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ABSTRACT: The primary discharge product in sodium−air
batteries has been reported in some experiments to be sodium
peroxide, Na2O2, while in others sodium superoxide, NaO2, is
observed. Importantly, cells that discharge to NaO2 exhibit low
charging overpotentials, while those that discharge to Na2O2 do
not. These diﬀerences could arise from a higher conductivity
within the superoxide; however, this explanation remains
speculative given that charge transport in superoxides is relatively
unexplored. Here, density functional and quasi-particle GW
methods are used to comparatively assess the conductivities of
Na−O2 discharge phases by calculating the concentrations and mobilities of intrinsic charge carriers in Na2O2 and NaO2. Both
compounds are predicted to be electrical insulators, with bandgaps in excess of 5 eV. In the case of sodium peroxide, the
transport properties are similar to those reported previously for lithium peroxide, suggesting low bulk conductivity. Transport in
the superoxide has some features in common with the peroxide but also diﬀers in important ways. Similar to Na2O2, NaO2 is
predicted to be a poor electrical conductor, wherein transport is limited by sluggish charge hopping between O2 dimers. Diﬀerent
from Na2O2, in NaO2 this transport is mediated by a combination of electron and hole polarons. An additional distinguishing
feature of the superoxide is its ionic conductivity, which is 10 orders of magnitude larger than the electronic component. The
ionic component is comprised primarily of p-type contributions from (surprisingly mobile) oxygen dimer vacancies, and from ntype contributions from negative sodium vacancies. In the context of sodium−air batteries, the low electronic conductivity
aﬀorded by NaO2 suggests that enhanced bulk transport within this phase is unlikely to account for the low overpotentials
associated with its decomposition. Rather, the enhanced eﬃciency of NaO2-based cells should be attributed to other factors, such
as a reduced tendency for electrolyte decomposition.

1. INTRODUCTION
Nonaqueous metal−air batteries are attracting increasing
attention as a future energy storage technology. For example,
the Li−O2 battery, one of the most extensively studied metal−
oxygen systems, exhibits a theoretical speciﬁc energy which is
approximately 8 times higher than that of Li-ion batteries
(LIBs).1 However, Li−O2 batteries suﬀer from poor cycle life
and low round-trip eﬃciency, the latter eﬀect arising from high
overpotentials during charging.2−5
As an alternative to lithium-based chemistries, recent
experiments have probed the performance of Na−O 2
batteries.6−10 Although Na and Li are both alkali metals, with
Na located one row below lithium in the periodic table, the
performance of Na−O2 batteries appears to be very diﬀerent
from that of the analogous Li−O2 system. For example, in Na−
O2 cells employing nonaqueous electrolytes, some studies have
reported Na2O2 as the main discharge product,7 while others
report NaO2.6,8 Cells that discharge to Na2O2 exhibit high
charging overpotentials, similar to those observed in Li−O2
batteries. On the other hand, cells that discharge to NaO2 have
much lower charging overpotentials, typically less than 200
meV.6,8,10
© 2015 American Chemical Society

While the greater mass of sodium implies that a Na−O2 cell
would exhibit approximately 50% lower speciﬁc energy
compared to a Li-based cell, the surprising discovery of low
overpotentials in superoxide-based Na−O2 cells suggests an
important design strategy. That is, by stabilizing a solid
superoxide discharge phase it may be possible to reduce
overpotentials for the oxygen evolution reaction (OER) and
thereby improve round-trip eﬃciency. In principle, this strategy
could be applied not only for the Na−O2 system but also for Libased and other metal−oxygen systems. In this regard the Na−
O2 chemistry serves as an important prototype for understanding the connection between the composition of the
discharge product and battery eﬃciency.
Before applying such a strategy it would be helpful to identify
which property of the superoxide phase is responsible for its
low OER overpotential.10−13 One possibility is that this
behavior arises from a higher conductivity relative to the
peroxide. Along these lines, Hartmann et al.11 and Zhao et al.10
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Figure 1. Molecular orbital (MO) diagrams for (a) oxygen (O20), (b) superoxide (O21−), and (c) peroxide (O22−) dimers.

peroxide and remains low in an absolute sense. This behavior
diﬀers markedly from the ionic conductivity, which is
approximately 10 orders of magnitude higher in NaO2 than
in the peroxide.
These data reveal that long-range electronic transport in
alkali peroxides and superoxides is governed by the unusual
ability of oxygen dimers to adopt three distinct charge states:
O22−, O21−, and O20, Figure 1. More importantly, the modest
electronic conductivity aﬀorded by the superoxide suggests that
enhanced bulk transport through this phase is unlikely to
account for the low overpotentials associated with its
decomposition. We therefore speculate that the improved
performance of NaO2-based cells arises from a reduction in the
extent of side reactions, such as electrolyte decomposition.8

