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ABSTRACT: The primary discharge product in sodium—air

batteries has been reported in some experiments to be sodium
peroxide, Na,O,, while in others sodium superoxide, NaO,, is

Magnetization and charge state for O, dimers
in Na,0, and NaO,

observed. Importantly, cells that discharge to NaO, exhibit low e- addition ——) €—— e- removal ( ™
charging overpotentials, while those that discharge to Na,O, do '8 "6 A *
not. These differences could arise from a higher conductivi —> WS e S 4
within the superoxide; however, this explganation remairtl}s’ — ,/”ﬂ“\\ € z < 1 ']I*}
speculative given that charge transport in superoxides is relatively WV p.* ¢
unexplored. Here, density functional and quasi-particle GW 020 021_ 022_ 023'

methods are used to comparatively assess the conductivities of

Na—O0, discharge phases by calculating the concentrations and mobilities of intrinsic charge carriers in Na,O, and NaO,. 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 Na,O,, NaO, is
predicted to be a poor electrical conductor, wherein transport is limited by sluggish charge hopping between O, dimers. Different
from Na,0,, in NaO, 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 n-
type contributions from negative sodium vacancies. In the context of sodium—air batteries, the low electronic conductivity
afforded by NaO, 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 NaO,-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—O, 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).! However, Li—O, batteries suffer from poor cycle life
and low round-trip efficiency, the latter effect arising from high
overpotentials during charging.”™>

As an alternative to lithium-based chemistries, recent
experiments have probed the performance of Na—O,
batteries.®™*° Although Na and Li are both alkali metals, with
Na located one row below lithium in the periodic table, the
performance of Na—O, batteries appears to be very different
from that of the analogous Li—O, system. For example, in Na—
O, cells employing nonaqueous electrolytes, some studies have
reported Na,O, as the main discharge product,” while others
report Na0,.%® Cells that discharge to Na,O, exhibit high
charging overpotentials, similar to those observed in Li—O,
batteries. On the other hand, cells that discharge to NaO, have
much6 ;?gver charging overpotentials, typically less than 200
meV.””
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While the greater mass of sodium implies that a Na—O, cell
would exhibit approximately 50% lower specific energy
compared to a Li-based cell, the surprising discovery of low
overpotentials in superoxide-based Na—O, 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—O, system but also for Li-
based and other metal—oxygen systems. In this regard the Na—
O, chemistry serves as an important prototype for under-
standing 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.'®™"* One possibility is that this
behavior arises from a higher conductivity relative to the
peroxide. Along these lines, Hartmann et al'! and Zhao et al.”’

Received: January 22, 2015
Revised: ~ May 7, 2015
Published: May 8, 2015

DOI: 10.1021/acs.chemmater.5b00285
Chem. Mater. 2015, 27, 3852—3860


pubs.acs.org/cm
http://dx.doi.org/10.1021/acs.chemmater.5b00285

Chemistry of Materials

(@) | (b) ,

" O
2p \

g
/

”D" +1e” from Na*

o \ 1 o ‘\

s OHDOO

(c) "D“ +2¢" from Na*

/! o \

BOEH = & o0

\ / - ad »
\me my f \mp omy \me Ty

o

Figure 1. Molecular orbital (MO) diagrams for (a) oxygen (O,°), (b) superoxide (0,'”), and (c) peroxide (O,*”) dimers.

argued that the large particle sizes typical of the NaO, phase
observed in discharged Na—O, cells implied a higher
conductivity. This would be consistent with an early report
that found moderate conductivity in KO, (approximately 1—10
S/cm).'* More recent experiments measured the total
(electronic + ionic) conductivity of KO, at elevated temper-
atures (345—500 K). Extrapolatin% these data to 300 K yields a
much lower value of 107 §/cm.">"¢

