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ABSTRACT: Charge-transport mechanisms within the discharge prod-
ucts of alkali-metal/O2 batteries can strongly influence the performance of
these systems. To date, discharge products comprising alkali peroxides
(Li2O2 and Na2O2) and superoxides (LiO2, NaO2, and KO2) have been
observed. In general, cells that discharge to a superoxide exhibit lower
overpotentials than those that form the corresponding peroxide. These
lower overpotentials have been hypothesized to originate from more
efficient charge transport within the superoxides. While the transport
mechanisms in the peroxides have been well studied, consensus regarding
the intrinsic conductivity across the alkali-metal superoxides is lacking.
Here, we present a systematic first-principles study of charge-transport
mechanisms across the alkali-metal (Li, Na, K) superoxides. Our study draws on our prior investigations of the alkali peroxides
and of sodium superoxide, while adding new analyses for lithium and potassium superoxides (LiO2 and KO2). In the case of
KO2, a nonsymmetrized room-temperature structure is proposed to account for a dynamic Jahn−Teller effect. Band gaps,
equilibrium (charged) defect concentrations, mobilities, and intrinsic conductivities are estimated for both LiO2 and KO2.
Overall, the alkali superoxides are predicted to be wide band gap insulators, with gaps exceeding 4 eV. These large band gaps
imply that negligible transport occurs via band conduction. Compared to the alkali peroxides, ionic conductivities in the
superoxides are predicted to be 8−11 orders of magnitude larger, ranging from 4 × 10−9 to 5 × 10−12 S/cm at room
temperature. Regarding electronic conductivities, transport in NaO2 and KO2 is predicted to occur via polaron hopping, with
low conductivities on the order of 10−19 to 10−20 S/cm. These values are similar to what has been previously reported for the
peroxides. Importantly, the present calculations indicate that LiO2 has a much larger electronic conductivity (also arising from
polaron hopping) than its Na and K analogues, 9 × 10−12 S/cm at 300 K. These data suggest that the low overpotentials
observed for Na- and KO2-based batteries cannot be explained by high intrinsic electronic conductivities. In contrast, the much
larger conductivities predicted for LiO2 imply that the superior performance observed in LiO2-based cells may reflect the ability
of LiO2 to support higher charge-transport rates.

■ INTRODUCTION

Nonaqueous metal/oxygen batteries are intriguing next-
generation energy storage devices, given their high theoretical
specific energies and potential for rechargeability. However,
many challenges remain to be overcome before these systems
can realize their potential in a practical device.1−8 Among these
challenges is low cycling efficiency due to high overpotentials
commonly observed during recharge.4 High overpotentials can
result from side reactions in the cathode, and from the often
low intrinsic conductivity of the discharge product.9−11 Adding
to these challenges is the growing complexity of the
experimental literature, which now contains reports of
metal−oxygen batteries based on lithium,4 sodium,12 and
potassium6 negative electrodes.
Among the possible metal−oxygen battery chemistries, the

Li/O2 battery has the highest specific theoretical energy, 3.46

kW h kg−1. The primary discharge product of a Li/O2 cell is
crystalline Li2O2; it has been shown that side reactions
involving Li2O2, which can form stable phases such as Li2CO3,
are an important contributor to high overpotentials.13 It has
also been proposed that high overpotentials persist even in the
absence of side reactions because of the low intrinsic
conductivity in Li2O2.

1,9

In addition to Li2O2, superoxide species, O2
−, such as in

LiO2, have also been occasionally reported during discharge of
Li/O2 cells by in situ spectroscopy.14 Nevertheless, solid
lithium superoxide, LiO2, has proven difficult to synthesize in
pure form, and only impure samples that decompose to Li2O2
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above 238 K have been achieved.15 Therefore, in a typical Li/
O2 cell, one may anticipate that LiO2 will disproportionate into
Li2O2 and O2.

16 Contrary to these expectations, Lu et al.14

reported the surprising observation of crystalline LiO2
formation during discharge of a Li/O2 cell employing a
graphene cathode decorated with iridium (Ir) nanoparticles.
The LiO2 formed was reported to be stable during multiple
charge and discharge cycles and exhibited a relatively low
overpotential. The low overpotential was attributed to several
factors, one being the metallic behavior of LiO2 predicted by
density functional theory (DFT) band structure calculations
with a generalized gradient approximation (GGA) functional
and the hybrid Heyd−Scuseria−Ernzerhof (HSE) (α = 0.48)
functional.14 However, subsequent calculations using hybrid
functionals predicted insulating behavior for bulk LiO2, with a
band gap of 3.7−4.0 eV.17,18

Other metal−oxygen battery variants have been made by
replacing lithium with different alkali metals. One example is
the Na/O2 system. The discharge mechanism in Na/O2
batteries appears to be different from that of Li/O2 batteries:
some studies have reported Na2O2 as the main discharge
product,19 whereas others report NaO2.

12 A Na/O2 cell with
Na2O2 as a discharge product exhibited a high charging
overpotential of ∼1 V.19 In contrast, significantly lower
charging overpotentials (∼0.2 V) have been reported when
the discharge product consists primarily of NaO2.

12 A
computational study clarified this by showing that Na2O2 is
thermodynamically preferred above 120 K; however, its
formation is limited by high kinetic barriers.2 On the other
hand, the formation of NaO2 is associated with low kinetic
barriers, making it the main discharge product under operating
conditions.2 Regarding electronic conductivity, both Na2O2
and NaO2 behave similarly: hybrid functional calculations have
shown that both materials are insulators with band gaps in
excess of 5 eV.10

Potassium/O2 batteries are yet another example of an
emerging metal−oxygen system. In this chemistry, KO2
appears to be the primary discharge product. KO2 is
thermodynamically stable, and it has been demonstrated that
K/O2 cells containing KPF6 salt in DME form solely KO2 (and
not K2O2) during the oxygen reduction (discharge) reaction.20

Importantly, the total overpotential for the first cycle of these
cells was less than 50 mV.6,20 Contradicting reports exist
regarding the conductivity of KO2. One early measurement
reported high conductivity of approximately 1−10 S/cm.21

More recently, Gerbig et al. examined the total (ionic +
electronic) conductivity of KO2 using the electromotive force
method.22 The value of the electronic conductivity could not
be exactly determined in that investigation but was estimated

to be less than 10−7 S/cm at 200 °C,22 a much smaller value
than in the initial report.21