argued that the large particle sizes typical of the NaO2 phase
observed in discharged Na−O2 cells implied a higher
conductivity. This would be consistent with an early report
that found moderate conductivity in KO2 (approximately 1−10
S/cm).14 More recent experiments measured the total
(electronic + ionic) conductivity of KO2 at elevated temperatures (345−500 K). Extrapolating these data to 300 K yields a
much lower value of 10−13 S/cm.15,16
While the popularity of Li−O2 batteries has recently sparked
interest in the properties of Li2O2,17−19 transport in superoxide
phases has received less attention.14−16 In the case of Li2O2, a
small number of studies have predicted that both holes and
electrons become self-trapped on oxygen dimers, forming small
hole/electron polarons.17−21 DFT+U calculations by GarciaLastra et al. revealed that hole polarons have a much higher
mobility than do electron polarons in Li2O2.17 Radin and Siegel
used a tuned hybrid functional to estimate the intrinsic
conductivity of Li2O2 by combining the calculated concentrations of various charge-carrying point defects with their
respective mobilities.18 They identiﬁed hole polarons and
negative lithium vacancies as the dominant charge carriers; the
low concentrations and limited mobility of these species result
in the low conductivity of Li2O2. This result was corroborated
by experiments,22 which found the same charge-carrying species
in bulk Li2O2. To our knowledge, much less eﬀort has been
devoted to examining intrinsic conductivity in the Na−O
system.15,23
In the present study ﬁrst-principles calculations are used to
predict the intrinsic conductivities of bulk Na2O2 and NaO2.
More speciﬁcally, the formation energies and concentrations of
various charge-carrying point defects with diﬀerent charge
statespolarons, vacancies, and interstitialsare evaluated.
Subsequent calculations assess the mobilities of the highestconcentration charge carriers. Many-body perturbation theory
(GW) reveals that both Na2O2 and NaO2 are wide gap
insulators with bandgaps of 6.65 and 5.30 eV, respectively.
Similar to earlier studies on Li2O2,18,19 hole polarons (localized
on O2 dimers) and negative sodium vacancies are identiﬁed as
the main charge carriers in Na2O2. Combining the concentration and mobility data, we ﬁnd that the electronic and ionic
conductivity of Na2O2 is essentially the same as that for Li2O2.
Transport phenomena are more complex in the case of the
superoxide. Regarding electronic transport, our calculations
predict that both electron and hole polarons contribute to the
intrinsic conductivity of NaO2 in roughly equal proportions.
Although electron polarons are present in higher concentrations compared to holes, the trend in mobilities is reversed,
with holes having lower hopping barriers. Ionic conductivity in
NaO2 is mediated by a mixture of negative sodium vacancies
and positive oxygen dimer vacancies. Combining concentration
and mobility data, our calculations ﬁnd that the electronic
conductivity of NaO2 is only slightly higher than in the

2. METHODOLOGY
Density functional theory (DFT) calculations were performed with the
Vienna ab initio simulation package (VASP).24−27 A Γ-centered Kpoint grid with density 4 × 4 × 6 (6 × 6 × 6) for Na2O2 (NaO2) was
used for calculations involving primitive cells. A 144 atom supercell
generated from a 2 × 2 × 3 replication of the unit cell was used for
defect calculations on Na2O2; a 2 × 2 × 2 supercell (96-atoms) was
used for NaO2. The Γ point was used for defect calculations involving
supercells. All of the calculations were spin-polarized and used a
planewave cutoﬀ energy of 460 eV. For structure optimizations, all
ions were relaxed to a force tolerance of 0.02 eV/Å or less. A
ferromagnetic conﬁguration was employed for NaO2 (Pa3̅) bulk
calculations. We found this conﬁguration to 15 meV/formula unit
more stable than an antiferromagnetic state with spins that alternate
on [002] planes. The magnetic state obtained from supercell
calculations involving NaO2 was observed to be consistent with that
of the superoxide unit cell.
Given that semilocal functionals may poorly describe some aspects
of alkali-metal superoxides and peroxides,28,29 our calculations employ
hybrid functionals based on the HSE formulation30,31 and many-body
perturbation (GW) methods,32 in addition to the PBE generalized
gradient approximation (PBE-GGA).33 In the HSE functional the
exchange potential is separated into long-range and short-range
portions; the long-range portion is based on PBE exchange, while the
short-range component is a mixture of Hartree−Fock exchange and
PBE exchange. The mixing parameter α controls the fraction of
Hartree−Fock exchange included. As shown in previous studies,
hopping barriers associated with electrons and holes can be sensitive to
the choice of the mixing parameter α (and, similarly to the value of U
used in in GGA+U calculations).17,18 Based on our earlier work in
which we examined in detail the impact of the mixing parameter on
formation energies and migration barriers,18 in the present study we
adopt the value α = 0.48. This value reproduces the quasi-particle
bandgap for Li2O2 and allows consistent comparisons to be made
between the present calculations on Na-based phases and prior studies
involving Li2O2.
Defect Concentration. At equilibrium and in the dilute limit, the
concentration C of a point defect in a crystal can be expressed in terms
of its formation energy:
C = Nsitese−Ef / kBT
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where Nsites is the number of sites in the crystal where the defect can
occur and Ef corresponds to the formation energy of a given defect.
Similarly, the formation energy of a defect Xq in charge stage q is given
by
Ef (X q) = E0(X q) − E0(pristine) −

