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ABSTRACT: The performance of Li/O2 batteries is thought to be limited by
charge transport through the solid Li2O2 discharge product. Prior studies suggest
that electron tunneling is the main transport mechanism through thin, compact
Li2O2 deposits. The present study employs a new continuum transport model to
explore an alternative scenario, in which charge transport is mediated by polaron
hopping. Unlike earlier models, which assume a uniform carrier concentration or
local electroneutrality, the possibility of nonuniform space charge is accounted for
at the Li2O2/electrolyte and Li2O2/electrode interfaces, providing a more realistic
picture of transport in Li2O2 films. The temperature and current-density
dependences of the discharge curves predicted by the model are in good
agreement with flat-electrode experiments over a wide range of rates, supporting
the hypothesis that polaron hopping contributes significantly to charge transport.
Exercising the model suggests that this mechanism could explain the observed
enhancement in cell performance at elevated temperature and that performance
could be further improved by tuning the interfacial orientation of Li2O2 crystallites.

Charge transport through the solid Li2O2 discharge product
is expected to limit the performance of Li/O2 batteries

under some circumstances.1−4 Previous computational3 and
experimental5,6 studies have found that bulk Li2O2 is a poor
conductor; nevertheless, the nanometer-scale deposits fre-
quently observed1,7,8 in Li/O2 cells may not exhibit the same
behavior as bulk material. Several discharge mechanisms have
been proposed, and the relative predominance of these
mechanisms is expected to vary with cell design (e.g., choice
of electrode material and electrolyte) and experimental
conditions (e.g., temperature and discharge rate).2,9−11 Some
studies have reported that Li2O2 can be electrodeposited in
some cases as a thin, compact film, especially at the discharge
rates relevant to automotive applications.1,8,12 It has been
proposed that charge transport through such films can limit cell
performance during discharge.1,2 Two mechanisms for charge
transport in Li2O2 films have been hypothesized: electron
tunneling and the hopping of hole polarons.1−3,5,13 Under-
standing the contributions from these two mechanismsand
how they vary with temperature, current density, film thickness,
and orientationhas significance for battery engineering: the
ability to enhance charge transport by optimizing cell design
and operating parameters could allow for the improvement of
battery performance.
Luntz et al.2 presented a model for charge transport through

Li2O2 films in Li/O2 cells that included both hole-polaron
hopping and electron tunneling. They found that polaron
transport could not explain the observed “sudden death” (i.e.,
the precipitous drop in cell potential that coincides with the
end of discharge1,2) and that electron tunneling was the
primary transport mechanism at practical current densities.

This model assumed that the concentration of polarons was
uniform throughout the film, however. The present study
extends the transport model of Luntz et al. by explicitly
accounting for the spatial distribution of polarons.
Electroneutrality violations may play a role in transport

phenomena if the thickness of a Li2O2 deposit is smaller than
the screening length associated with mobile charge carriers
within it.2 Prior density functional theory (DFT) calculations
suggest that the intrinsic Fermi level of Li2O2 is higher than
both the Fermi levels of common electrode materials (e.g.,
carbon, gold, platinum) and the energy level associated with the
redox potential of the Li+/O2 couple (as shown in the
Supporting Information (SI), Figure S1).1,14 This suggests that
space-charge layers containing high polaron concentrations may
form in the discharge product near the Li2O2/electrode and
Li2O2/electrolyte interfaces.
Some factors that drive charge accumulation at the interface

between Li2O2 and an electrode are illustrated schematically in
Figure 1. In the absence of a space-charge layer, the intrinsic
Fermi level of Li2O2 is expected to be above that of the
electrode; DFT calculations (Figure S1 in the SI) predict that
the intrinsic Fermi level of Li2O2 will be ∼1.5 eV above the
Fermi level of Au if the Li2O2 film is terminated by the
dominant surface facets, {11 ̅00} and {0001}.15 Thus, when
Li2O2 and the electrode are placed in contact, a thermodynamic
driving force induces electron transfer from the Li2O2 to the
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Electrical	Passivation:	A	Limiting	Factor

Sluggish	electronic	transport	may	limit	performance	 in	Li-air	batteries

more occurs than at 0.47 mA/cm2. At 0.47 mA/cm2 deposition oc-
curs preferentially at the positive electrode/current collector inter-
face. This modeling result is in accord with some experimental re-
sults showing more discharge products near the positive electrode/
current collector boundary than the separator/positive electrode
boundary.4,44 For oxygen transport exclusively through the liquid
electrolyte phase, a thinner porous positive electrode than that used
in these tests will be required for high current densities.

Model-only results clarify the performance limitations.— A vali-
dated model can be used to clarify the most significant performance
limitations in a system by removing the influence of individual
physical processes. Here, we focus on two limiting physical pro-
cesses already discussed: diffusion of oxygen through the electrolyte
and the electronic resistance of the discharge products. Figure 7
shows simulation-only results at 0.08 and 0.47 mA/cm2 to distin-
guish the importance of each of these effects. To remove oxygen
transport limitations the diffusion coefficient of oxygen was set to
infinity !the solubility was kept the same", and to remove the passi-
vation effect the electronic resistivity of the discharge products was
set to zero. Figure 7a shows that at 0.08 mA/cm2, removing oxygen
transport limitations has little effect on the discharge potential or
capacity obtained. However, removing the passivation caused by the
high electronic resistivity of the discharge products has a dramatic
effect on the potential and capacity obtained. By the end of the
discharge without passivation the volume fraction of discharge prod-
ucts in the positive electrode grew to a much larger value !about
70%" than the 2.4% obtained without passivation. Figure 7b shows
the effects of removing oxygen transport limitations and passivation
at the higher current density of 0.47 mA/cm2. Removing oxygen
transport limits results in nearly a doubling of the capacity, but even
if oxygen transport limitations remain, removing the passivation
caused by the discharge products has a bigger effect; at the end of
discharge the volume fraction of the discharge products in the posi-

tive electrode is about 25%. These simulations show the crucial role
that passivation has on the discharge capacity and establishes passi-
vation as the key physical process to be overcome if a nonaqueous
Li/oxygen battery with a high practical specific energy is to be re-
alized.