Overall, the developing experimental consensus is that Li/
O2, Na/O2, and K/O2 batteries can exhibit relatively low
overpotentials and enhanced rechargeability when the
discharge product is an alkali superoxide.2,16,20 Nevertheless,
the charge-transfer mechanisms of alkali superoxides have not
been systematically studied, and there exists a lack of
consensus regarding the absolute value of the intrinsic
conductivities of these compounds.
Motivated by this challenge, the present study presents a

systematic computational investigation of the structure and
charge-transport properties of alkali-metal superoxides based
on Li, Na, and K. While an increasing number of computa-
t iona l s tud ie s o f these phases have been re -
ported,2,10,14,17,18,23−27 drawing robust conclusions from
these distinct efforts is not straightforward, as they often
employ different computational methodologies, dissimilar
equilibrium conditions, or different assumptions regarding
crystal structures and/or types of charge-carrying species
(typically point defects). In the case of KO2, the problem of
how to appropriately represent the room-temperature phase in
ground-state DFT calculations remains unsettled because of
dynamic oxygen dimer hindered rotation (see the following
section for more details). In this study, first-principles
calculations were used to search for an appropriate room-
temperature structure for KO2, accounting for the rotational
degrees of freedom of superoxide dimers while keeping the
symmetry of the cell compatible with the experimental
structure. The optimal structure for KO2 is identified.
Following the same procedure, the orientation of superoxide
ions within the LiO2 marcasite and NaO2 pyrite structures was
verified. Estimates for the O2 rotational barriers for each of the
alkali superoxides are presented.
Based on the predicted structures, band gaps, defect

formation energies/equilibrium concentrations, mobilities,
and conductivities are comparatively analyzed across the alkali
superoxides; comparisons with the related alkali peroxides are
provided. We find that the alkali superoxides are band
insulators with band gaps exceeding 4 eV. The negligible
conductivity contributed by band-based mechanisms suggests
that significant contributions from hopping of charged defects
will be required to reach the levels of conductivity necessary
for a practical a metal−oxygen battery cathode. By comparing
with previous work on Li2O2, Na2O2, and NaO2,

9,10 intrinsic
conduction mechanisms across alkali-metal peroxides and
superoxides are discussed.
Regarding ionic transport, vacancies situated on the cation

sublattice dominate in the alkali peroxides, whereas O2
−

vacancies prevail in the alkali superoxides. These superoxide

Table 1. Reported Structural Properties of the Superoxides (Based on Refs28,30−35)

temperature [K] structure (space group) O2 orientation O2 order

LiO2 T < 70 marcasite (pnnm) ⟨111⟩ ordered
NaO2 223 < T NaCl-type/disordered pyrite (Fm3̅m) no order hindered rotation

196 < T < 223 pyrite (Pa3̅) ⟨111⟩ on average hindered rotation
T < 200 marcasite (pnnm) ⟨111⟩ ordered

KO2 383 < T NaCl-type/disordered pyrite (Fm3̅m) no order free rotation
196 < T < 383 tetragonal (I4/mmm) [001] on average semi-free rotation
12 < T < 196 monoclinic (C2/c) inclined 19−22° to [001]a ordered
T < 12 triclinic inclined 30° to [001]a ordered

aRefers to the [001] direction of the corresponding tetragonal cell.
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vacancies are generally very mobile; consequently, the alkali
superoxides exhibit several orders of magnitude larger ionic
conductivities, 10−12 to 10−9 S/cm, than do the alkali
peroxides, 10−20 to 10−19 S/cm.
For discharge product thicknesses where electron tunneling

is negligible, electronic transport in the peroxides and
superoxides is predicted to be mediated by the hopping of
small polarons between neighboring oxygen dimers. For NaO2
and KO2, the electronic conductivity is predicted to be low and
to range from 10−20 to 10−19 S/cm. These values are similar to
that of the alkali peroxides9,10 and thus suggest that the low
overpotentials observed for Na- and KO2-based batteries
cannot be explained by enhanced electronic conductivities.
Importantly, LiO2 is predicted to have a much higher
electronic conductivity compared to the Na and K analogues,
9 × 10−12 S/cm, arising from the migration of electron
polarons. The much larger conductivity predicted for LiO2
implies that the superior performance observed in LiO2-based
cells may reflect the ability of LiO2 to support higher charge-
transport rates.

■ CRYSTAL STRUCTURES OF THE ALKALI
SUPEROXIDES

Table 1 summarizes the crystal structures adopted by the light
alkali-metal superoxides as a function of temperature. At high
temperature, the alkali superoxides adopt the rock salt
structure, with the alkali ion at the cation site and the
superoxide freely rotating at the anion site. Lowering the
temperature increasingly reduces the superoxide rotational
degrees of freedom, such that at very low temperatures the
superoxide ions are essentially immobile. Concomitantly, the
NaCl framework is increasingly distorted with decreasing
temperature so as to accommodate the preferred (fixed)
orientations of the superoxide ions.28 In these superoxides, the
alkali-metal ions donate an electron to the O2 sublattice to
form M+ monovalent cations and O2

− superoxide anions.
Consequently, these compounds are highly ionic, with energy
levels near the Fermi level dominated by states derived from
the O-dimers. Thus, one can expect the electronic properties of
the superoxide solids to resemble those of the superoxide
molecule.
Another noteworthy property of the superoxide anion is its

doubly degenerate πx,y* -orbitals, with one orbital being occupied
and the other unoccupied. If the overlap of these πx,y* -orbitals
between adjacent anions in the alkali-superoxide lattice was
sufficiently large, the πx,y* -bands would be strongly dispersed. In
this case, metallic behavior would emerge, with each of the two
πx,y* -bands being half occupied. In contrast, poor overlap of the
πx,y* -orbitals would result in molecular solid-type behavior, that
is, independent superoxide anions in a “sea” of alkali cations. In

this latter scenario, the Jahn−Teller theorem instructs that the
local symmetry around a superoxide ion cannot be so high as
to preserve the degeneracy of the πx,y* -orbitals. The Jahn−Teller
effect (JTE) provides a driving force that reduces the
symmetry, distorting the original geometry in such a way
that the electronic degeneracy is lifted, opening a gap between
the πx,y* -orbitals. A set of symmetry-equivalent Jahn−Teller
distortions leads to different geometries around the superoxide
ion, all of them being energy minima. If the energy barriers
separating these energy minima are sufficiently high compared
to the thermal energy, then the system will be kinetically
trapped into one of the minima and will adopt a lower-
symmetry structure (the so-called static JTE). This is the
situation for all alkali superoxides at low temperatures.
Alternatively, at higher temperatures, the local geometry can
“hop” between the different structural minima, resulting in an
average structure that is similar to the undistorted, high-
symmetry configuration (the so-called dynamic JTE). This
situation describes the behavior of KO2 at room temperature.
This behavior implies that care must be exercised when
calculating electronic properties (such as the band gap) in this
dynamic regime. Such a calculation should be performed using
one of the lower-symmetry, Jahn−Teller-distorted geometries
rather than the averaged, high-symmetry configuration.
Adopting the latter, high-symmetry case results in an electronic
configuration in which the πx,y* -degeneracy is not lifted and the
appearance of a partially filled band in the density of states
(DOS). Metallic behavior will result if sufficient overlap exists
between these orbitals on adjacent anions.29

Many properties of the alkali superoxides are influenced by
the local structure and orientation of the superoxide anion.
The influence of the anion orientation has been studied in
alkali halides wherein halide ions were substituted for
superoxide ions.30,31 Other studies have revealed how the
structure and superoxide orientation evolve with temperature,
Table 1.28,32−34 Although in these studies averaged, high-
symmetry room-temperature structures were determined, it
remains a matter of debate as to how these room-temperature
structures should be represented in DFT ground-state energy
calculations, where the high symmetry must be broken for an
appropriate electronic structure to be predicted. Furthermore,
in LiO2 and NaO2, it is unclear if the measured structural
properties are influenced by a dynamic JTE. No room-
temperature X-ray diffraction (XRD) pattern has been
established for LiO2, and at least hindered rotation of
superoxides is likely at room temperature in NaO2.