∑ niμi + qεF + EMPI
i

(2)

where E0(Xq) represents the total energy of the supercell containing a
defect Xq, E0(pristine) is the total energy of the supercell without a
defect, ni is the number of atoms of species i, μi is the chemical
potential of species i, εF is the Fermi level referenced to the valenceband maximum (VBM) in the bulk, and EMPI is the Makov−Payne
monopole ﬁnite-size correction.34 The calculated dielectric constants
for Na2O2 and NaO2, which are needed as input to the monopole
correction, are presented in the Supporting Information.
The chemical potential of oxygen in Na−O2 condensed phases is
assumed be ﬁxed by equilibrium with oxygen gas at T = 300 K and P =
1 atm, while the chemical potential of sodium in Na2O2 or NaO2 is
expressed according to

Figure 2. Crystal structures of (a) hexagonal Na2O2 viewed along two
directions and (b) cubic (pyrite) NaO2. Yellow spheres represent
oxygen atoms; blue spheres are sodium atoms.

in “B” layers (“oxygen-poor” layer, with O−O bond length of
1.48 Å).
The NaO2 phase exhibits several polymorphs.38 The stable
structure below 196 K is tetragonal (space group Pnnm); from
196 to 223 K the Pa3̅ (NaCl rock salt structure type) is the
stable phase, wherein the centroids of O22− dimers occupy the
Cl− positions. The Pa3̅ unit cell contains four oxygen dimers,
each of which are aligned along diﬀerent ⟨111⟩ directions. The
calculated lattice parameter of the Pa3̅ phase is a = 5.42 Å
(HSE06) and is in good agreement with the experimental value
of 5.46 Å.39 Above 223 K, the O22− dimers remain oriented
along ⟨111⟩ directions, but in a disordered fashion,40 and the
crystal structure adopts an FCC structure (a = 5.49 Å; space
group Fm3m̅ ). Given the diﬃculties associated with simulating
a disordered structure, here we have adopted the ordered Pa3̅
structure (Figure 2b) for our calculations. This choice is
motivated both by the insensitivity of polaron and O2 dimer
migration barriers to dimer orientation (Supporting Information Figure S2) and by our earlier study which showed that the
electrical conductivity of amorphous Li2O2 was not markedly
improved compared to crystalline Li2O2.41
Table 1 summarizes the calculated bandgaps for Na2O2 and
NaO2 as a function of the level of theory. In the case of the

μ Na (Na 2O2 ) = 1/2[G(Na 2O2 ) − 2μo ]
μ Na (NaO2 ) = G(NaO2 ) − 2μo
For solid phases, we take the free energy to be the DFT ground state
energy. The chemical potential of oxygen is calculated using

G(O2 ) = E0(O2 ) + kBT − TSexpt + Ecorr
Here, we take PV ≈ kBT and Sexpt is the experimental entropy of
oxygen gas. To account for oxygen overbinding, we correct the ground
state of O2 (Ecorr) using the experimental formation enthalpy of Na2O2
and NaO2. This raises the energy of O2 by 0.62 and 0.10 eV,
respectively. Additional details regarding the calculated thermodynamics of these phases are presented in the Supporting Information.
Defect Mobility. The conductivity associated with a given intrinsic
defect depends upon its concentration and mobility. Defect mobilities,
μ, are calculated using the Nernst−Einstein equation, D = μkBT/e.
Here, D is the diﬀusion coeﬃcient, which is expressed as D =
νa2e−Eb/kBT; ν is the hopping attempt frequency, which we take to be
equal to the value typically used in semiconductors, 1013 s−1.17,18,21
The jump distance is given by a, and Eb is the diﬀusion barrier
(neglecting entropy contributions). Inserting the expression for the
diﬀusion coeﬃcient, the mobility can therefore be expressed as

μ=

νea 2 −Eb / kBT
e
kBT

(3)

Table 1. Calculated Bandgaps for Na2O2 and NaO2 at
Diﬀerent Levels of Theorya

35

The nudged elastic band method (NEB) with the HSEα functional
was used to evaluate energy barriers associated with defect migration.
Ionic diﬀusion barriers were converged to a tolerance of 0.02 eV/Å.
For polaron hopping barriers, the climbing image NEB (CI-NEB) was
also used.36 In this case convergence was found to be somewhat
slower. Calculations for a given hopping mechanism were run for more
than 200 iterations; in the case of NaO2 the energy barrier changed by
less than 10 meV between iterations 150 and 200.

present study

previous calculations

3. RESULTS AND DISCUSSION
Structure and Bandgaps. Na2O2 is reported to adopt an
hexagonal crystal structure (space group (P6̅2m) with lattice
constants a = 6.21 Å and c = 4.47 Å.37 The calculated lattice
parameters are a = 6.11 Å and c = 4.42 Å (HSE06), in
satisfactory agreement with the experimental values. Sodium
cations in the peroxide structure reside in distorted trigonal
prism sites, with oxygen forming the prism vertices (Figure 2a).
Na2O2 units exhibit an ···ABAB··· stacking sequence along the
c-axis: each layer has the same density of Na atoms; however,
the oxygen density exhibits a higher value in “A” layers
(“oxygen-rich” layer, with an O−O bond length of 1.49 Å) than

method

Na2O2

NaO2
(Pnnm)

GGA
HSE06
HSE+G0W0
B3LYP
HSE06

1.76
4.02
6.65
4.5954
2.9412

0
2.04
5.56
3.3054
1.1112

NaO2
(Pa3)̅
0
2.06
5.30
1.0912

a

In the case of NaO2, values are reported for both the low temperature
(marcasite, Pnnm) and intermediate temperature (pyrite, Pa3̅) phases.