To treat rigorously the growth of the discharge products that
form in the simulations without passivation our model should be
modified to treat particle joining !in order to use the correct interfa-
cial area for deposition" and significant volume changes. Therefore,
the results in Fig. 7 should be seen as qualitative. However, when
the discharge product has no resistance, the geometry and length of
the current pathways between the electrolyte/discharge product in-
terface and the carbon particles do not matter, and the potential
drops off due to O2 transport limitations. In particular, as the O2
concentration is highest near the positive-electrode current collector,
deposition occurs preferentially in that region until the electrolyte
phase is fully displaced and O2 transport is blocked.

Future Cell-Level Modeling Topics

To help frame future cell-level modeling challenges for the non-
aqueous Li/oxygen battery and reiterate the importance of the for-
mation of an electronically resistive discharge product, in Fig. 8 we
show how a high specific energy cell may appear. The design is for
a positive electrode of thickness 200 !m, assumes a discharge prod-
uct of Li2O2, and assumes the volume fraction of electrolyte is 90%
in the charged state and 10% in the discharged state. The separator
thickness is 25 !m. The Li metal thickness is chosen so the elec-
trodes have the same capacity. The discharge of this cell results in
the displacement of 89% of the electrolyte originally in the positive
electrode and all the Li metal being transferred to the positive elec-
trode where it is stored in the Li2O2 product. If the discharge prod-
uct is an insulator, the positive electrode will need to be nanostruc-
tured so that the length scale for conduction is very small.
Otherwise, a method must be found to create an electronically con-
ductive product. As Fig. 8 shows, the Li/O2 cell is an interesting
case in which the mass increases !due to taking in O2 from the
external environment" and the volume decreases !due to the very
low density of Li". A model of this cell sandwich will need to treat
the movement of the Li metal/separator interface, dramatic volume
changes in nearly every region of the cell, electrolyte convection out
of the positive electrode and possibly to an external electrolyte res-
ervoir, and particle joining resulting in changes to the interfacial
area for reaction. Designing a reversible electrochemical system
with such dramatic volume changes will require novel design ap-
proaches that modeling work can help guide.

The present model was built using the properties of Li2CO3. A
research goal is to find an electrolyte that is stable to the discharge
intermediates such that Li2O2, the desired product, will result. How
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Figure 7. Simulation-only results demonstrating the relative impacts of
eliminating oxygen transport limitations and eliminating the electronic resis-
tance of the discharge products. !a" shows results at a current density of
0.08 mA/cm2; the two simulations with passivation superpose. !b" shows
results at a current density of 0.47 mA/cm2.
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Discharge	profile	vs Li2O2 film	thickness
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Method Li2O2 Band	
Gap	(eV)

GGA 2.35

HSE06 4.57

GGA+G0W0 5.70

GGA+scGW 7.76
Simulated	discharge	curves
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Calculated	Li2O2 band	gap	

NATURE MATERIALS | VOL 11 | JANUARY 2012 | www.nature.com/naturematerials 23

Several studies suggest also the direct reductions36,72:

 LiO2 + Li+ + e− → Li2O2 (1d)

 Li2O2 + Li+ + e− → 2Li2O (1e)

Equation (1d) occurs at lower voltages than equation (1a)73 and 
so far there has been limited evidence for the formation of Li2O. 
Oxidation of Li2O2 follows:

 Li2O2 → 2Li+ + 2e− + O2 (2)

In other words, the process on charging is not the reverse of 
discharge; the latter involves O2

− as an intermediate, whereas the 
former does not. The different pathways followed on reduction and 
oxidation do not violate the principle of microscopic reversibility, 
but arise because the kinetics of oxidizing Li2O2 directly are faster 
than reversing the three steps on reduction, especially dispropor-
tionation73. The result of these different pathways is the observed 
separation of the charge and discharge voltages. Another factor 
that may contribute to the voltage gap is if singlet O2 is formed 
on oxidation of Li2O2, whereas reduction involves the more stable 
triplet state72. The singlet-to-triplet O2 transition is spin forbidden 
and hence kinetically hindered. If the transition kinetics are sig-
nificantly slower than O2 evolution on oxidation of Li2O2, then the 
difference in energy between the singlet and triplet states (~0.9 V) 
could influence the voltage gap. Because voltage gaps smaller than 
0.9 V have been observed (typically 0.7 V), at most any difference 
in the spin states of O2 is likely to make only a partial contribution 
to the gap.

Other electrolytes have been explored, but in much less detail 
than the organic electrolytes. Investigation of hydrophobic ionic 
liquids demonstrated that they can maintain less than 1% H2O 

content after 100 hours of operation, in the case of 1-ethyl-3-methyl 
imidizolium bis(trifluoromethane sulphonyl)imide. On discharge, 
a capacity of 5,360  mAh  g−1 (based on carbon alone) has been 
reported for operation of up to 56 days52. Solid electrolytes have also 
been investigated, in particular, cells incorporating the Li+ conduc-
tor 18.5Li2O:6.07Al2O3:37.05GeO2:37.05P2O5 (LAGP) can sustain 
some 40 cycles at elevated (40–100 °C) temperatures79. Cells with a 
solid PEO-based polymer electrolyte can be charged at relatively low 
voltages, as noted above72. However, in view of what is now under-
stood about the reactions in liquid electrolytes, it will be important 
in the future to investigate the nature of the discharge products and 
the electrode reaction mechanisms in the ionic liquid and solid 
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respectively. 

Particle sizes of Li+-ORR product(s) in the discharged 
electrodes. The morphological changes of air electrodes before 

and after discharge at 100 mA/gcarbon for VC and Au/C electrodes 

are shown in Figs. 8a-d, respectively. Fig. 8a shows that Vulcan 5 

VC with primary particle sizes in the range from 50 to 100 nm 

creates a porous structure to provide electronic conductivity and 

interconnected pores for electrolyte for both pristine Vulcan VC 

and Au/C electrodes. It is important to point out that the addition 

of Au nanoparticles is not expected to change the electrode 10 

porosity/structures as the density of Au (19.3 g/cm
3
) is much 

higher than VC (~2 g/cm
3
) thus the volume of gold nanoparticles 

is negligible compared to carbon particles for 40 wt% Au/C. 