32 For
KO2 it is known that the structure obtained from XRD
measurements is an averaged structure originating from a
dynamic local low-symmetry arrangement of atoms.32,33,35 This

Figure 1. Crystal structures of (a) marcasite LiO2, (b) pyrite NaO2, (c) tetragonal KO2, and (d) the average room-temperature structure of KO2 in
the tetragonal symmetry. Panels (a−c) depict the unit cells used that were periodically replicated in subsequent supercell calculations. Red spheres
represent oxygen ions, green spheres represent Li ion, yellow spheres represent Na ion, and purple spheres are potassium ion.
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is similar to the dynamics of the organic cations observed in
hybrid perovskites at room temperature.36

LiO2 is observed to crystallize in the marcasite structure at
liquid nitrogen temperature.34 Although it seems reasonable
that LiO2 should transform to the pyrite structure at higher
temperatures, similar to the behavior of other alkali super-
oxides, the lack of experimental structure data for LiO2 at room
temperature has lead previous studies to suggest the marcasite
structure as the most representative.16 Here, we follow this
precedent and adopt the marcasite structure (space group
Pnnm) for the present study. In this structure, the LiO2 units
exhibit an ABAB stacking sequence along the c-axis, and each
layer has the same number of Li atoms and O2 molecules, see
Figure 1. The superoxide anions are located in the (001)-plane
within one layer, with the angles between the superoxide and
the a-axis equal to +41° and −41° for A and B layers,
respectively.
At room temperature, KO2 crystallizes in a body-centered-

tetragonal structure (space group I4/mmm) of CaC2 type,
wherein the superoxides are on average orientated parallel to
the tetragonal axis.28 Because of the orbital degeneracy of the
superoxide, the energy of the system can be lowered by a
Jahn−Teller distortion. This can arise from both nutation of
the superoxide molecular axis away from a high-symmetry
direction35 and from the displacement of the anion’s center of
mass from a high-symmetry position. In the low-temperature
phases, the symmetry is lowered to a monoclinic symmetry (T
< 196 K) or a triclinic symmetry (T < 12 K) where the
superoxides are both displaced along the monoclinic b-axis and
tilted with respect to the [001] direction of the tetragonal cell.
All of these effects together can be seen as a static Jahn−Teller
distortion of the tetragonal structure. Because such a JTE will
persist at room temperature, the measured tetragonal structure
(with the superoxides aligned with the [001] direction) is
likely to be an averaged structure resulting from a dynamic
JTE.32,33,35 At room temperature, the actual arrangement of
the atoms at the local level has not been unambiguously
determined. However, a model assuming a dynamic JTE where
the superoxides are nutated along the [100] direction and
precess around the c-axis is in agreement with XRD data.35

Electron paramagnetic resonance was used to quantify the
nutation angle at 13 K to 22° and at 78 K to 19°; however, this
is in the monoclinic phase where the directions of the
superoxides are frozen in.33

A small number of theoretical reports examined the coupled
structural and electronic properties in KO2.

23,24,27 Nandy et al.
optimized the KO2 structure without symmetry constraints,
resulting in a nontetragonal structure that was 22 meV/f.u.
lower in energy than the high-symmetry structure.27 Kim et al.
enforced tetragonal symmetry but nutated all the superoxide
anions by ∼30° in the same direction.23,24 The resulting
structure exhibited a band gap, indicating that KO2 is an
insulator.
Despite the existence of these prior studies, the precise

orientation of the O2 bond axis in KO2 remains uncertain.
Hence, it would be helpful to explore how a nonsymmetrized
room-temperature structure for KO2 could be represented.
Similarly, it would be helpful to verify that the suggested LiO2
and NaO2 structures are in fact optimal with respect to their
superoxide orientations. Finding a valid computational
representation for these ambient temperature phases is
important for achieving an accurate estimate of their band
gaps. These gaps can vary from zero to several electron volts

depending on the superoxide orientations in the crystals.37 Of
course, this detail has implications for the possibility of band-
like conduction, but can also impact contributions to the
conductivity from the hopping of charged defects, as the
formation energies of these defects, and hence their
concentrations, are calculated relative to the positions of the
valence and conduction bands. Clarifying these issues requires
a constrained minimization strategy that maintains the
characteristics of the relevant room-temperature phases but
avoids the (free) optimizations that can generate structures
resembling the low-temperature phases, the latter being less
representative of room-temperature battery discharge products.
Furthermore, an estimate of the barrier for rotation of
superoxide dimers would reveal if the structure and electronic
properties of superoxides are affected by rotational degrees of
freedom at room temperature, as well as give an estimate for
the quality of the approximation associated with neglecting
anion rotation when calculating free energies. The details of
the constrained optimization approach is given is the next
section.

■ METHODOLOGY

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).38−41 Ground-state geometries
and electronic structures were determined using (separately)
the GGA + U method [with the Perdew−Burke−Ernzerhof
(PBE) functional42 and the HSE hybrid functional.43,44 A Γ-
centered k-point grid with density 6 × 6 × 6 for LiO2 and KO2
was used for HSE calculations involving primitive cells. For
PBE + U calculations, 8 × 8 × 8 and 8 × 8 × 4 Γ-centered k-
point grids were used for LiO2 and KO2, respectively. The
hybrid calculations employed a planewave energy cutoff of 460
eV and adopted the default VASP PAW potentials with valence
electron configurations of 2s for Li, 2s2p for O, 2p3s for Na,
and 3p4s for K. The PBE + U calculations used the hard PAW
potentials with valence electron configurations of 1s2s for Li,
2s2p for O, 2s2p3s for Na, and 3s3p4s for K.45 Consistent with
the use of the harder PAW potentials for the PBE + U
calculations, a larger planewave cutoff energy of 900 eV was
adopted. For structure optimizations, all ions were relaxed to a
force tolerance of less than 0.04 eV/Å for calculations
involving KO2, and to 0.02 eV/Å or less for LiO2 and NaO2.
Non-self-consistent many-body perturbation theory (G0W0
method) was used for the calculation of band gaps, taking
HSE wavefunctions as input. Convergence tests were
performed with respect to the number of empty bands;
based on these tests, a total of 512 bands were used.
Our calculations employ the PBE + U and HSE functionals

as earlier studies have shown that semilocal functionals often
poorly describe electronic properties of alkali superoxides.10,46