GGA, a modest bandgap of 1.76 eV is predicted for Na2O2,
while NaO2 is predicted to have no gap (i.e., half-metallic
behavior based on the density of states (not shown)). In
contrast, use of the HSE06 hybrid functional results in the
opening of a gap of 4.19 eV for Na2O2 and 2.06 eV for NaO2.
The bandgap for Na2O2 is similar to that previously reported
for Li2O2.20,42 Nevertheless, for both compounds the HSE06
gap is somewhat larger than those reported by Lee et al.12
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Figure 3. Defect formation energy of the O vacancy (red lines), Na vacancy (green lines), and electron polarons and hole polarons (black lines)
obtained using the HSEα (α = 0.48) hybrid functional in Na2O2 (a) and NaO2 (b). In Na2O2 (a), there are two symmetry inequivalent oxygen and
sodium sites. The solid line represents the oxygen or sodium defects in the oxygen-rich layer, while the dashed line represents the oxygen or sodium
defects in the oxygen-poor layer.

are neutral oxygen vacancies (VO, Ef > 1.5 eV) and electron
polarons (ep−, Ef > 2 eV). Using the calculated formation
energies as input to eq 1, the equilibrium concentrations of hp+
and VNa2− are estimated to be 1 × 107 cm−3, which are in
reasonable agreement with those of Araujo et al., 2 × 108
cm−3,23 whose calculations employed a slightly diﬀerent value
for the mixing parameter, α. As expected, our predicted
concentrations are very similar to those for VLi− and hp+
reported in our previous calculations on Li2O2,18 1 × 107
cm−3. A summary of calculated defect formation energies and
concentrations in Na2O2 is provided in Table S1 in the
Supporting Information. Contrary to some experimental studies
on Na2O2,15 we do not ﬁnd that sodium interstitials are present
in high concentrations in Na2O2. Indeed, out of a trial set of
nine candidate Na interstitial geometries, even the most stable
conﬁguration has a high formation energy in excess of 2 eV.
In peroxides and superoxides a hole (electron) polaron
consists of a missing (additional) electron localized on an O2
dimer, resulting in a contraction (extension) of the covalent
O−O bond. The localization of a polaron at any given dimer
site may be corroborated by examining changes in the O−O
bond length, magnetization density, and density of states
(DOS) of the system. In Na2O2, we observed that the O−O
bond length decreases from 1.47/1.48 on the two symmetrydistinct O2 sites, to 1.31 Å when a hole polaron is present.
Analysis of the magnetization density reveals that a magnetic
moment μ = 1 μB emerges on dimers hosting a hole polaron
(Figure 4a), with a characteristic shape of a πx,y* orbital, which
is consistent with the presence of an unpaired electron in a
superoxide-like O21− dimer (Figure 1b). The magnetic moment
remains unchanged (μ = 0 μB) for other O22− ions in the
supercell.
The density of states (DOS), Figure 5, provides further
information regarding the electronic structure of pristine and
defective Na2O2. (Note that in Figure 5 the Fermi level εF is set
to the highest occupied eigenvalue, which is a convention
commonly used in ﬁrst-principles calculations. A more accurate
description of the εF is given in Figure 3, which accounts for
charge neutrality; in this case εF is 2.4 (1.8) eV above the VBM
for NaO2 (Na2O2).) The DOS for the pristine supercell (Figure
5a) indicates an equal number of spin-up and spin-down states,
with full occupation of πx,y* orbitals on the O22− dimer.
Localization of a hole on the O2 dimer results in a splitting
between the occupied states and unoccupied states of πx,y*