After discharge at 100 mA/g, the entire electrode surface in the 

O2 side for both Au/C and VC was found to be covered by donut-15 

shaped particles (presumably lithium peroxide) on the order of 

350 nm., where no significant difference. In contrast, at At a high 

current density of 1000 mA/gcarbon, the particle sizes of ORR 

product(s) in the discharged electrodes of Au/C and VC are very 

comparable but smaller than those found at 100  mA/gcarbon, as 20 

shown in Figs. 8e and 8f, respectively. Assuming that these 

donut-shaped particles were single-crystalline, which needs to be 

verified by electron diffraction in the TEM or high-resolution 

TEM imaging, comparable particle sizes of lithium peroxide 

found in the electrodes discharged at high rates cannot explain the 25 

greater broadening of XRD peaks found for the discharged Au/C 

electrodes. The greater broadening associated with of XRD peaks 

could result from more structural defects and/or composition 

nonstoichiometry of lithium peroxide in the discharged electrodes 

of Au/C. High-resolution TEM imaging and electron diffraction 30 

was used to examine potential structural defects in lithium 

peroxide particles. However, these particles were found unstable 

under electron beam at high magnifications. Cryo-TEM will be 

used to examine discharged electrodes in future studies to 

minimize the instability of lithium peroxide particles induced by 35 

heating associated with electron beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 XRD patterns of pristine and discharged electrodes supported on 

a Celgard 480 separator (100 and 2000 mA/gcarbon) for Vulcan VC (a) 

and Au/C (b). The reflections appeared in the pristine VC electrode 

came from Celgard C480 and those appeared in the pristine Au/C 

electrode came from Au nanoparticles and Celgard C480. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 SEM images of (a) pristine Vulcan VC electrode, (b) pristine Au/C electrode, (c)  Vulcan VC  electrode discharged at 100 mA/g 

(2500 mAh/gcarbon), (d) Au/C electrode discharged at 100 mA/g (2500 mAh/gcarbon), (e)  Vulcan VC  electrode discharged at 1000 mA/g 

(1400 mAh/gcarbon), and (f) Au/C electrode discharged at 1000 mA/g (1500 mAh/gcarbon).  The SEM images were taken from the surface of the air 

electrode on the O2 side.�
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Our	Prior	Studies	of	Transport
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ABSTRACT: The properties of the Li2O2 discharge phase are expected to impact strongly
the performance of Li−air batteries. Although both crystalline Li2O2 (c-Li2O2) and
amorphous Li2O2 (a-Li2O2) have been reported to form in Li−air cells, little is known
regarding possible differences in charge and mass transport within these phases. To reveal
these differences, here we predict the properties of a-Li2O2 using first-principles “melt-and-
quench” molecular dynamics and percolation theory. We find that the band gaps and
equilibrium electrochemical potentials of c-Li2O2 and a-Li2O2 are similar; nevertheless,
their transport properties are quite different. Importantly, the ionic conductivity of a-Li2O2
is predicted to be 2 × 10−7 S/cm, which is 12 orders of magnitude larger than that in the
crystalline phase. This enhancement arises from increases in both the concentration and
mobility of negative lithium vacancies. The electronic conductivity of a-Li2O2 is also
enhanced, but to a much smaller extent (4 orders of magnitude), and remains low overall, 2
× 10−16 S/cm. These data suggest that the formation of amorphous Li2O2 during discharge
may enhance cell performance if charge or mass transport through the discharge product is a rate-limiting process.

■ INTRODUCTION
Although Li-ion batteries are now widely used in portable
electronic devices, emerging technologies such as battery
electric vehicles have accelerated the search for energy storage
devices having much higher energy densities. Often referred to
as “beyond-lithium-ion” technologies, these speculative devices
include reversible metal−air chemistries such as the Li−air
battery,1−6 which exhibits a high theoretical specific energy
density of 3,505 Wh/kg (including the mass of oxygen).1 The
dominant cathode reaction within a nonaqueous Li−air battery
involves the reversible reaction of lithium with oxygen, yielding
solid lithium peroxide, Li2O2, as the discharge product:

7 2Li+ +
O2 + 2e− ⇌ Li2O2.
The properties of Li2O2 have been the subject of extensive

characterization8−12 because they are believed to strongly
impact battery performance. Although electrochemically
formed Li2O2 is often presumed to be crystalline, recent
experiments have suggested the presence of an amorphous
phase following battery discharge.13−16 For example, Jung et al.
identified amorphous Li2O2 in the discharge product using
selected area electron diffraction (SAED);13 more recent X-ray
diffraction (XRD) measurements have found evidence for the
formation of “quasi-amorphous” Li2O2 films at relatively high
current densities.14 Additionally, certain promoters/catalysts
have also been reported to facilitate the formation of
noncrystalline15 or nanocrystalline16 Li2O2. The formation of
amorphous Li2O2 in Li−air cells should not come as a surprise,
as amorphous solids are often observed during the precipitation
of solids.17,18 This phenomenon has been interpreted on the
basis of Ostwald’s rule, which states that less stable phases tend
to form before more stable phases during precipitation.19

The aforementioned reports of a-Li2O2 are noteworthy
because the degree of crystallinity of the discharge product
could have important implications for cell performance. In
particular, prior studies have proposed that an amorphous
phase having enhanced transport properties15,16 could make for
a desirable discharge product, given that the low conductivity of
crystalline Li2O2 is expected to limit capacity and/or rate
capability.20−28 For example, our previous calculations
indicated that the intrinsic conductivity of bulk-like Li2O2 is
low (∼10−19 S/cm).20 Prior density functional theory
calculations predicted that amorphous Li2O2 may be electroni-
cally conductive, and a conductive network of amorphous grain
boundaries in the discharge product was suggested to account
for the low overpotentials observed during the cycling of a
novel Li−air cell.16
Taken together, these observations motivate the question:

What are the properties of amorphous Li2O2? We address this
question here using first-principles calculations and percolation
theory. A series of amorphous Li2O2 structures were generated
using melt-and-quench ab initio molecular dynamics, and the
defect chemistry of a model at the energetically preferred
density was subsequently characterized. In contrast to earlier
studies,16 we find that amorphous Li2O2, like crystalline Li2O2,
is a wide band gap insulator. Nevertheless, amorphous Li2O2
exhibits a substantial increase in the mobility and concentration
of lithium vacancies, resulting in a significant increase in the
ionic conductivity. Our model also predicts a more modest but
still appreciable increase in the electronic conductivity. We
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Lithium Peroxide Surfaces Are Metallic, While Lithium Oxide Surfaces
Are Not
Maxwell D. Radin,† Jill F. Rodriguez,‡ Feng Tian,‡ and Donald J. Siegel*,‡,§,∥

†Department of Physics, ‡Mechanical Engineering Department, §Applied Physics Program, and ∥Michigan Energy Institute,
University of Michigan, Ann Arbor, Michigan 48109-2125, United States
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ABSTRACT: The thermodynamic stability and electronic structure of 40 surfaces
of lithium peroxide (Li2O2) and lithium oxide (Li2O) were characterized using first-
principles calculations. As these compounds constitute potential discharge products
in Li−oxygen batteries, their surface properties are expected to play a key role in
understanding electrochemical behavior in these systems. Stable surfaces were
identified by comparing 23 distinct Li2O2 surfaces and 17 unique Li2O surfaces;
crystallite areal fractions were determined through application of the Wulff
construction. Accounting for the oxygen overbinding error in density functional
theory results in the identification of several new Li2O2 oxygen-rich {0001} and
{11 ̅00} terminations that are more stable than those previously reported. Although oxygen-rich facets predominate in Li2O2, in
Li2O stoichiometric surfaces are preferred, consistent with prior studies. Surprisingly, surface-state analyses reveal that the stable
surfaces of Li2O2 are half-metallic, despite the fact that Li2O2 is a bulk insulator. Surface oxygens in these facets are ferromagnetic
with magnetic moments ranging from 0.2 to 0.5 μB. In contrast, the stable surfaces of Li2O are insulating and nonmagnetic. The
distinct surface properties of these compounds may explain observations of electrochemical reversibility for systems in which
Li2O2 is the discharge product and the irreversibility of systems that discharge to Li2O. Moreover, the presence of conductive
surface pathways in Li2O2 could offset capacity limitations expected to arise from limited electron transport through the bulk.

1. INTRODUCTION
Many technologies stand to benefit from high-density energy
storage. Prominent examples include battery-powered electric
vehicles and the adoption of intermittent, renewable power
sources (i.e., wind and solar) on the electrical grid. The state-of-
the-art rechargeable battery, Li-ion, is costly and suffers from
relatively low specific energy densities of ∼150 (W h)/kg
(system level)1 that are inadequate for applications requiring
large energy densities.2 The Li−oxygen battery is an alternative
chemistry that uses atmospheric oxygen as a reactant and may
offer a significant increase in specific energy density.1,3,4

Depending on the composition of the discharge product,
practical estimates of the specific energy range from 2500 to
3700 (W h)/kg (cathode).5

In the absence of solvent degradation6−10 the discharge of
Li−O2 batteries can potentially occur via two reactions, wherein
the product phase is an insoluble solid peroxide (Li2O2) or
oxide (Li2O):

11

+ + → ° =+ − U2Li O 2e Li O 2.96 V2(g) 2 2

+ + → ° =+ − U2Li 1
2

O 2e Li O 2.91 V2(g) 2

Abraham et al. were the first to demonstrate a prototype
rechargeable Li−air battery consisting of a lithium metal anode
and an air-breathing carbon cathode separated by a Li+

conductive polymer electrolyte membrane.12 Raman spectra
indicated that the primary discharge product was Li2O2,

12

which has been confirmed by subsequent experiments.6,13−16

However, the formation of Li2O has also been suggested in
other studies,15,17−20 albeit with some degree of uncertainty
due to the possibility of decomposition of carbonate-based
solvents. Nevertheless, recent studies employing carbonate-free
systems (e.g., refs 15 and 20) note the existence of Li2O peaks
in X-ray diffraction spectra for cells discharged to low
potentials. Subsequent charging experiments have confirmed
that Li2O2 decomposes to Li and O2 during recharge.

5,16 Li2O,
on the other hand, is believed to be electrochemically
irreversible.21,57,58 Given the similar thermodynamic and
electronic properties of these compoundsboth Li2O2 and
Li2O are bulk insulators and have similar formation energies
(see below)their differing behavior with regard to reversi-
bility is somewhat surprising. While the mechanisms underlying
these differences are of relevance for the performance of Li−
oxygen cells, they are not well understood.
Desp i t e g row ing in t e r e s t in L i−oxygen ba t -

teries,3−10,12−29,31,33 Li−oxygen technology remains in its
infancy, and several performance gaps must be overcome to
achieve a viable rechargeable system. These include (i) low
efficiencies caused by high overpotentials during charging,4 (ii)
low rates of charge/discharge, and (iii) poor capacity retention.
Although use of cathode catalysts5,13,26−29 has been shown to
moderately improve rate capability and reversibility, efficiency
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Our	Prior	Studies	of	Transport
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ABSTRACT: The properties of the Li2O2 discharge phase are expected to impact strongly
the performance of Li−air batteries. Although both crystalline Li2O2 (c-Li2O2) and
amorphous Li2O2 (a-Li2O2) have been reported to form in Li−air cells, little is known
regarding possible differences in charge and mass transport within these phases. To reveal
these differences, here we predict the properties of a-Li2O2 using first-principles “melt-and-
quench” molecular dynamics and percolation theory. We find that the band gaps and
equilibrium electrochemical potentials of c-Li2O2 and a-Li2O2 are similar; nevertheless,
their transport properties are quite different. Importantly, the ionic conductivity of a-Li2O2
is predicted to be 2 × 10−7 S/cm, which is 12 orders of magnitude larger than that in the
crystalline phase. This enhancement arises from increases in both the concentration and
mobility of negative lithium vacancies. The electronic conductivity of a-Li2O2 is also
enhanced, but to a much smaller extent (4 orders of magnitude), and remains low overall, 2
× 10−16 S/cm. These data suggest that the formation of amorphous Li2O2 during discharge
may enhance cell performance if charge or mass transport through the discharge product is a rate-limiting process.