Especially for defect calculations, semilocal functionals may fail
to correctly describe localized charge distributions associated
with charge-carrying defects such as polarons and can
underestimate polaron hopping barriers.9 These shortcomings
of semilocal functionals can be at least partially rectified by
introducing some fraction of exact exchange or a Hubbard
(+U) correction. Based on previous calculations in which the
impact of the fraction of exact exchange on band gap,
formation energies, and migration barriers were examined in
alkali super- and peroxides,9,17 the present study adopts a
fraction of 48% exact exchange (α = 0.48) for HSE
calculations. This value allows consistent comparisons to be
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made between the present calculations on superoxides and
prior studies involving peroxides.
In the PBE + U calculations, the Hubbard correction was

applied to the p-orbitals of the oxygen atoms; these are the
chemically active orbitals on super- and peroxide anions. Prior
studies have shown that a correction between 4 and 8 eV gives
a reasonable description of the alkali super- and per-
oxides.23,27,47,48 In principle, one should calculate the
appropriate correction for every given compound and atomic
configuration using, for example, a linear response method.49

However, our interest here is less in determining the absolute
value of band gaps and more on comparisons between systems
having perturbations to their respective atomic structure.
Therefore, we adopt a more pragmatic approach and, following
Garcia-Lastra et al.,48 set U = 6 eV for all PBE + U calculations.
Care should be taken when applying a +U correction to p-

orbitals. In VASP the effect of the correction is dependent on
the overlap of the atomic wavefunctions within the PAW
augmentation sphere (the bounds for the integration can differ
slightly form the augmentation sphere radius). Because p-
orbitals are poorly contained within the augmentation sphere
this can lead to unexpected and incomparable results between
different code implementations when the +U correction is
applied to p-orbitals. We reduce the effect of this issue by
normalizing the overlap to one within the augmentation
sphere. (Additional details are provided in the Supporting
Information).
The present study aims to determine the room-temperature

structure of KO2 and to characterize the energy associated with
precessions of its superoxide ions. Various nutation and
precession orientations of the superoxides are examined, while
maintaining the measured room-temperature tetragonal
structure. The search is furthermore restricted to the two
dimers of the conventional unit cell. These constraints limit the
number of structures to be considered to a tractable amount
and ensure that the resulting structure is a good starting point
for computationally expensive defect calculations.
Figure 2 illustrates the adopted dimer precession model for

KO2. The conventional unit cell of KO2 contains two O2
−

units; three angles were used to describe the orientation of
these anions: θ, ϕ1, and ϕ2. First, we identify the optimal
nutation angle, θopt. Next, fixing the nutation angle to θopt, the
two dimers are allowed to precess independently. For every
fixed set of angles (θopt, ϕ1, ϕ2), the structure is relaxed. The
result is a potential energy surface which is used to identify the
optimal dimer orientations. Given the computational expense

of hybrid functionals, the search for the lowest energy angles
was performed with the PBE + U method. Constrained
relaxations were performed using the Atomic Simulation
Environment.50 The details of the procedure are as follows:

(1) Two sets of directions for the nutation angle of the
dimers were explored; in both cases, the tetragonal
symmetry of the cell is maintained during optimization.
θ is searched in the interval [1°, 35°] with a resolution of
1 degree.
(a) The dimers are nutated toward the sides of the

cell, that is, one dimer is nutated along the [100]
direction and the other along the [010] direction.

(b) Or the dimers are nutated toward the corners of
the cell, that is, one dimer is nutated along the
[110] and the other along the [1̅1̅0] direction.

(2) For every fixed θ, the cell is relaxed followed by an
optimization of the internal degrees of freedom. This
results in optimal nutation angles of 21° and 23° for the
nutation directions described in (a) and (b), respectively
(Figure S1). We choose θopt to be the average of the two
optimal nutation angles, that is, θopt = 22°.

(3) For every set of ϕ1, ϕ2, and θopt, the atoms are relaxed
under the constraints that the angles and the lattice
parameters are fixed. ϕ1 and ϕ2 are mapped out in the
intervals [0°, 45°] and [0°, 355°], respectively, with a 5°
resolution. The remainder of the potential energy
surface dependent on ϕ1 and ϕ2 is equivalent by
symmetry.

Similar structure analyses were performed for LiO2 and
NaO2 (see the Supporting Information for additional details).
Defect calculations were performed on relaxed supercells of

LiO2 and KO2. These cells were comprised of 3 × 3 × 2
expansions of the respective unit cells and contained a total of
108 atoms. K-point sampling was performed at the Γ-point for
all defect calculations. Based on our prior calculations on
NaO2, five types of charged defects were considered:10

negative vacancies on the metal (M) cation site (VM
−),

positive interstitials (Mi
+), superoxide vacancies (VO2

+),
electron polarons (ep−), and hole polarons (hp+). As described
above, the states around the Fermi level are dominated by πx,y* -
orbitals. Thus, adding or removing an electron is associated
with filling or emptying these antibonding orbitals. Con-
sequently, both types of polarons are expected to localize on
the superoxide dimer, with both causing distinct changes in the
O−O bond length. The importance of these six defects in LiO2
was also demonstrated by a recent study by Li et al.17

The chemical potential of oxygen was assumed to be fixed by
equilibrium with oxygen in the atmosphere and given by the
formula

μ μ= = [ + − ]E k T TS
1
2

1
2O O O

DFT,corr
B O

expt
2 2 2

where EO
DFT,corr

2
is the corrected energy of O2, the kBT term

accounts for the pV contribution to the free energy, and SO
expt

2
is

the experimental entropy.51 Contributions to the free energy
from translational, rotational, and vibrational degrees of
freedom have been neglected; these terms are also not
included for the bulk phases. This is in line with a recent
study which showed that contributions to the free energy from
rotational and vibrational frequencies are to a good
approximation negligible for the NaO2 room-temperature

Figure 2. Precession model of KO2 viewed along the (a) [010] and
(b) [001] directions.
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phase.2 The chemical potentials of the alkali metals (Li, Na, K)
within the superoxides were established by the relation

μ μ+ = [ ]E2 MOM O tot 2

where M = Li, Na, K is the alkali metal and Etot[MO2] is the
total energy per formula unit of the corresponding alkali
superoxide. Knowing that DFT calculations tend to overbind
gas-phase O2, an O2 correction of 0.10 eV was applied for the
ground-state energy of the O2 molecule. This correction value
was determined using a linear fit between the calculated and
experimental formation enthalpies for the alkali superoxides:
marcasite LiO2, pyrite NaO2, and tetragonal KO2. Coinciden-
tally, we note that this value is equal to the value in our
previous work on NaO2,

10 where we calculated the correction
using the experimental value of the NaO2 formation enthalpy.
This coincidence, however, allows us to directly compare the
results of the present study on LiO2 and KO2 with our previous
work on NaO2.

