV overpotential for NaO2.
This supports a concept whereby aprotic chemistry dominated by
the formation of A2O2 (as opposed to AO2, where A = alkali) is
inherently subject to a high cell voltage on charge and poor round-
trip efficiency, pointing to the necessity of redox mediators for
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electrolyte, as shown in the inset SEM image. b, Cycling performance of
Na–O2 cells with a cutoff capacity at 1 mAh cm−2 using the electrolyte with
∼0 ppm ppm water (black triangles) or 10 ppm water (red circles). Inset:
graph showing the discharge and charge curves of the cell using 10 ppm
water electrolyte at the 10th cycle.
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Li–O2 batteries. The discovery of molecules with optimum redox
properties to provide close-to-equilibrium potentials has proven
challenging to date. Alternatively, the remarkable facility of
PPTCs in promoting discharge and charge for NaO2 electrochemis-
try indicates that with implementation of anode protective mem-
branes, future improvements in cell design and phase-transfer
catalysts offer good prospects for highly reversible Na–O2 batteries.
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