■ INTRODUCTION
Although Li-ion batteries are now widely used in portable
electronic devices, emerging technologies such as battery
electric vehicles have accelerated the search for energy storage
devices having much higher energy densities. Often referred to
as “beyond-lithium-ion” technologies, these speculative devices
include reversible metal−air chemistries such as the Li−air
battery,1−6 which exhibits a high theoretical specific energy
density of 3,505 Wh/kg (including the mass of oxygen).1 The
dominant cathode reaction within a nonaqueous Li−air battery
involves the reversible reaction of lithium with oxygen, yielding
solid lithium peroxide, Li2O2, as the discharge product:

7 2Li+ +
O2 + 2e− ⇌ Li2O2.
The properties of Li2O2 have been the subject of extensive

characterization8−12 because they are believed to strongly
impact battery performance. Although electrochemically
formed Li2O2 is often presumed to be crystalline, recent
experiments have suggested the presence of an amorphous
phase following battery discharge.13−16 For example, Jung et al.
identified amorphous Li2O2 in the discharge product using
selected area electron diffraction (SAED);13 more recent X-ray
diffraction (XRD) measurements have found evidence for the
formation of “quasi-amorphous” Li2O2 films at relatively high
current densities.14 Additionally, certain promoters/catalysts
have also been reported to facilitate the formation of
noncrystalline15 or nanocrystalline16 Li2O2. The formation of
amorphous Li2O2 in Li−air cells should not come as a surprise,
as amorphous solids are often observed during the precipitation
of solids.17,18 This phenomenon has been interpreted on the
basis of Ostwald’s rule, which states that less stable phases tend
to form before more stable phases during precipitation.19

The aforementioned reports of a-Li2O2 are noteworthy
because the degree of crystallinity of the discharge product
could have important implications for cell performance. In
particular, prior studies have proposed that an amorphous
phase having enhanced transport properties15,16 could make for
a desirable discharge product, given that the low conductivity of
crystalline Li2O2 is expected to limit capacity and/or rate
capability.20−28 For example, our previous calculations
indicated that the intrinsic conductivity of bulk-like Li2O2 is
low (∼10−19 S/cm).20 Prior density functional theory
calculations predicted that amorphous Li2O2 may be electroni-
cally conductive, and a conductive network of amorphous grain
boundaries in the discharge product was suggested to account
for the low overpotentials observed during the cycling of a
novel Li−air cell.16
Taken together, these observations motivate the question:

What are the properties of amorphous Li2O2? We address this
question here using first-principles calculations and percolation
theory. A series of amorphous Li2O2 structures were generated
using melt-and-quench ab initio molecular dynamics, and the
defect chemistry of a model at the energetically preferred
density was subsequently characterized. In contrast to earlier
studies,16 we find that amorphous Li2O2, like crystalline Li2O2,
is a wide band gap insulator. Nevertheless, amorphous Li2O2
exhibits a substantial increase in the mobility and concentration
of lithium vacancies, resulting in a significant increase in the
ionic conductivity. Our model also predicts a more modest but
still appreciable increase in the electronic conductivity. We
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ABSTRACT: The thermodynamic stability and electronic structure of 40 surfaces
of lithium peroxide (Li2O2) and lithium oxide (Li2O) were characterized using first-
principles calculations. As these compounds constitute potential discharge products
in Li−oxygen batteries, their surface properties are expected to play a key role in
understanding electrochemical behavior in these systems. Stable surfaces were
identified by comparing 23 distinct Li2O2 surfaces and 17 unique Li2O surfaces;
crystallite areal fractions were determined through application of the Wulff
construction. Accounting for the oxygen overbinding error in density functional
theory results in the identification of several new Li2O2 oxygen-rich {0001} and
{11 ̅00} terminations that are more stable than those previously reported. Although oxygen-rich facets predominate in Li2O2, in
Li2O stoichiometric surfaces are preferred, consistent with prior studies. Surprisingly, surface-state analyses reveal that the stable
surfaces of Li2O2 are half-metallic, despite the fact that Li2O2 is a bulk insulator. Surface oxygens in these facets are ferromagnetic
with magnetic moments ranging from 0.2 to 0.5 μB. In contrast, the stable surfaces of Li2O are insulating and nonmagnetic. The
distinct surface properties of these compounds may explain observations of electrochemical reversibility for systems in which
Li2O2 is the discharge product and the irreversibility of systems that discharge to Li2O. Moreover, the presence of conductive
surface pathways in Li2O2 could offset capacity limitations expected to arise from limited electron transport through the bulk.

1. INTRODUCTION
Many technologies stand to benefit from high-density energy
storage. Prominent examples include battery-powered electric
vehicles and the adoption of intermittent, renewable power
sources (i.e., wind and solar) on the electrical grid. The state-of-
the-art rechargeable battery, Li-ion, is costly and suffers from
relatively low specific energy densities of ∼150 (W h)/kg
(system level)1 that are inadequate for applications requiring
large energy densities.2 The Li−oxygen battery is an alternative
chemistry that uses atmospheric oxygen as a reactant and may
offer a significant increase in specific energy density.1,3,4

Depending on the composition of the discharge product,
practical estimates of the specific energy range from 2500 to
3700 (W h)/kg (cathode).5

In the absence of solvent degradation6−10 the discharge of
Li−O2 batteries can potentially occur via two reactions, wherein
the product phase is an insoluble solid peroxide (Li2O2) or
oxide (Li2O):
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+ + → ° =+ − U2Li O 2e Li O 2.96 V2(g) 2 2

+ + → ° =+ − U2Li 1
2

O 2e Li O 2.91 V2(g) 2

Abraham et al. were the first to demonstrate a prototype
rechargeable Li−air battery consisting of a lithium metal anode
and an air-breathing carbon cathode separated by a Li+

conductive polymer electrolyte membrane.12 Raman spectra
indicated that the primary discharge product was Li2O2,

12

which has been confirmed by subsequent experiments.6,13−16

However, the formation of Li2O has also been suggested in
other studies,15,17−20 albeit with some degree of uncertainty
due to the possibility of decomposition of carbonate-based
solvents. Nevertheless, recent studies employing carbonate-free
systems (e.g., refs 15 and 20) note the existence of Li2O peaks
in X-ray diffraction spectra for cells discharged to low
potentials. Subsequent charging experiments have confirmed
that Li2O2 decomposes to Li and O2 during recharge.