10 Energy barriers associated with the migration
of these charged defects were estimated using nudged-elastic-
band calculations with seven images on the band.52

■ RESULTS AND DISCUSSION
Superoxide Structure Search. Figure 3 shows a potential

energy map for the constrained structure search over

superoxide anion orientations in KO2. The optimal structure
is obtained for θ = 22°, ϕ1 = 0° + 90° × i, and ϕ2 = 90° + 90°
× i for i ∈ [0, 1, 2, 3]. This arrangements corresponds to one
dimer nutated toward [100], [010], [1̅00], or [01̅0] and the
other dimer in the opposite direction. In this structure, the
symmetry of the superoxides has indeed been broken, yet the
external cell structure is consistent with experimental measure-
ments for the room-temperature KO2 phase. This structure
was adopted in our subsequent bulk and defect calculations.
The energy map in Figure 3 also reveals that the energy

barrier associated with a full rotation of a superoxide is only 16
meV. Consequently, the energy of the RT phase relative to the
ordered analogue can be approximated as half of the anion
precession barrier, that is, the RT phase is higher in energy by
∼8 meV/formula unit. That this barrier likely represents an
upper bound to the real barrier; the computed barrier could be
reduced further if the constrained degrees of freedom were
relaxed. Since a temperature of 300 K corresponds to 26 meV,

the thermal energy available at room temperature is sufficient
to activate superoxide rotation around the z-axis. Such
behavior is consistent with experimental measurements.32,35

We further note that the potential energy surface is very flat.
The least favored configuration of the superoxides is only 50
meV higher in energy than the most stable, corresponding to 8
meV/atom. This implies that the superoxide orientation has a
small effect on the total energy of KO2. The energy landscape
reported in Figure 3 (calculated using PBE + U) was also
verified at selected points using HSE calculations. Good
agreement between the methods was obtained (Figure S2).
For LiO2 and NaO2, a similar search over O2 orientations

confirmed that the experimental structures (marcasite and
pyrite, respectively) were the lowest in energy (see Figures
S3−S6). Nevertheless, significant differences were predicted
for the energy barriers for superoxide rotation across these
three compositions, as shown in Table 2. In general, the

precession barriers decrease for the heavier alkali superoxides.
In LiO2, a large barrier of 955 meV makes rotations of
superoxides a rare event; thus, at ambient temperatures, these
dimers are essentially locked at their equilibrium positions. In
NaO2, the precession barrier is significantly smaller, 53 meV.
This prediction matches well with experiments, which show
that NaO2 transforms from the marcasite to the pyrite phase at
200 K, with the latter phase exhibiting evidence of hopping of
dimers as the temperature increases towards room temper-
ature.32 The rotational barriers show that neglecting the O2
rotational degrees of freedom in the free energy is well justified
for NaO2 and KO2, as the rotations of the superoxides at room
temperature will resemble that of free oxygen. However, for
LiO2 it may be a source of error.
Table 3 summarizes the calculated structural and energetic

properties (using HSE [α = 0.48]) of the superoxide phases
examined here. In the case of LiO2, the calculated lattice
parameters are in good agreement with previous calculations
using the HSE06 functional (a = 3.99 Å, b = 4.77 Å and c =
3.01 Å).17 Ferromagnetic (FM) ordering was found to be 6
meV/f.u. more stable than anti-ferromagnetic (AFM) ordering.
This is behavior is consistent with previous calculations that
predicted FM ordering to be more favorable.17 Regarding KO2,
the lattice parameters calculated from the precession model
and the high-symmetry structure are both in reasonably good
agreement with the experimental values of a = b = 4.03 Å and c
= 6.70 Å.28 FM ordering was found to be 2 meV/f.u. more
stable than AFM ordering in the precession model. This
ordering is consistent with previous DFT calculations, which
employed PBE + U with U values from 3 to 6 eV. In those
calculations, the FM−AFM energy difference was in the range
of −3 to −1 meV/f.u.27

Band Structure. Figures 4 and 5 show the calculated
projected DOS at different levels of theory for LiO2 and KO2,
respectively. From energies of −10 to 6 eV, the DOS is
comprised primarily of oxygen-derived states, with little state
density on the alkali-metal ions. These results, including our

Figure 3. Potential energy map of O2 orientations in KO2 with a fixed
θ = 22°. The black dashed lines mark the minimum energy path for a
full precession of the dimers.

Table 2. Energy Barriers for O2 Precession Calculated from
PBE + U

superoxide (structure) precession barrier (meV)

LiO2 (marcasite) 955
NaO2 (pyrite) 53
KO2 (tetragonal) 16
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previous calculations on NaO2,
10 imply that alkali superoxides

are indeed highly ionic crystals. In the case of the semilocal
PBE functional, LiO2 and KO2 are predicted to have half-
metallic behavior, showing no band gap, which is in agreement
with similar calculations in the literature.14,46 In contrast, use
of the HSE functional opens a band gap in both compounds by
splitting the π* states. Importantly, the symmetrized KO2
structure (not shown) does not undergo this splitting and is

predicted to be metallic, even with HSE because in this
configuration the πx,y* -degeneracy is not lifted.
To more accurately estimate the band gaps of the

superoxides, non-self-consistent G0W0 calculations were also
performed (Figures 4 and 5). The HSE + G0W0 data indicate
that LiO2 has a band gap of 4.16 eV, close to the result of 4.02
eV by Li et al.17 It also predicts that KO2 has a band gap of
4.95 eV, suggesting that KO2 is a wide band gap insulator.24,27

Similarly, our earlier calculations on NaO2 using the same
functionals found a large band gap of 5.30 eV.10

Using PBE + U, the band gap of KO2 is estimated to be 3.6
eV in the equilibrium configuration. An analysis of the band
gap in KO2 as a function of dimer orientation (using PBE + U)
reveals that the size of the band gap varies from 2.6 to 3.7 eV
depending on the orientation (see Figure S1). As previously
discussed, the superoxide ions in KO2 experience in a very flat
potential energy surface. This suggests that the range of band
gaps associated with these dimer configurations will be
accessible at room temperature. Thus, although the G0W0
band gap (4.95 eV) is the most accurate estimate of the band
gap at the equilibrium configuration, the actual band gap at
room temperature will be influenced by the nearly-freely
rotating superoxides. A similar but less drastic effect is expected
in NaO2, where the dimers are not as free to rotate, whereas in
LiO2 practically no contributions from rotating dimers is
expected.
Despite these contributions from rotating superoxide anions,

the predicted band gaps in the alkali-metal superoxides are so
large that band-based conduction can be ruled out. Similarly,
electron tunneling will only be able to sustain discharge
currents for a very short period before a thick enough layer of
deposited discharge product effectively blocks tunneling.
Hence, the low overpotentials reported in alkali superoxide-
based “air” batteries must arise from mechanisms other than
band-based conduction and/or tunneling. One possibility is
that the hopping of charged defects contributes to charge
transport in these systems.