Comparison calculations were also performed on the tetragonal
and rock salt structure variants for NaO2; the data reveal that
the bandgap is not very sensitive to the structure type. Nonself-consistent G0W0 calculations were performed using wave
functions generated by self-consistent HSE06 calculations.
Convergence tests were performed with respect to the number
of electron states included in the calculation; 512 bands were
used for all G0W0 calculations. Quasi-particle GW methods
have been shown to yield reliable estimates for bandgaps across
many diﬀerent materials.43 The HSE+G0W0 data indicate that
both Na2O2 and NaO2 are wide bandgap insulators, with
bandgaps of 6.65 and 5.30 eV, respectively. We believe the
G0W0 calculations provide the best estimate of the true
bandgaps of these compounds.
Intrinsic Defects in Na2O2. Figure 3 shows the calculated
formation energies for O vacancies (VO), O2 vacancies (VO2, in
which an entire O2 molecule is removed), Na vacancies (VNa),
Na interstitials (Nai), electron polarons (ep−), and hole
polarons (hp+) as a function of the Fermi level in Na2O2
(Figure 3a) and NaO2 (Figure 3b). The slope of each line in
Figure 3 indicates the charge state for the respective defect
species: a positive (negative) slope indicates a positively
(negatively) charged defect, while a slope of zero indicates a
neutral species. Kinks in the curves indicate transitions between
charge states; only segments corresponding to the lowestenergy charge states are shown. The zero of the Fermi level
corresponds to the valence band maximum (VBM), and the
vertical dashed line represents the position of the Fermi level
that satisﬁes charge neutrality.44
As shown in Figure 3a, the dominant charged defects in
Na2O2 are negative sodium vacancies (VNa2−) and hole
polarons (hp1+) localized on oxygen dimers, with formation
energies of 0.91 and 0.90 eV, respectively. (Negative sodium
vacancies can occupy two symmetry-distinct Na sites: VNa1−
and VNa2−. VNa1− refers to a vacancy in the oxygen-rich layer,
while VNa2− occupies a Na site in the oxygen-poor layer. We
ﬁnd that VNa1− is 0.15 eV more stable than VNa2−. Similarly, hp1+
represents a hole polaron in the oxygen-rich layer, while hp2+
represents a hole polaron in the oxygen-poor layer; we ﬁnd hp1+
to be 0.06 eV more stable than hp2+.) This behavior is similar to
what has been reported in Li2O2,18 wherein the dominant
charge-carrying defects were identiﬁed as negative lithium
vacancies (VLi−) and hole polarons with formation energies of
0.95 eV. The defects having the next-lowest formation energies
3855
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Intrinsic Defects in NaO2 . In NaO 2 the present
calculations suggest that the dominant ionic charge carriers
consist of three species: negative sodium vacancies (VNa−),
positive oxygen dimer vacancies (VO21+), and positive sodium
interstitials (Nai+). These have formation energies 0.44, 0.44,
and 0.87 eV, respectively. The formation energies of VNa− and
VO21+ are approximately 0.46 eV smaller than those of the
lowest-energy defects in Na2O2, suggesting that the superoxide
will support a higher concentration of ionic defects compared
to the peroxide. Indeed, the equilibrium concentrations of VNa−
and VO21+ are on the order of 1015 cm−3, which is 8 orders of
magnitude higher than for the dominant defects in Na2O2 and
Li2O2. These ﬁndings agree qualitatively with the experimental
data of Gerbig et al., who found that O2 vacancies and
potassium interstitials were the dominant ionic charge carriers
in potassium superoxide.16 A summary of calculated defect
formation energies and concentrations in NaO2 is provided in
Table S2 in the Supporting Information.
Electron polarons (ep−) are predicted to be the highestconcentration electronic charge carriers in NaO2, with
formation energies of 0.68 eV (Figure 3b). Somewhat
surprisingly, the superoxide also appears to support hole
polarons (hp+) as minority carriers; the formation energy for
hole localization is 0.88 eV, only moderately higher than that
for the formation of a localized excess electron.
For an electron polaron in NaO2 the O−O bond length
increases from 1.30 to 1.47 Å, the latter value being very similar
to that of peroxide O2 dimers in Na2O2 (1.47/1.48 Å).
Moreover, the added electron ﬁlls a πx,y* orbital, making that
orbital fully occupied, Figure 1c. Subsequently, the magnetic
moment on this dimer disappears, while it remains 1 μB for the
rest of the O21− ions in the supercell (Figure 4d). We note that
the formation energy of an electron polaron in NaO2 (0.68 eV)
is much lower than in Na2O2, 2.07−2.33 eV. This may be
explained by the fact that in NaO2 an electron polaron occupies
a πx,y* orbital, whereas in Na2O2 it must occupy a higher energy
σ* orbital.

Figure 4. Magnetization density for (a) hole polaron in Na2O2, (b)
electron polaron in Na2O2, (c) hole polaron in NaO2, and (d) electron
polaron in NaO2. Note that in panels c and d the bond axis of the
oxygen dimers is into the plane of the page. The color scheme is set
such that blue represents a magnetization density of zero and red
corresponds to 0.27 μB/bohr3.

(Figure 5c). This leads to the emergence of a new (empty)
state above the Fermi level.
Formation of an electron polaron in Na2O2 increases the
formal negative charge on the aﬀected peroxide (O22−) ion to
O23−. This electron occupies a σ* orbital, resulting in a large
increase to the O−O bond length from 1.48/1.49 to 2.20/2.29
Å. The presence of the additional electron is also reﬂected in
the DOS (Figure 5b), where a new peak appears below the
conduction band minimum (CBM), which is accompanied by
the emergence of a new state below the Fermi level and a
splitting of occupied spin-up and spin-down channels. This
change is concurrent with the emergence of a magnetic
moment μ = 1 μB on the dimer hosting the additional
(unpaired) electron, Figure 4b, which has the characteristic
shape of a σ* orbital.