5,16 Li2O,
on the other hand, is believed to be electrochemically
irreversible.21,57,58 Given the similar thermodynamic and
electronic properties of these compoundsboth Li2O2 and
Li2O are bulk insulators and have similar formation energies
(see below)their differing behavior with regard to reversi-
bility is somewhat surprising. While the mechanisms underlying
these differences are of relevance for the performance of Li−
oxygen cells, they are not well understood.
Desp i t e g row ing in t e r e s t in L i−oxygen ba t -

teries,3−10,12−29,31,33 Li−oxygen technology remains in its
infancy, and several performance gaps must be overcome to
achieve a viable rechargeable system. These include (i) low
efficiencies caused by high overpotentials during charging,4 (ii)
low rates of charge/discharge, and (iii) poor capacity retention.
Although use of cathode catalysts5,13,26−29 has been shown to
moderately improve rate capability and reversibility, efficiency
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Promoting	Charge	Transport	in	Li2O2

Li/O2 OER	improves	upon	addition	of	metal-oxides	to	cathode

There is no difference in morphology between the toroids
produced in the presence or absence of the Co3O4/GO
(Figure 2c). This further indicates that the carbon cathode
component is primarily responsible for the reduction of
oxygen to Li2O2. However, there is a 20 mV decrease in the
OR overpotential for the Co3O4/GO cell and a 15% higher
capacity. This cannot be explained by an increase in electronic
conductivity since the values are similar for both materials
(see the Supporting Information).

A thin layer of the electrode materials deposited on
a glass carbon electrode was investigated by chronoamper-
ommetry and linear sweep voltammetry (LSV). On holding
a constant potential of 2.25 V—below the equilibrium reduc-
tion potential of O2—for 1 h (Figure 2d), the current response
of Co3O4/GO/KB is doubled compared to that of KB alone.
This demonstrates an enhancement of the kinetics associated
with the reduction of O2 to O2

! . Given the small amount of
Co3O4/RGO added to KB (30 wt%), and its comparatively
low surface area, the difference in ORR performance cannot
be attributed to the surface site population. LSV studies were
conducted by first holding the voltage at 2.25 V for 1 h to
deposit Li2O2, and sweeping the voltage up to 4.7 V. The

results shown in Figure 2e also indicate a much higher
current response with incorporation of Co3O4/RGO, in
part because more peroxide is deposited during the 1 h
hold owing to better kinetics. Significantly, the onset of
the OER is similar for both KB and Co3O4/RGO: just
above 3.0 V (as expected for the oxide). This is a sharp
contrast to the OER in aqueous media, and confirmed
by our results (Figure S3) where Co3O4/graphene acts
as a conventional electrocatalyst to significantly lower
the onset potential.[7] Our findings are in accord with
reports on the efficacy of electrocatalysis in aprotic
media, where the role of the catalyst has been
queried,[8] and—as in our LSV experiment—a small
amount of Li2O2 was deposited (smaller than about
500 mAhg!1). In short, at low levels of peroxide
deposition when it is in intimate contact with the
carbon material, OER occurs at a similar potential
irrespective of the metal oxide.

In contrast, in practical cells where Li2O2 deposition
is substantial (that is, over 2000 mAh g!1), the Co3O4/
GO material has a significant effect on the OE. On the
first cycle (Figure 2a), the charged electrode with the
hybrid catalyst exhibits a charge plateau between 3.5–
3.75 V, about 400 mV lower than that of the pure KB
carbon electrode (Figure 2 a). The reduction in the
charge potential for the hybrid catalyst is in keeping
with the properties of the metal oxide as first
reported.[1] It is also supported by our studies that
employ Li2O2 deposited onto a support from a KO2/
LiPF6 solution.[11] Here, the artificially “discharged”
electrode is subjected to electrochemical oxidation in
a cell. This avoids complications from possible electro-
lyte decomposition during a prolonged electrochemical
reaction. Figure 2 f shows that a similar reduction in the
OE potential of about 400 mV is obtained for the
oxidation of peroxide chemically deposited on Co3O4/
RGO/KB versus KB alone, as observed in the dis-

charge–charge profile shown in Figure 2a.
The overall results described in Figure 2 suggest that

Co3O4/RGO does not act as conventional electrocatalyst to
lower the activation energy through electron transfer. Rather,
our data indicates that it acts as a promoter to enhance
surface transport of LixO2 species, by reducing their binding
energy in both the forward and reverse electrochemical
processes. We base our supposition on two factors. Studies on
alkene oxidation reactions demonstrate the presence of
mobile surface oxygen species (superoxide and peroxide) on
14–15 nm nanocrystallites of Co3O4 supported on CeO2!x.[11]

The second is our prior finding that Li2O2 produced on
disproportionation of superoxide (2LiO2!Li2O2 + O2) from
solution onto high surface area carbon is much less crystalline
than in the absence of carbon.[11] We attribute this to the
strong binding of superoxide with carbon defect sites that
inhibits the disproportionation reaction. Because metal oxide
surfaces are considered to be less “sticky” than carbon
surfaces riddled with dangling bonds, they could facilitate
mass transport of LixO2 species. These factors are particularly
critical at high capacity where transport becomes limiting. We
note that the possible role of the “catalyst” in promoting mass

Figure 2. a) First discharge–charge profile for Li-O2 cells with Ketjen black (KB)
or Co3O4/RGO/KB at 25 8C at a current rate of 140 mAg!1. b) XRD patterns of
the cells in (a) on first discharge. Reflections of Li2O2 are marked. c) SEM
micrographs of the discharged electrodes at 6000 mAhgC

!1: ci) Co3O4/RGO/KB
and cii) KB. d) Chronoamperometry showing normalized current evolution with
time at 2.25 V. e) Linear sweep voltammetry following a hold at 2.25 V for 1 h.
f) Voltage profile on charge for cells containing chemically deposited Li2O2 in
the presence of either Co3O4/RGO/KB or KB.
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charge potential for the hybrid catalyst is in keeping
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employ Li2O2 deposited onto a support from a KO2/
LiPF6 solution.[11] Here, the artificially “discharged”
electrode is subjected to electrochemical oxidation in
a cell. This avoids complications from possible electro-
lyte decomposition during a prolonged electrochemical
reaction. Figure 2 f shows that a similar reduction in the
OE potential of about 400 mV is obtained for the
oxidation of peroxide chemically deposited on Co3O4/
RGO/KB versus KB alone, as observed in the dis-
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The overall results described in Figure 2 suggest that