Intrinsic DefectsFormation Energies and Concen-
trations. The calculated formation energies of the five charged
defects examinedhole and electron polarons, vacancies on
the cation and anion sublattices, and cation interstitialsare
summarized in Figure 6a for all three superoxide compositions.
Detailed formation energy plots and calculated concentration
data can be found in Figures S7 and S8 and Tables S1 and S2.
The calculated formation energies were used to estimate the
equilibrium concentrations at 300 K. These equilibrium
concentrations may not be realized in an operating battery
due to nonequilibrium effects (i.e., slow kinetics) arising, for
example, from the rapid growth of a superoxide discharge
product at ambient temperatures. Consequently, it is possible
that the actual defect concentrations are higher than those
predicted here.

Table 3. Calculated Low-Energy Magnetic Ordering, Energy Difference between Ferromagnetic and Antiferromagnetic
Ordering, Lattice Parameters a, b, c (Å), O−O Intramolecular Bond Length d(O−O) (Å), and Distances between Metal Ions
and Their Nearest O Atoms d(M−O2) (Å)

structure magnetization EFM − EAFM (meV/f.u.) a (Å) b (Å) c (Å) d(O−O) (Å) d(M−O2) (Å)

LiO2 (marcasite) FM −6 4.011 4.783 3.042 1.30 2.52/2.39
NaO2 (pyrite) FM −42 5.416 5.416 5.416 1.31 2.71
KO2 (tetragonal, O2

− tilted) FM −2 4.111 4.111 6.720 1.31 2.91/3.36
KO2 (tetragonal, high symmetry) FM −36 3.991 3.991 6.843 1.31 2.91/3.36

Figure 4. DOS (in arbitrary units) for LiO2 calculated using four
different levels of theory: (from top to bottom) PBE, HSE06, HSE (α
= 0.48), HSE + G0W0. The energies are shifted such that the energy of
the valence band maximum is assigned a value of zero.

Figure 5. DOS (in arbitrary units) for the lowest energy (tilted) bulk
KO2 structure calculated using four different levels of theory: (from
top to bottom) PBE, HSE06, HSE (α = 0.48), HSE + G0W0. The
energies are shifted such that the energy of the valence band
maximum is assigned a value of zero.
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Turning first to defects in LiO2, the dominant charged
species are predicted to be superoxide vacancies, VO2

+

(comprising a missing superoxide anion), and electron
polarons, ep−, localized on the superoxide anion. Both defects
have a formation energy of 0.40 eV and a corresponding
concentration of 7 × 1015 cm−3. These findings differ from
those recently reported by Li et al.,17 whose calculations
suggested that the dominant defects in LiO2 are hp+ (hole
polarons) and VLi

− with concentrations of 1 × 1013 cm−3. This
difference can be explained by Li et al.’s. use of a different
estimate for the oxygen chemical potential: in that study the
total energy for oxygen at zero kelvin was adopted as the
oxygen chemical potential, neglecting pV contributions and
contributions from entropy (at experimental conditions).
In the case of KO2, the dominant charged defects are both

ionic species: the negatively charged potassium vacancy (VK
−),

and the superoxide vacancy (VO2
+), both having formation

energies of 0.72 eV and equilibrium concentrations of 2 × 1010

cm−3. Vacancy-based carriers were also reported to be
dominant in NaO2.

10 Drawing on the results of our earlier
study on NaO2,

10 we observe that a common feature across the
three alkali superoxides is the existence of the superoxide
vacancy as the dominant (highest concentration) positively
charged defect. Based on the formation energies in Figure 6a,
the equilibrium concentrations of VO2

+ are similar in LiO2 and
NaO2 and approximately 5−6 orders magnitude smaller in
KO2. Compared to the alkali peroxides, the concentrations of
the dominant ionic defects in the alkali superoxides are about 8
orders of magnitude larger.9,10 Our prediction that VO2

+

constitutes the dominant charge-carrying defect is in good
agreement with Gerbig et al.’s experimental measurements,
where superoxide vacancies were also reported to be the main
contributor to the total conductivity in the heavy alkali
superoxides (KO2, RbO2, and CsO2).
Turning now to polaron phenomena, as previously

described, a hole (electron) polaron consists of a missing
(additional) electron localized on a superoxide anion, resulting
in a distortion of the local lattice structure: the O−O bond
length and distance between the superoxide hosting the
polaron and nearest-neighbor alkali-metal atoms, which form
an octahedron around the superoxide, are altered. For a hole
(electron) polaron, the O−O bond length contracts (expands)
and the neighboring M+ ions are repelled (attracted) by the
missing (added) electron. A hole polaron changes the host
superoxide (O2

−) to a neutral state (O2
0), similar to that of

gaseous oxygen, with two unpaired electrons in the πx,y* orbitals
and a magnetic moment of 2μB. An electron polaron changes

its host superoxide to a peroxide ion (O2
2−) which has fully

occupied πx,y* orbitals and a magnetic moment of zero. This
behavior is common across the alkali superoxides as is
confirmed by the present results, work by Li et al.,17 and in
our previous calculations on NaO2.

10 The structural and
magnetic changes introduced by the polarons are shown in
Figures 7 and 8 for LiO2 and KO2, respectively. (In LiO2 and
KO2, each octahedron has two distinct M−O2 bond distances;
these are noted as in-plane/out-of-plane in Table 3).

For LiO2, the calculated formation energies of the electron
and hole polarons are 0.40 and 0.95 eV, respectively. In KO2,
the formation energy of the hole polaron, 0.88 eV, is similar to
that of LiO2, while forming an electron polaron requires
significantly more energy, 1.24 eV. In KO2, the oxygen dimer
hosting the electron polaron reorients to be parallel with the z-
axis, leaving it in a high-symmetry configuration. This is the
only polaron which is found to be associated with a
reorientation of the oxygen dimer; as a result of this significant
structural change, the electron polaron in KO2 is the polaron
with the largest formation energy.
Compared to the peroxides, the energy of forming an

electron polaron in Li and Na superoxide (0.40 and 0.68 eV,
respectively) is much lower: the relevant formation energies
are 1.51 eV9 in Li2O2 and 2.07 eV10 in Na2O2. This is
explained by the fact that in a superoxide an electron polaron
occupies a πx,y* -orbital, whereas in a peroxide it must occupy a
higher energy σ*-orbital. Differently, formation of a hole

Figure 6. (a) Formation energies and (b) migration barriers for charged defects in LiO2 (white), NaO2 (black), and KO2 (gray).