Figure 5. Density of states (DOS) of Na2O2 (left panel) and NaO2 (right panel) calculated using HSEα (α = 0.48). (a, d) DOS for the pristine
compounds. (b, e) DOS projected onto an electron polaron cluster. (c, f) DOS projected onto a hole polaron cluster. A cluster is deﬁned as an
oxygen dimer and its nearest-neighbor sodium ions.
3856
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Figure 6. Energy barriers calculated using the NEB method for (a) ionic charge carriers and (b) polarons. Blue curves refer to NaO2; black curves
refer to Na2O2. For simplicity, only pathways with barriers less than 1 eV are shown. In panel (a) barriers are plotted for migration of three ionic
species in NaO2: negative sodium vacancies (VNa−), positive sodium interstitials (Nai+), and positive oxygen dimer vacancies (VO21+). One pathway
between nearest-neighbor VNa−, Nai+, and VO21+ is considered. In Na2O2 only VNa− are relevant, and ﬁve distinct pathways were considered between
two symmetry inequivalent V−Na sites. In panel (b), electron polaron (ep−) and hole polaron (hp+) hopping barriers are compared with those for hole
polaron hopping in Li2O2 from Radin and Siegel18 (green dashed lines).

what has been reported for the migration of negative lithium
vacancies in Li2O2, 0.30−0.39 eV.18,46,47 The slight increase in
barriers found for Na2O2 may be due to the longer diﬀusion
distance in this phase compared to that of Li2O2 (3.02 Å vs 2.60
Å).
Activation energies for the three dominant ionic charge
carriers in NaO2 (VNa−, Nai+, and VO21+) were also evaluated.
The calculations suggest that all of these defects have modest
migration barriers (Figure 6a), pathways labeled “NaO2−VNa−”,
“NaO2−Nai+”, and “NaO2−VO2+”) of 0.35, 0.20, and 0.26 eV,
respectively, corresponding to diﬀusion coeﬃcients of 2 × 10−8,
3 × 10−6, and 6 × 10−7 cm2 s−1. The high symmetry of the
NaO2 crystal structure suggests that vacancy migration VNa−
occurs via a single pathway wherein a vacancy migrates from
one vertex of a Na-ion octahedron to a nearest-neighbor vertex.
This pathway lies close to the octahedron’s edge, and slightly
below the octahedron faces which meet at the edge joining the
relevant vertices. The calculated energy barrier for this process,
0.35 eV (Figure 6a), is slightly smaller than the average barrier
for vacancy migration in Na2O2. The diﬀusion of an O2 vacancy
is accompanied by the migration of an O2 dimer in the opposite
direction. The barrier for this process includes the rotation of
the dimer as it reorients itself along the [111] direction of the
nearest-neighbor site. As previously mentioned, this process
exhibits a small barrier of 0.26 eV (Figure 6a), which
qualitatively agrees with the experimental data from Gerbig et
al., who found that superoxide ions are highly mobile in the
heavier alkali-metal superoxides.16
Regarding the mobilities of electronic species, Figure 3
indicates that hole polarons are the dominant charged defects
in Na2O2 while electron polarons are the dominant charged
defects in NaO2. Consequently, activation energies for polaron
hopping were calculated for both compounds, Figure 6b using
the HSEα functional. For Na2O2, ﬁve hole polaron hopping
pathways were considered, accounting for the two symmetry
inequivalent oxygen dimer sites, as well as intralayer and
interlayer hops. In the case of NaO2, polaron hopping is
expected to occur between a given dimer and its 12 nearestneighbor dimers. Accounting for the diﬀerent [111] orientations of these dimers, three symmetry-distinct hops are
possible. Supporting Information Figure S2 shows that the
unrelaxed barriers for these hops are identical, indicating that
dimer orientation does not strongly inﬂuence the barriers for
polaron hopping in NaO2 (i.e., polaron hopping is isotropic).