Co3O4/RGO does not act as conventional electrocatalyst to
lower the activation energy through electron transfer. Rather,
our data indicates that it acts as a promoter to enhance
surface transport of LixO2 species, by reducing their binding
energy in both the forward and reverse electrochemical
processes. We base our supposition on two factors. Studies on
alkene oxidation reactions demonstrate the presence of
mobile surface oxygen species (superoxide and peroxide) on
14–15 nm nanocrystallites of Co3O4 supported on CeO2!x.[11]

The second is our prior finding that Li2O2 produced on
disproportionation of superoxide (2LiO2!Li2O2 + O2) from
solution onto high surface area carbon is much less crystalline
than in the absence of carbon.[11] We attribute this to the
strong binding of superoxide with carbon defect sites that
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surfaces are considered to be less “sticky” than carbon
surfaces riddled with dangling bonds, they could facilitate
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the presence of either Co3O4/RGO/KB or KB.

411Angew. Chem. 2013, 125, 410 –414 ! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

Black	et	al.:	Co3O4 additions	 lower	the	charging	plateau	 in	Li/O2 cells	by	400	mV

- Additions	do	not	influence	morphology	of	discharge	product,	nor	contribute	to	electrolyte	
oxidation

- Additions	do	not	lower	voltage	for	current	onset	in	LSV	à not	an	electrocatalyst

How	do	cathode	additions	“promote”	OER	in	Li/O2 batteries?

Black,	R.;	Lee,	J.-H.;	Adams,	B.;	Mims,	C.	a;	Nazar,	L.	F.	Angew.	Chem.,	Int.	Ed.	2013,	52,	392−396.	
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A	Mechanism	for	OER	Promotion
Hypothesis:	Dissolution	of	Co2+ followed	by	its	incorporation	into	the	Li2O2

discharge	product	results	in	enhanced	charge	transport	in	Li2O2

between our work and that of Varley et al.72 is provided in the
Supporting Information.
To explore the possibility that other elements could dope

Li2O2, formation energies for extrinsic defects involving 22
other elements were calculated, as shown in the Supporting
Information, Figure S6. Nickel, like Co, is predicted to
significantly shift the Fermi level relative to its position in
undoped Li2O2 (Figure S7, Supporting Information). We
therefore speculate that Ni-containing compounds could also
promote recharge in Li/O2 cells; this hypothesis is supported
by the observed lowering of charge overpotentials in Li/O2 cells
containing NiO20,73 and NiCo2O4.

24 Of the remaining
elements, none are predicted to shift the Fermi level as
significantly as Co and Ni, as shown in Figure S7 and Table S5,
Supporting Information. Some of the other transition metals,
notably Pt and Ru, as well as non-transition metals and
halogens are predicted to have formation energies similar to
that of the intrinsic defects. On the other hand, essentially all of
the pnictogens and metalloids investigated have formation
energies significantly higher than that of the intrinsic defects.
The mechanism for OER promotion hypothesized in the

present study should also be considered in light of the lowered
charging potentials observed in cells preloaded with Li2O2 in the
presence of Pt, Ru, Au, or various transition metal oxides
additions.7,8,20,37 In these cases ex situ sonication or stirring was
used7,8 and may have driven dopant incorporation above the
equilibrium levels considered in the present study; therefore, a
direct comparison with computational predictions may not be
justified. Nevertheless, it is noteworthy that the trend in the
calculated formation energies for Pt, Ru, and Au dopants
(Figure S7) correlates with the trend in OER activity reported
by Harding et al.,7 who observed that the charging over-
potentials of cells preloaded with Li2O2 were reduced by the
addition of Pt and Ru but not Au. On the other hand, there is
little correlation between the calculated defect formation
energies and the trend in OER activities observed by Giordani
et al.20 for electrodes preloaded with mixtures of Li2O2 and
various transition metal oxides. For example, NiO was observed
to have very little effect on charging overpotentials compared to
MnO2; in contrast, our calculations predict Ni substitutions in
Li2O2 to be much more favorable than Mn substitutions. Thus,
if doping is responsible for reduced overpotentials in this

experiment, then factors beyond the equilibrium defect
formation energy presumably must play a role in determining
the relative efficacy of these promoters. For example, the
incorporation of dopants into the interior of the Li2O2 particles
during the mixing process may have been incomplete.
Finally, the enhancement of charge transport predicted by

the model developed here differs from the “polaron preemp-
tion” mechanism recently hypothesized for Li2O2 that is highly
doped (∼2%) with silicon.27 The polaron preemption
mechanism involves a change to the host’s electronic structure,
driven by a high level of impurities. In contrast, the present
mechanism involves a change in the dynamic equilibrium
between vacancies and polarons due to the introduction of
trace (ppm-level) impurities.

5. CONCLUSION
Understanding of the mechanism by which promoters enhance
the oxygen evolution reaction is an important step in the
rational design of Li/O2 electrode materials. Here a multiscale
model has been developed that can explain the ability of Co3O4
to promote oxidation of bulk Li2O2 and consequently improve
the voltaic efficiency of Li/O2 batteries.