While the popularity of Li—O, batteries has recently sparked
interest in the properties of Li,O,,'”~"* transport in superoxide
phases has received less attention.”* ¢ In the case of Li,O,, a
small number of studies have predicted that both holes and
electrons become self-trapped on oxygen dimers, forming small
hole/electron polarons.'”~>' DFT+U calculations by Garcia-
Lastra et al. revealed that hole polarons have a much higher
mobility than do electron polarons in Li,O,."” Radin and Siegel
used a tuned hybrid functional to estimate the intrinsic
conductivity of Li,O, by combining the calculated concen-
trations of various charge-carrying point defects with their
respective mobilities."® 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 Li,O,. This result was corroborated
by experiments,”* which found the same charge-carrying species
in bulk Li,O,. To our knowledge, much less effort has been
devoted to examining intrinsic conductivity in the Na—O
system.ls’23

In the present study first-principles calculations are used to
predict the intrinsic conductivities of bulk Na,O, and NaO,.
More specifically, the formation energies and concentrations of
various charge-carrying point defects with different charge
states—polarons, vacancies, and interstitials—are evaluated.
Subsequent calculations assess the mobilities of the highest-
concentration charge carriers. Many-body perturbation theory
(GW) reveals that both Na,0O, and NaO, are wide gap
insulators with bandgaps of 6.65 and 5.30 eV, respectively.
Similar to earlier studies on Li,O,,'®'? hole polarons (localized
on O, dimers) and negative sodium vacancies are identified as
the main charge carriers in Na,0,. Combining the concen-
tration and mobility data, we find that the electronic and ionic
conductivity of Na,O, is essentially the same as that for Li,O,.

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 NaO, in roughly equal proportions.
Although electron polarons are present in higher concen-
trations compared to holes, the trend in mobilities is reversed,
with holes having lower hopping barriers. Ionic conductivity in
NaO, 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 NaO, is only slightly higher than in the
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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 NaO, 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:
0,27, 0,!7, and O,°, 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 NaO,-based cells arises from a reduction in the
extent of side reactions, such as electrolyte decomposition.®

2. METHODOLOGY

Density functional theory (DFT) calculations were Eerformed with the
Vienna ab initio simulation package (VASP).>*™>" A T'-centered K-
point grid with density 4 X 4 X 6 (6 X 6 X 6) for Na,O, (NaO,) was
used for calculations involving primitive cells. A 144 atom supercell
generated from a 2 X 2 X 3 replication of the unit cell was used for
defect calculations on Na,0,; a 2 X 2 X 2 supercell (96-atoms) was
used for NaO,. The I 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/A or less. A
ferromagnetic configuration was employed for NaO, (Pa3) 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 NaO, 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,”®*® our calculations employ
hybrid functionals based on the HSE formulation®”*! and many-body
perturbation (GW) methods,® in addition to the PBE generalized
gradient approximation (PBE-GGA).>> 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 & 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 a (and, similarly to the value of U
used in in GGA+U calculations).'”*® Based on our earlier work in
which we examined in detail the impact of the mixing parameter on
formation energies and migration barriers,'® in the present study we
adopt the value @ = 0.48. This value reproduces the quasi-particle
bandgap for Li,O, and allows consistent comparisons to be made
between the present calculations on Na-based phases and prior studies
involving Li,0,.

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=N. e E/kT

sites

(1)
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where Ny, is the number of sites in the crystal where the defect can
occur and E; corresponds to the formation energy of a given defect.
Similarly, the formation energy of a defect X? in charge stage q is given
by

E¢(X") = Eo(X") — E,(pristine) — z n, + qeg + Eypy
i )

where Eo(X7) represents the total energy of the supercell containing a
defect X7, E,(pristine) is the total energy of the supercell without a
defect, n; is the number of atoms of species i, y; is the chemical
potential of species i, &g is the Fermi level referenced to the valence-
band maximum (VBM) in the bulk, and Eyp is the Makov—Payne
monopole finite-size correction.>* The calculated dielectric constants
for Na,O, and NaO,, which are needed as input to the monopole
correction, are presented in the Supporting Information.