Regarding the nature of hole polarons in NaO2, similar to
what is observed for Na2O2, missing electrons localize on O2
dimers, resulting in a decrease of the O−O bond length from
1.30 to 1.19 Å. Thus, a hole polaron transforms a superoxide
dimer, O21−, into a neutral gas-like state, O20; this is further
supported by the similarity in the O−O bond length for
gaseous O2, 1.21 Å.45 The magnetic moment on the dimer
hosting the hole polaron, μ = 2 μB, is twice as large as in the
peroxide, Figure 4c, and is consistent with gaseous O2: The
trapping of a hole in NaO2 results in two unpaired electrons in
the πx,y* orbital (Figure 1a), with each electron contributing a
magnetic moment of 1 μB. Consequently, only a spin-down
peak can be seen in the DOS of the hole polaron (Figure 5f).
The DOS for Na2O2 and NaO2 share many features upon
addition and removal of electrons. For example, in pristine
NaO2, the missing electron in the πx,y* orbitals results in a
splitting of the energy levels (Figure 5d). This behavior is very
similar to the DOS of an O2 dimer in Na2O2 that hosts a hole
polaron, Figure 5c. Similarly, the addition of an electron to
NaO2 converts a superoxide (O21−) dimer to a peroxide-like
charge state (O22−), creating an electron polaron. Note that the
DOS for this state, Figure 5e, closely resembles that of pristine
Na2O2.
Mobilities. The second quantity needed to estimate the
conductivity of the Na−O2 discharge phases is the mobility of
the predominant (i.e., highest concentration) charge-carrying
species. We ﬁrst consider the mobilities of ionic species. In
Na2O2, ionic conductivity originates from the migration of
negative sodium vacancies, VNa−. (Since during this process a
sodium cation, Na+, moves counter to the vacancy, one may
equivalently consider this mechanism to be vacancy-mediated
Na-ion migration.) Energy barriers for seven vacancy migration
pathways in Na2O2 were calculated using the NEB method.
Figure 6a shows the energy proﬁles for those pathways where
the energy barriers are less than 1 eV. We explored both
intralayer and interlayer migration pathways. The lowest-energy
pathway, “Na2O2-intra3,” corresponds to migration between a
vacant Na site in an oxygen-rich layer (VNa1−) and an adjacent
site in the oxygen-poor layer (VNa2−). This process has an
energy barrier of 0.34 eV relative to VNa1− and 0.50 eV relative
to VNa2−. Setting Eb to the average of these two values gives a
defect diﬀusion coeﬃcient of 9 × 10−10 cm2 s−1. The calculated
diﬀusion barriers in Na2O2 are in reasonable agreement with
that of Araujo et al., 0.50 eV,23 and are only slightly larger than
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nearly equal contribution of these species to the electrical
conductivity of NaO2. Conductivity arising from electron
polarons is predicted to be 8.2 × 10−20 S/cm, while for holes
the conductivity is about 5.5 times smaller, 1.5 × 10−20 S/cm.
We previously argued that electronic transport was more
important than ionic transport in determining the eﬃciency of
Li/O2 batteries that discharge to crystalline Li2O2.18 This
argument was based on the observation that typical cathode
support materials, such as carbons, are ion blocking.
Consequently, ionic transport would be hindered (except for
a transient contribution) due to the inability of Li ions to cross
the Li2O2/C interface. This scenario also should hold for the
Na/O2 systems considered here. Nevertheless, facile ionic
diﬀusion could facilitate desodiation during charging, resulting
in the formation of a substoichiometric Na1−xO2 phase.
(Consideration of a desodiation pathway is motivated by
earlier studies of the Li−O2 system which proposed delithiation
as a mechanism for charging of Li/O2 cells.41,49) If the resulting
Na1−xO2 phase exhibited higher electronic conductivity than its
stoichiometric parent, then faster ionic conductivity would
indirectly contribute to enhanced charge transport. Additional
study is needed to test this hypothesis.
We focus the remainder of our discussion on conductivity
due to hopping of polarons. It has been suggested that the large
size of NaO2 particles formed during discharge and the low
overpotentials observed during charging indicate that this phase
should have a higher electronic conductivity than Na2O2.10,11
An earlier experiment also reported that KO2 had a moderately
high electronic conductivity which was comparable to that of
copper dust. Nevertheless, the present calculations do not
support the notion of high conductivity in NaO2, given that
they predict the superoxide to have a bulk electronic
conductivity (10−19 S/cm) that is nearly identical to that of
sodium peroxide. Our results are consistent with the
conclusions reached by Gerbig et al., who measured
conductivities of the heavier alkali-metal superoxides (KO2,
RbO2, and CsO2.), and found that electronic conductivities
were comparable to those of Li2O2.15 A prior study indicated
that a conductivity of 10−12 S/cm was needed to achieve the
performance targets suggested for a practical Li/O2 cell.18
According to that analysis, a conductivity of 10−19 S/cm (as
calculated for NaO2) would result in an overpotential for the
oxygen evolution reaction of approximately 0.4 V, which is
signiﬁcantly larger than what is observed during charging of
NaO2-containing cathodes.6,8 Therefore, we conclude that a
higher electronic conductivity of NaO2 cannot explain the
improved performance of cells that discharge to NaO2.
Which other factors could play a role? Possibilities include
conduction pathways that are coupled to microstructural
features, such as a higher concentration of polarons at surfaces
or grain boundaries.42,50,51 Deviations from equilibrium
conditionsfor example during fast dischargecould also
result in a higher, nonequilibrium density of charge carriers
frozen into the system. Chemical factors may also play a role: A
recent study by McCloskey et al.8 observed that less electrolyte
decomposition occurred in a Na−O2 battery during the ﬁrst
galvanostatic discharge−charge cycle. The presence of these
side-reaction products has been suggested as a source of
overpotentials during OER in Li/O2 cells.4,52,53

Figure 6b shows the polaron hopping barriers for Na2O2
(black) and NaO2 (blue) calculated using the CI-NEB method.
We ﬁnd that the intralayer barrier in Na2O2, Ebintra = 0.47 eV, is
0.15 eV lower than the interlayer barrier, Ebinter = 0.62 eV. This
implies that hole polaron hopping is anisotropic, and should be
faster in the in-plane directions (i.e., along [11̅00] or [112̅0])
compared to out-of-plane hopping along [0001]. This is similar
to what was previously reported in Li2O2, where the in-plane
barrier (Figure 6b dashed blue line) was 0.42 eV and out-ofplane barrier (dashed green line) was 0.71 eV.18 Importantly, in
NaO2 the calculated barrier for migration of an electron
polaron, 0.66 eV, is higher than that for migration of a hole
polaron, 0.51 eV. Therefore, the mobility trend for polaron
migration in NaO2 (i.e., more facile hopping of holes) is the
reverse of the stability trend (i.e., electron polarons are more
stable).
Conductivity. The conductivity arising from charged
defects (polarons or ions) depends on both the concentrations
and mobilities of these carriers and may be expressed as
σ = eCμ =