Figure 7. Magnetization density distribution for (a) hole and (b)
electron polarons in LiO2. Structural and magnetic properties of the
respective O−O dimers and nearest-neighbor Li-ions are shown to
the right. Isosurfaces depict the spin density at a value of 0.04 e
Bohr−3.
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polaron involves removing an electron from the πx,y* orbital in
both superoxides and peroxides. Thus, the formation energies
are very similar, that is, 0.95 and 0.88 eV for the superoxides
and 0.95 eV9 and 0.90 eV10 for the peroxides.
The situation regarding concentrations of electronic carriers

(polarons) in the alkali superoxides versus alkali peroxides is
mixed. LiO2 exhibits an 8 orders of magnitude larger
concentration of polarons than does Li2O2,

9 while in NaO2
these concentrations are 4 orders of magnitudes greater than
that in Na2O2.

10 Electronic carrier concentrations in KO2
resemble those in lithium and sodium peroxides.
Intrinsic DefectsMobility. The preceding discussion

reveals that the alkali superoxides generally exhibit relatively
high concentrations of ionic defects in comparison to the
analogous peroxides. Moreover, LiO2 also supports a moderate
equilibrium concentration of electronic carriers (ep−). How-
ever, for these defects to significantly contribute to intrinsic
conductivitiesand thus low overpotentialsthey must also
possess sufficient mobility. Mobility of the charge-carrying
species is determined by the migration barriers that character-
ize elementary jumps between equilibrium sites.
A summary of calculated migration barriers for all three

superoxide compositions is shown in Figure 6b. Figures S9 and
S10 illustrate the migration pathways calculated using the
nudged elastic band method. We first consider the mobilities of
ionic species in LiO2. For each species, there are three
symmetry distinct migration pathways. Li et al. reported that
the migration barriers for these pathways correlate with the
hop length; therefore, we limit our calculations to the shortest
hopping pathway, that is, migration along the z-axis. Our
calculations suggest that all of the defects considered have
small-to-moderate migration barriers, with VO2

+ having the
smallest barrier of only 0.26 eV, corresponding to a diffusion
coefficient of 4 × 10−7 cm2 s−1. [The diffusion coefficient, D,
was evaluated as in our prior study:10 D = νa2 e−Eb/kBT, where ν
is the hopping attempt frequency, which we take to be equal to
the value typically used in semiconductors, 1013 s−1. The jump
distance is given by a, and Eb is the diffusion barrier
(neglecting entropy contributions).] Although the orientations
of the migrating superoxide dimer before and after the vacancy
hop are parallel, the dimer is observed to rotate 90° during the
migration process, leading to a V-shaped energy profile, similar
to that in NaO2.

10 The O−O bond does not break during the
migration. Migration of the negative lithium vacancy, the

second most prevalent charged defect, occurs via a pathway
where the vacancy hops from one vertex of a distorted Li-ion
octahedron to a nearest-neighbor vertex. The calculated energy
barrier for this process, 0.43 eV, is comparable to the lowest
barrier for vacancy migration in Li2O2,

9 0.33 eV.
Regarding the mobilities of electronic carriers in LiO2, the

calculated barriers for migration of electron and hole polarons
are 0.45 and 0.34 eV, respectively. These values are smaller
than those reported for the same species in Li2O2: 1.41 and
0.42 eV for electron and hole polarons, respectively.48,53 This
suggests that LiO2 will permit faster migration of both polaron
types, possibly resulting in greater electronic conductivity.
In KO2, for the case of ionic species, we focus on the two

dominant carriers, negative potassium vacancies, VK
−, and

positive oxygen vacancies, VO2
+. (The barrier for migration of

potassium interstitials was difficult to converge, and is not
discussed further due to the very high formation energy, 1.40
eV, of this defect.) For each species, there are two symmetry
distinct migration pathways: intralayer (along [100] or [010])
and interlayer (along [111]). For negative potassium vacancies,
intralayer migration along the short path is favored. Migration
occurs via a single hop from one vertex of a K-ion octahedron
to a nearest-neighbor vertex with a barrier of 0.38 eV. For the
superoxide vacancy, the interlayer migration is more favored
than intralayer migration. The superoxides in the same layer
are parallel, while in the interlayer path, they have orientations
that differ by 44°. The intralayer migration is achieved by the
simple translation of a superoxide in the opposite direction of
the vacancy. In contrast, interlayer vacancy migration is
accompanied by the rotation and translation of a superoxide,
leading to a V-shaped migration pathway, similar to what is
observed in LiO2 and NaO2.

10 No significant change to the
O−O bond is observed during this migration. By far, the most
mobile defect is the superoxide vacancy, with a migration
barrier of only 0.15 eV, corresponding to a diffusion coefficient
of 5 × 10−5 cm2 s−1. In general, superoxide vacancies are
predicted to be very mobile in the alkali-metal superoxides,
with barriers falling within 0.15−0.26 eV. This agrees well with
Gerbig et al.’s experimental measurements, which reported
high mobilities of O2 in KO2.

22

The lattice constant of the alkali-metal superoxides also
influences the size of the polaron migration barriers by altering
the hopping distance (Li et al. also reported a correlation
between hop length and barrier height in LiO2).

17 In LiO2,
NaO2, and KO2 the polaron hopping distances are 3.03, 3.83,
and 4.11 Å, respectively, with corresponding electron
migration barriers 0.45, 0.66, and 0.71 eV and hole migration
barriers 0.34, 0.51, and 0.50 eV.10

Conductivity. The calculated intrinsic conductivities
(based on the respective equilibrium carrier concentrations)
for LiO2 and KO2 are summarized in Table 4 and Figure 9 and
compared with our prior calculations on Li2O2, NaO2, and
Na2O2.

9,10 Turning first to LiO2, our calculations predict ionic
and electronic conductivities of 4 × 10−9 and 9 × 10−12 S/cm,
respectively. These values are 10 (4 × 10−19 S/cm) and 8
orders of magnitude larger (5 × 10−20 S/cm) than in Li2O2.
Furthermore, LiO2 has the highest electronic conductivity
across all of the light alkali-metal peroxides and superoxides;
calculated conductivities in these other phases are 7 to 8 orders
of magnitude smaller. The ionic conductivity in LiO2 is mainly
mediated by superoxide vacancies which are the charged defect
with both highest concentration and mobility. The ionic