The chemical potential of oxygen in Na—O, condensed phases is
assumed be fixed by equilibrium with oxygen gas at T =300 Kand P =
1 atm, while the chemical potential of sodium in Na,O, or NaO, is
expressed according to

Hy,(N2,0;) = 1/2[G(Na,0,) — 2,“0]

fy,(NaO,) = G(NaO,) — 24

For solid phases, we take the free energy to be the DFT ground state
energy. The chemical potential of oxygen is calculated using

G(OZ) = EO(OZ) + kBT - Tsexpt + Ecorr
Here, we take PV ~ kyT and S, is the experimental entropy of
oxygen gas. To account for oxygen overbinding, we correct the ground
state of O, (E,,,) using the experimental formation enthalpy of Na,0,
and NaO,. This raises the energy of O, by 0.62 and 0.10 eV,
respectively. Additional details regarding the calculated thermody-
namics 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,
u, are calculated using the Nernst—Einstein equation, D = ukyT/e.
Here, D is the diffusion coefficient, which is expressed as D
vare~B/%T; 1 is the hopping attempt frequency, which we take to be
equal to the value typically used in semiconductors, 10'3 s71'7!82!
The jump distance is given by a4, and E, is the diffusion barrier
(neglecting entropy contributions). Inserting the expression for the
diffusion coefficient, the mobility can therefore be expressed as

2
_ Lea o Ev/kgT

=T

®3)
The nudged elastic band method (NEB)*® with the HSE, functional
was used to evaluate energy barriers associated with defect migration.
Tonic diffusion barriers were converged to a tolerance of 0.02 eV/A.
For polaron hopping barriers, the climbing image NEB (CI-NEB) was
also used.>® 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 NaO, the energy barrier changed by
less than 10 meV between iterations 150 and 200.

3. RESULTS AND DISCUSSION

Structure and Bandgaps. Na,O, is reported to adopt an
hexagonal crystal structure (space group (P62m) with lattice
constants a = 6.21 A and ¢ = 447 A" The calculated lattice
parameters are a = 6.11 A and ¢ = 442 A (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).
Na, O, 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 A) than
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Figure 2. Crystal structures of (a) hexagonal Na,O, viewed along two

directions and (b) cubic (pyrite) NaO,. Yellow spheres represent
oxygen atoms; blue spheres are sodium atoms.

in “B” layers (“oxygen-poor” layer, with O—O bond length of
148 A).

The NaO, phase exhibits several polymorphs.>® The stable
structure below 196 K is tetragonal (space group Pnnm); from
196 to 223 K the Pa3 (NaCl rock salt structure type) is the
stable phase, wherein the centroids of O,*” dimers occupy the
Cl™ positions. The Pa3 unit cell contains four oxygen dimers,
each of which are aligned along different (111) directions. The
calculated lattice parameter of the Pa3 phase is a = 542 A
(HSE06) and is in good agreement with the experimental value
of 5.46 A* Above 223 K, the O,>~ dimers remain oriented
along (111) directions, but in a disordered fashion,** and the
crystal structure adopts an FCC structure (a = 549 A; space
group Fm3m). Given the difficulties associated with simulating
a disordered structure, here we have adopted the ordered Pa3
structure (Figure 2b) for our calculations. This choice is
motivated both by the insensitivity of polaron and O, dimer
migration barriers to dimer orientation (Supporting Informa-
tion Figure S2) and by our earlier study which showed that the
electrical conductivity of amorphous Li,O, was not markedly
improved compared to crystalline Li,O,.*'

Table 1 summarizes the calculated bandgaps for Na,O, and
NaO, as a function of the level of theory. In the case of the

Table 1. Calculated Bandgaps for Na,0, and NaO, at
Different Levels of Theory”

NaO, NaO,
method Na,0, (Pnnm) (Pa3)
present study GGA 1.76 0 0
HSEO06 4.02 2.04 2.06
HSE+GgW,  6.65 5.56 530
previous calculations B3LYP 4.59%* 3.30%*
HSE06 294" L* 1.09"

“In the case of NaO,, values are reported for both the low temperature
(marcasite, Punm) and intermediate temperature (pyrite, Pa3) phases.

GGA, a modest bandgap of 1.76 eV is predicted for Na,O,,
while NaO, is predicted to have no gap (i, 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 Na,0, and 2.06 eV for NaO,.
The bandgap for Na,O, is similar to that previously reported
for Li,0,.°%* Nevertheless, for both compounds the HSE06
gap is somewhat larger than those reported by Lee et al.'”