Cva 2e 2 −E b / kBT
e
kBT

(4)

The calculated conductivities for Na2O2 and NaO2 are
summarized in Table 2 and compared with prior calculations
Table 2. Calculated Ionic and Electronic Conductivities (S
cm−1) for Na2O2 and NaO2 and Their Comparison with
Prior Calculations on Li2O2a
compound
Li2O2
Na2O2
NaO2

ionic conductivity (S/cm)
−19

9 × 10
5 × 10−20
4 × 10−9/1 × 10−10

electronic conductivity (S/cm)
5 × 10−20
1 × 10−20
1 × 10−19

For ionic conductivities in NaO2, the ﬁrst value refers to
contributions from positive oxygen dimer vacancies (VO21+) and the
second value refers to contributions from sodium vacancies (VNa−).
a

on Li2O2. Turning ﬁrst to Na2O2, our calculations suggest that
the conductivity of Na2O2 is nearly identical to that of Li2O2: In
both of these compounds the ionic conductivity is similar to the
electronic conductivity, with values of approximately 10−20 S/
cm. The low conductivity values suggest that transport through
pristine Na2O2 bulk will be limited, unless pathways coupled to
microstructural features emerge (surfaces, grain boundaries, and
amorphous regions, etc.) Another possibility is that charge will
be transported through a liquid phase mechanism involving a
soluble superoxide intermediate.48 Such an intermediate could
acquire charge (i.e., be reduced) via electron tunneling through
a thin Na2O2 ﬁlm or through adsorption on a portion of the
porous carbon support that is not buried by the discharge
phase.
Regarding transport in NaO2, Table 2 shows that the ionic
conductivity of this phase is predicted to be signiﬁcantly higher
than in the peroxides. The calculated total ionic conductivity in
NaO2 is 4 × 10−9 S/cm. Most of this conductivity can be
attributed to p-type conduction arising from positive oxygen
dimer vacancies, with n-type conduction from negative sodium
vacancies contributing to a lesser degree. These conductivity
values are 9−10 orders of magnitude higher than in Na2O2 or
Li2O2.
The counterbalancing trends in the concentrations and
mobilities of hole and electron polarons in NaO2 results in a

4. CONCLUSION
A combination of density functional and quasi-particle
calculations have been used to characterize charge transport
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in the peroxide and superoxide discharge products commonly
observed in Na−O2 batteries. Higher conductivity within the
NaO2 phase has been proposed to explain why cells that
discharge to NaO2 exhibit much lower charging overpotentials
than those that discharge to Na2O2. The present study tests this
hypothesis by calculating the intrinsic conductivity of these
phases. In so doing, it explores the connection between cell
eﬃciency and the composition of the discharge product. This
connection remains poorly understood, as are the mechanisms
of charge transport in peroxides and superoxides.
Our calculations reveal that both Na2O2 and NaO2 are
electronic insulators, with bandgaps in excess of 5 eV. In the
case of sodium peroxide, the transport properties are
remarkably similar to those reported previously for lithium
peroxide, suggesting a low conductivity on the order of 10−20
S/cm.
Compared to the peroxides, transport in superoxides has not
been widely explored. The present study reveals that transport
in NaO2 has some features in common with the peroxide;
nevertheless several important distinctions exist. Similar to
Na2O2, NaO2 is predicted to be a poor electrical conductor,
wherein transport is limited by sluggish charge hopping
between O2 dimers. Diﬀerent from Na2O2, in NaO2 this
transport is mediated by a combination of electron and hole
polarons. More speciﬁcally, conductivity arising from electron
polarons is predicted to be 8.2 × 10−20 S/cm, while for holes
the conductivity is about 5.5 times smaller, 1.5 × 10−20 S/cm.
The mixed contribution to electrical conductivity is due to
counterbalancing trends in the concentrations and mobilities of
hole and electron polarons in NaO2. Taken together, these data
indicate that electronic transport in alkali peroxides and
superoxides is governed by the unusual ability of oxygen
dimers to adopt three charge states: O22−, O21−, and O20.
An additional distinguishing feature of the superoxide is its
ionic conductivity, which is 10 orders of magnitude larger than
the electronic component. The ionic component is comprised
primarily of p-type contributions from mobile oxygen dimer
vacancies, and from n-type contributions from negative sodium
vacancies. The mobility of oxygen dimers in the NaO2 lattice is
consistent with a recent experimental study by Gerbig et al.,
who found that superoxide ions are highly mobile in the heavier
alkali-metal superoxides.
The limited electronic conductivity predicted for NaO2
suggests that bulk transport within this phase is unlikely to
account for the low overpotentials associated with its
decomposition during charging in a Na/O2 electrochemical
cell. We therefore conclude that the enhanced eﬃciency
observed in cells that discharge to NaO2 must arise from other
phenomena, such as a reduction in the extent of electrolyte
decomposition or enhanced charge transport through liquid
phase processes.
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