Figure 8. Magnetization density distribution for (a) hole and (b)
electron polarons in KO2. Structural and magnetic properties of the
respective O−O dimers and nearest-neighbor K-ions are shown to the
right. Isosurfaces depict the spin density at a value of 0.04 e Bohr−3.
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conductivity in NaO2 is predicted to be similar to that of LiO2

and primarily arises from contributions from VO2
+.10

In KO2, the calculated ionic conductivity of 5 × 10−12 S/cm
is 3 orders smaller than in LiO2 and NaO2, but 8 orders larger
than in Li2O2 and Na2O2. These predictions are consistent
with the experiments and conclusions reached by Gerbig et
al.,22 who measured the ionic conductivities of the heavier
alkali-metal superoxides (KO2, RbO2, and CsO2.) at 200 °C,
and extrapolated a room-temperature ionic conductivity of
∼10−13 S/cm. Their 18O isotope exchange experiments showed
that the oxygen transport through KO2 was based on the
migration of intact oxygen dimers and this migration
contributes to the ionic conductivity. (An “intact oxygen
dimer” refers to a superoxide anion that migrates as a single
unit without breaking its O−O bond). The predicted
electronic conductivity is of KO2 is 10−20 S/cm, similar to
that of Li2O2,

9 suggesting that electronic transport through
pristine KO2 will be negligible, unless pathways coupled to
microstructural features (surfaces, grain boundaries, amor-
phous regions, etc.) or nonequilibrium carrier concentrations
contribute significantly. Our results are consistent with the
conclusions reached by Gerbig et al., who found that the
electronic conductivities of KO2 were comparable to those of
Li2O2.

54

According to our previous work,9 to limit the iR drop across
the discharge product of a metal/O2 battery to less than 0.1 V,
the conductivity of that phase must be at least 2 × 10−11 S/cm.
The calculated electronic conductivity of LiO2 (9 × 10−12 S/
cm) reported here, while slightly below this target, results in a
moderate overpotential of ∼0.15 V. This suggests that the
higher electronic conductivity of LiO2 is consistent with the
observation of low overpotentials in this system. This
conclusion does not hold, however, for NaO2 or KO2.

The main charge carriers in the peroxides, Li2O2 and Na2O2,
were reported to be negative alkali-metal vacancies and
(positive) hole polarons.9,10 This differs from the superoxides,
where polarons and (positive) superoxide vacancies dominate.
All of the superoxides are predicted to have much larger ionic
conductivities than do the peroxides. This behavior primarily
originates from the high concentrations and mobilities of VO2

+.
The low electronic conductivities predicted for KO2 and NaO2
suggest that the low overpotentials observed in batteries with
these compounds as the main discharge product cannot be
explained by larger electronic conductivities in these phases.
However, it is important to recognize that the operating
conditions present in a realistic cell could generate (non-
equilibrium) defect concentrations that are much larger than
the equilibrium values predicted in the present study. Such an
effect could result in much higher electronic conductivities and
potentially lower charging overpotentials. Therefore, an
important area for future study is quantifying the identity
and (nonequilibrium) concentrations of charge-carrying
defects in peroxides and superoxides formed during the
relatively rapid electrodeposition conditions present in a
room-temperature metal/oxygen cathode.
The electron polaron is the dominant electronic carrier in

LiO2 and NaO2, while the hole polaron prevails in KO2. The
latter is in apparent contradiction to the report of Gerbig et al.
whose defect model predicts electron polarons to be the
dominant electronic defect in KO2.

22 Our results are in fact in
qualitative agreement with this behavior. The pO2 assumed
here corresponds to the high limit of the partial pressures
investigated by Gerbig et al. and a decreasing pO2 will shift the
formation energy of the ionic defects such that at some point
the electron polaron and the superoxide vacancy will be the
dominant defects.

■ CONCLUSIONS

Charge-transport mechanisms within the discharge products of
alkali-metal/O2 batteries can strongly influence the perform-
ance of these systems. To date, discharge products comprising
alkali peroxides and superoxides have been observed. In
general, cells that discharge to a superoxide exhibit lower
overpotentials than those that form the corresponding
peroxide. These lower overpotentials have been hypothesized
to originate from more efficient charge transport within the
superoxides. The present study critically assesses this
hypothesis by systematically calculating the intrinsic con-
ductivity and charge-transport mechanisms within the light
alkali-metal (Li, Na, K) superoxides using DFT and quasi-
particle methods.
While the transport mechanisms in the peroxides have been

well studied, consensus regarding the conductivity within the
superoxides is lacking. Our study draws on our prior
investigations of the alkali peroxides and of sodium superoxide,
while adding new analyses for LiO2 and KO2. In the case of
KO2 a nonsymmetrized room-temperature structure was
proposed to account for a dynamic JTE. Band gaps,
equilibrium (charged) defect concentrations, mobilities, and
conductivities were estimated for both LiO2 and KO2.
Overall, the alkali superoxides are predicted to be wide band

gap insulators, with gaps exceeding 4 eV. These large band
gaps, combined with limited evidence for the Fermi level being
located close to either band edge, implies that negligible
transport occurs via band conduction. Thus, whatever charge

Table 4. Calculated Ionic and Electronic Conductivities (S
cm−1) for LiO2 and KO2, and Comparison with Prior
Calculations on Li2O2, Na2O2, and NaO2.

a

compound
ionic conductivity

(S/cm)
electronic

conductivity (S/cm)

highest
concentration

carriers

LiO2 4 × 10−9 9 × 10−12 VO2
+, ep−

Li2O2 9 × 10−19 5 × 10−20 VLi
−, hp+

NaO2 4 × 10−9 1 × 10−19 VO2
+, VNa

−, ep−, hp+

Na2O2 5 × 10−20 1 × 10−20 VNa
−, hp+

KO2 5 × 10−12 1 × 10−20 VO2
+, hp+

aData for Li2O2, NaO2, and Na2O2 are from refs 9 and 10.

Figure 9. Ionic (black bars) and electronic (gray bars) conductivities
(log scale) for LiO2, NaO2, and KO2.
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transport is present in these materials must occur via ion
migration and/or electron/hole hopping.
Compared to the alkali peroxides, ionic conductivities in the

superoxides are predicted to be 8−11 orders of magnitude
larger, ranging from 4 × 10−9 to 5 × 10−12 S/cm at room
temperature. A distinguishing feature of the superoxides is that
their ionic conductivity is mediated primarily by superoxide
vacancies. In the case of KO2, the mobility of oxygen dimers is
consistent with a recent experimental study by Gerbig et al.,
who found that superoxide ions are highly mobile in KO2,
RbO2, and CsO2.
Regarding electronic conductivities, transport in NaO2 and

KO2 is predicted to occur via polaron hopping, with low
conductivities on the order of 10−19 to 10−20 S/cm. These
values are similar to what has been previously reported for the
peroxides. Importantly, the present calculations indicate that
LiO2 has a much larger electronic conductivity (also arising
from polaron hopping) than its Na and K analogues, 9 × 10−12

S/cm at 300 K. These data suggest that the low overpotentials
observed for Na- and KO2-based batteries cannot be explained
by high intrinsic electronic conductivities. In contrast, the
much larger conductivities predicted for LiO2 imply that the
superior performance observed in LiO2-based cells may reflect
the ability of LiO2 to support higher charge-transport rates.
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