DOI: 10.1021/acs.chemmater.5b00285
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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 HSE, (& = 0.48) hybrid functional in Na,0, (a) and NaO, (b). In Na,0, (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.

Comparison calculations were also performed on the tetragonal
and rock salt structure variants for NaO,; the data reveal that
the bandgap is not very sensitive to the structure type. Non-
self-consistent GyW, 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 GyW, calculations. Quasi-particle GW methods
have been shown to yield reliable estimates for bandgaps across
many different materials.*> The HSE+GoW, data indicate that
both Na,O, and NaO, are wide bandgap insulators, with
bandgaps of 6.65 and 5.30 eV, respectively. We believe the
GoW, calculations provide the best estimate of the true
bandgaps of these compounds.

Intrinsic Defects in Na,O,. Figure 3 shows the calculated
formation energies for O vacancies (V), O, vacancies (Vg,, in
which an entire O, molecule is removed), Na vacancies (Vy,),
Na interstitials (Na;), electron polarons (ep_), and hole
polarons (hp+) as a function of the Fermi level in Na,O,
(Figure 3a) and NaO, (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 lowest-
energy 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.**

As shown in Figure 3a, the dominant charged defects in
Na,O, are negative sodium vacancies (Vy, ) and hole
polarons (h,;*) 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: Vi~
and Vy,,~. Vi, refers to a vacancy in the oxygen-rich layer,
while Vy,,~ occupies a Na site in the oxygen-poor layer. We
find that Vy,; ™ is 0.15 eV more stable than Vy,,". Similarly, h,,;
represents a hole polaron in the oxygen-rich layer, while h,"
represents a hole polaron in the oxygen-poor layer; we find h,;*
to be 0.06 eV more stable than hP2+.) This behavior is similar to
what has been reported in Li,O,'® wherein the dominant
charge-carrying defects were identified as negative lithium
vacancies (Vy;”) and hole polarons with formation energies of
0.95 eV. The defects having the next-lowest formation energies
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are neutral oxygen vacancies (Vo, Ef > 1.5 eV) and electron
polarons (ep_, E; > 2 eV). Using the calculated formation
energies as input to eq 1, the equilibrium concentrations of h,"
and Vy,,” are estimated to be 1 X 107 cm™, which are in
reasonable agreement with those of Araujo et al, 2 X 10°
cm ™3> whose calculations employed a slightly different value
for the mixing parameter, a. As expected, our predicted
concentrations are very similar to those for Vi, and h,’
reported in our previous calculations on Li,0,'® 1 x 107
cm™. A summary of calculated defect formation energies and
concentrations in Na,O, is provided in Table S1 in the
Supporting Information. Contrary to some experimental studies
on Na,0,,"* we do not find that sodium interstitials are present
in high concentrations in Na,O,. 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 O,
dimer, resulting in a contraction (extension) of the covalent
O—-O0 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 Na,O,, we observed that the O—O
bond length decreases from 1.47/1.48 on the two symmetry-
distinct O, sites, to 1.31 A when a hole polaron is present.
Analysis of the magnetization density reveals that a magnetic
moment 4 = 1 pp emerges on dimers hosting a hole polaron
(Figure 4a), with a characteristic shape of a 7, orbital, which
is consistent with the presence of an unpaired electron in a
superoxide-like O,'~ dimer (Figure 1b). The magnetic moment
remains unchanged (i = 0 ug) for other O,” ions in the
supercell.

The density of states (DOS), Figure S, provides further
information regarding the electronic structure of pristine and
defective Na,O,. (Note that in Figure S the Fermi level &, is set
to the highest occupied eigenvalue, which is a convention
commonly used in first-principles calculations. A more accurate
description of the &g is given in Figure 3, which accounts for
charge neutrality; in this case &g is 2.4 (1.8) eV above the VBM
for NaO, (Na,0,).) The DOS for the pristine supercell (Figure
Sa) indicates an equal number of spin-up and spin-down states,
with full occupation of x,,* orbitals on the 0,” dimer.
Localization of a hole on the O, dimer results in a splitting
between the occupied states and unoccupied states of 7, *

DOI: 10.1021/acs.chemmater.5b00285
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Na,O,

NaO,

Figure 4. Magnetization density for (a) hole polaron in Na,0,, (b)
electron polaron in Na,O,, (c) hole polaron in NaO,, and (d) electron
polaron in NaO,. Note that in panels ¢ 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 uy/bohr’.

(Figure Sc). This leads to the emergence of a new (empty)
state above the Fermi level.

Formation of an electron polaron in Na,O, increases the
formal negative charge on the affected peroxide (O,*”) ion to
0,*". This electron occupies a 6* orbital, resulting in a large
increase to the O—O bond length from 1.48/1.49 to 2.20/2.29
A. The presence of the additional electron is also reflected in
the DOS (Figure Sb), 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 g = 1 pg on the dimer hosting the additional
(unpaired) electron, Figure 4b, which has the characteristic
shape of a ¢* orbital.

Intrinsic Defects in NaO,. In NaO, the present
calculations suggest that the dominant ionic charge carriers
consist of three species: negative sodium vacancies (Vy, ),
positive oxygen dimer vacancies (Vo,'"), and positive sodium

interstitials (Na;*). These have formation energies 0.44, 0.44,
and 0.87 eV, respectively. The formation energies of Vy,” and
Vo,'" are approximately 0.46 eV smaller than those of the

lowest-energy defects in Na,O,, suggesting that the superoxide
will support a higher concentration of ionic defects compared
to the peroxide. Indeed, the equilibrium concentrations of Vi~
and V,, '* are on the order of 10" cm™, which is 8 orders of

magnitude higher than for the dominant defects in Na,O, and
Li,O,. These findings agree qualitatively with the experimental
data of Gerbig et al, who found that O, vacancies and
potassium interstitials were the dominant ionic charge carriers
in potassium superoxide.'® A summary of calculated defect
formation energies and concentrations in NaO, is provided in
Table S2 in the Supporting Information.

Electron polarons (e,”) are predicted to be the highest-
concentration electronic charge carriers in NaO,, with
formation energies of 0.68 eV (Figure 3b). Somewhat
surprisingly, the superoxide also appears to support hole
polarons (h,*) 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 NaO, the O—O bond length
increases from 1.30 to 1.47 A, the latter value being very similar
to that of peroxide O, dimers in Na,O, (1.47/1.48 A).
Moreover, the added electron fills a 7,,* orbital, making that
orbital fully occupied, Figure lc. Subsequently, the magnetic
moment on this dimer disappears, while it remains 1 pp for the
rest of the O,'~ ions in the supercell (Figure 4d). We note that
the formation energy of an electron polaron in NaO, (0.68 eV)
is much lower than in Na,O,, 2.07—2.33 eV. This may be
explained by the fact that in NaO, an electron polaron occupies

a m,,* orbital, whereas in Na,O, it must occupy a higher energy
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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 NaO,; black curves
refer to Na,O,. 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 NaO,: negative sodium vacancies (Vy,), positive sodium interstitials (Na;"), and positive oxygen dimer vacancies (Vo,'"). One pathway

between nearest-neighbor Vy,”, Na;", and V, '* is considered. In Na,O, only Vy, are relevant, and five distinct pathways were considered between

two symmetry inequivalent VY, sites. In panel (b), electron polaron (ep_) and hole polaron (hp+) hopping barriers are compared with those for hole
polaron hopping in Li,O, from Radin and Siegel'® (green dashed lines).

Regarding the nature of hole polarons in NaO,, similar to
what is observed for Na,O,, missing electrons localize on O,
dimers, resulting in a decrease of the O—O bond length from
1.30 to 1.19 A. Thus, a hole polaron transforms a superoxide
dimer, O,'”, into a neutral gas-like state, 0,% this is further
supported by the similarity in the O—O bond length for
gaseous O,, 1.21 A*® The magnetic moment on the dimer
hosting the hole polaron, u = 2 ug is twice as large as in the
peroxide, Figure 4c, and is consistent with gaseous O,: The
trapping of a hole in NaO, results in two unpaired electrons in
the 7,,,* orbital (Figure 1a), with each electron contributing a
magnetic moment of 1 up. Consequently, only a spin-down
peak can be seen in the DOS of the hole polaron (Figure Sf).

The DOS for Na,O, and NaO, share many features upon
addition and removal of electrons. For example, in pristine
NaO,, the missing electron in the z,,* orbitals results in a
splitting of the energy levels (Figure Sd). This behavior is very
similar to the DOS of an O, dimer in Na,O, that hosts a hole
polaron, Figure Sc. Similarly, the addition of an electron to
NaO, converts a superoxide (O,'”) dimer to a peroxide-like
charge state (O,>7), creating an electron polaron. Note that the
DOS for this state, Figure Se, closely resembles that of pristine
Na,0,.

Mobilities. The second quantity needed to estimate the
conductivity of the Na—O, discharge phases is the mobility of
the predominant (i.e., highest concentration) charge-carrying
species. We first consider the mobilities of ionic species. In
Na,0,, ionic conductivity originates from the migration of
negative sodium vacancies, Vi, . (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 Na,O, 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, “Na,O,-intra3,” corresponds to migration between a
vacant Na site in an oxygen-rich layer (Vy,;~) and an adjacent
site in the oxygen-poor layer (Vy,, ). This process has an
energy barrier of 0.34 eV relative to Vy,,” and 0.50 eV relative
to Vi, . Setting Ej, to the average of these two values gives a
defect diffusion coefficient of 9 X 107! cm” s™". The calculated
diffusion barriers in Na,O, are in reasonable agreement with
that of Araujo et al,, 0.50 eV,** and are only slightly larger than
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what has been reported for the migration of negative lithium
vacancies in Li,0,, 0.30—0.39 eV.'"®*%*” The slight increase in
barriers found for Na,O, may be due to the longer diffusion
distance in this phase compared to that of Li,O, (3.02 A vs 2.60
A).

Activation energies for the three dominant ionic charge
carriers in NaO, (Vy,”, Na;*, and V,, '*) were also evaluated.

The calculations suggest that all of these defects have modest
migration barriers (Figure 6a), pathways labeled “NaO,—Vy,™”,
“NaO,—Na,"”, and “Na0,—V,"”) of 0.35, 0.20, and 0.26 eV,
respectively, corresponding to diffusion coefficients of 2 X 107%,
3 x 1075 and 6 X 1077 cm® s™". The high symmetry of the
NaO, crystal structure suggests that vacancy migration Vi~
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 Na,O,. The diftusion of an O, vacancy
is accompanied by the migration of an O, 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."

Regarding the mobilities of electronic species, Figure 3
indicates that hole polarons are the dominant charged defects
in Na,O, while electron polarons are the dominant charged
defects in NaO,. Consequently, activation energies for polaron
hopping were calculated for both compounds, Figure 6b using
the HSE, functional. For Na,O,, 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 NaO,, polaron hopping is
expected to occur between a given dimer and its 12 nearest-
neighbor dimers. Accounting for the different [111] orienta-
tions 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 NaO, (i.e.,, polaron hopping is isotropic).
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Figure 6b shows the polaron hopping barriers for Na,O,
(black) and NaO, (blue) calculated using the CI-NEB method.
We find that the intralayer barrier in Na,O,, E,™ = 0.47 eV, is
0.15 eV lower than the interlayer barrier, E,™ = 0.62 eV. This
implies that hole polaron hopping is anisotropic, and should be
faster in the in-plane directions (ie., along [1100] or [1120])
compared to out-of-plane hopping along [0001]. This is similar
to what was previously reported in Li,O,, where the in-plane
barrier (Figure 6b dashed blue line) was 0.42 eV and out-of-
plane barrier (dashed green line) was 0.71 eV."® Importantly, in
NaO, 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 NaO, (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

22
Cva’e

kT

c=eCu= e Ev/keT

(4)

The calculated conductivities for Na,O, and NaO, are
summarized in Table 2 and compared with prior calculations

Table 2. Calculated Ionic and Electronic Conductivities (S
cm™?) for Na,0, and NaO, and Their Comparison with
Prior Calculations on Li,0,?

compound ionic conductivity (S/cm) electronic conductivity (S/cm)
Li,0, 9x 107" 5x107%
Na,O, 5x 1072 1x107%
NaO, 4x107%/1 x 107" 1x107"

“For ionic conductivities in NaQ,, the first value refers to
contributions from positive oxygen dimer vacancies (Vy,'*) and the

second value refers to contributions from sodium vacancies (Vy,~).

on LiyO,. Turning first to Na,O,, our calculations suggest that
the conductivity of Na,O, is nearly identical to that of Li,O,: In
both of these compounds the ionic conductivity is similar to the
electronic conductivity, with values of approximately 1072 S/
cm. The low conductivity values suggest that transport through
pristine Na,O, 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.” Such an intermediate could
acquire charge (i.e., be reduced) via electron tunneling through
a thin Na,O, film or through adsorption on a portion of the
porous carbon support that is not buried by the discharge
phase.

Regarding transport in NaO,, 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
NaO, is 4 X 107 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 Na,O, or
Li,0,.

The counterbalancing trends in the concentrations and
mobilities of hole and electron polarons in NaO, results in a
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nearly equal contribution of these species to the electrical
conductivity of NaO,. Conductivity arising from electron
polarons is predicted to be 8.2 X 1072° S/cm, while for holes
the conductivity is about 5.5 times smaller, 1.5 X 107° S/cm.

We previously argued that electronic transport was more
important than ionic transport in determining the efficiency of
Li/O, batteries that discharge to crystalline Li,O,."® 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 Li,O,/C interface. This scenario also should hold for the
Na/O, systems considered here. Nevertheless, facile ionic
diffusion could facilitate desodiation during charging, resulting
in the formation of a substoichiometric Na;,_ O, phase.
(Consideration of a desodiation pathway is motivated by
earlier studies of the Li—O, system which proposed delithiation
as a mechanism for charging of Li/O, cells.**) If the resulting
Na,_,O, 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 NaO, particles formed during discharge and the low
overpotentials observed during charging indicate that this phase
should have a higher electronic conductivity than Na,0,.'%!!
An earlier experiment also reported that KO, 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 NaO,, given that
they predict the superoxide to have a bulk electronic
conductivity (107 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 (KO,,
RbO,, and CsO,.), and found that electronic conductivities
were comparable to those of Li,O,."> A prior study indicated
that a conductivity of 10™? S/cm was needed to achieve the
performance targets suggested for a practical Li/O, cell.'®
According to that analysis, a conductivity of 107" S/cm (as
calculated for NaO,) 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
NaO,-containing cathodes.*® Therefore, we conclude that a
higher electronic conductivity of NaO, cannot explain the
improved performance of cells that discharge to NaO,.

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.*”**>" Deviations from equilibrium
conditions—for example during fast discharge—could 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.® observed that less electrolyte
decomposition occurred in a Na—O, 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/O, cells.**>%?

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—O, batteries. Higher conductivity within the
NaO, phase has been proposed to explain why cells that
discharge to NaO, exhibit much lower charging overpotentials
than those that discharge to Na,O,. 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 Na,O, and NaO, are
electronic insulators, with bandgaps in excess of S 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 1072°
S/cm.

Compared to the peroxides, transport in superoxides has not
been widely explored. The present study reveals that transport
in NaO, has some features in common with the peroxide;
nevertheless several important distinctions exist. Similar to
Na,0,, NaQ, is predicted to be a poor electrical conductor,
wherein transport is limited by sluggish charge hopping
between O, dimers. Different from Na,0,, in NaO, 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 X 1072 S/cm, while for holes
the conductivity is about 5.5 times smaller, 1.5 X 1072° S/cm.
The mixed contribution to electrical conductivity is due to
counterbalancing trends in the concentrations and mobilities of
hole and electron polarons in NaO,. 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: 0,7, O,'”, and O,".

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 NaO, 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 NaO,
suggests that bulk transport within this phase is unlikely to
account for the low overpotentials associated with its
decomposition during charging in a Na/O, electrochemical
cel. We therefore conclude that the enhanced efliciency
observed in cells that discharge to NaO, 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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