7−9,37 The promotion
effect is hypothesized to arise from enhanced electronic and/or
ionic transport within the discharge product due to in situ
doping of the Li2O2 discharge phase with Co. This hypothesis is
supported by calculations, which show that thick Li2O2 deposits
doped with Co can support large recharge current densities
with only minimal overpotentials. In particular, a Li2O2 film
doped at low ppm levels will have an effective conductivity of
10−9 S/cm or higher during recharge, regardless of whether
decomposition occurs via layer-by-layer stripping or two-phase
delithiation. Under typical experimental conditions, a con-
ductivity of this magnitude would reduce contributions to the
overpotential from charge-transport limitations to the order of
millivolts. Although the proposed mechanism is not “catalytic”
in the traditional sense, it may provide insight into the effect (or
non-effect) of various putative catalysts on the Li/O2 OER. On
the basis of a computational assessment of 22 additional
dopants, we speculate that Ni may also be an effective OER
promoter. Quantifying the Co or Ni content of the discharge
product could test the hypothesis that doping is responsible for
the promotion of the OER. However, the detection of ppm

Figure 5. Proposed mechanism for the promotion of the OER in Co3O4-containing electrodes. For simplicity, dissolved Co ions are assumed to have
a 2+ charge.
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• Formation	energy	calculations	(HSEα
level)	reveal	that	dopants	shift	the	
concentration	of	intrinsic	defects

• Equilibrium	concentrations	establish	
a	boundary	condition	at	the	
electrolyte/Li2O2 interface

• Calculated	diffusion	coefficients	
provide	input	regarding	mobility	of	
hole	polarons	and	Li-ion	vacancies:

Dp+ =	9	x	10-10 cm2/s

DVLi- =	6	x	10-9 cm2/s

9

Model	Description:	Atomistic	Input
First	principles	calculations	were	used	to	parameterize	the	continuum	model

supported by the observed dissolution of Co into the
electrolyte in Li-ion batteries using Co-based electrodes.31

The electrochemical incorporation of additives has been
exploited in other contexts, such as the electrodeposition of
metals32 and the formation of tailored solid−electrolyte
interphases in Li-ion batteries,33 motivating the concept of
doping Li2O2 in situ. Indeed, experiments on Li/O2 cells have
shown that halide species from the electrolyte are incorporated
into the discharge product.34

To investigate the feasibility and consequences of in situ
doping of Li/O2-battery discharge products, the thermody-
namics of Co substitutions in Li2O2 is analyzed computation-
ally; this data is subsequently used to parametrize a continuum
model that demonstrates the impact of doping on transport
within a Li2O2 film.
Our model reveals that Co substitutions can significantly

enhance charge transport in Li2O2. For example, if Co is
incorporated at equilibrium levels (13 ppm), the transport
model predicts that only ∼10 mV of potential is needed to
drive a 1 μA/cm2 current density through a 100 nm film. This
contrasts strongly with undoped Li2O2, which we previously
predicted to be highly resistive, requiring overpotentials
of ∼1 V to drive appreciable currents.28 Such an enhancement
of transport properties by doping is consistent with the well-
known impact of point defects on solid-state charge and mass
transport processes.35,36 Although the present multiscale model
focuses on rationalizing recent experiments involving Co-
containing Li/O2 electrodes,9 it is reasonable to hypothesize
that the mechanism proposed here could also explain the
impact of other promoters on the OER from Li2O2.

7,8,20,37 To
explore this possibility, 22 additional dopants were computa-
tionally screened. The low formation energy calculated for Ni
substitutions suggests that Ni-containing compounds could also
be effective promoters.

2. DEFECT CHEMISTRY
It is first necessary to determine the expected equilibrium
concentration of Co dopants within the Li2O2 discharge phase.
Although the defect chemistry of oxides has been extensively
studied, peroxides have received much less scrutiny;27−29,38−42

the limited availability of experimental data for these
compounds motivates our use of first-principles methods for
calculating these properties. In a previous investigation of the
intrinsic defect chemistry and conductivity of Li2O2,

28 it was
determined that the dominant intrinsic charge carriers are hole
polarons and negative lithium vacancies; a recent experimental
study also independently arrived at the same conclusion.29

The introduction of Co dopants within the Li2O2 discharge
phase can shift the equilibrium concentrations of intrinsic
defects as follows. For a defect of type k, the equilibrium con-
centration ck

0 depends upon the formation energy Ek
0 and the

number density of defect sites Mk:
43

= −c M ek k
E k T0 /k

0
B (1)

The formation energies for Co substitutions in Li2O2 were
calculated using the Heyd−Scuseria−Ernzerhof (HSE) func-
tional44,45 as implemented in the Vienna ab initio simulation
package (VASP)46−49 with 144-atom supercells and Γ-point-
only k-space integration. An HSE mixing parameter of α = 0.48
was used, since this was previously found to reproduce the GW
band gap of Li2O2.

28 Details of the computational method
(including finite-size50 and oxygen-overbinding corrections,51−53

and results obtained with a smaller mixing parameter of
α = 0.25) can be found in the Supporting Information and in
our prior report.28

The formation energies and equilibrium concentrations of
defects depend on the chemical potentials of Li, O, and
Co. These chemical potentials are taken to be fixed by the
three-phase equilibrium between Li2O2, O2, and LiCoO2. As
discussed in the Supporting Information, this represents
equilibrium in a Li/O2 electrode that contains enough Co to
saturate the Li2O2, i.e., to reach the solubility limit within the
peroxide phase. (As shown below, the Co doping levels needed
to reach saturation are quite low.) Using Co3O4 instead of
LiCoO2 as the Co reservoir would result in an even larger
equilibrium concentration of Co dopants in Li2O2. This would
represent a metastable state, however, as the Li−Co−O phase
diagram shows that the reaction of Co3O4 and Li2O2 to form
LiCoO2 and O2 is spontaneous. To avoid complications
associated with the energies of oxides yielded by density
functional theory (DFT) calculations,54 the chemical potential
for Co was determined by combining a first-principles calcula-
tion on ferromagnetic hcp Co metal with the experimental
formation free energy of LiCoO2;

55 see the Supporting
Information for details.
Substitution of Co on Li sites was considered for the two

common charge states of Co:56 Co2+ and Co3+. These
substitutions are notated here as CoLi

+ and CoLi
2+, respectively,

where the superscript refers to the net charge of the defect, not
the charge state of the Co ion. Substitution-vacancy complexes
CoLi

2+−VLi
− and CoLi

+−VLi
− were also considered. Since there are

two symmetry-inequivalent Li sites [trigonal prismatic (TP)
and octahedral (Oct)], the total number of extrinsic defects
considered is 12: two CoLi

+ , two CoLi
2+, four CoLi

+−VLi
− , and four

CoLi
2+−VLi

− sites.
Figure 1 shows the calculated formation energies of the most

stable of these 12 substitutional defects, as well as the formation

energies of the dominant charged intrinsic defects:28 Li-ion
vacancies (VLi

−) and hole polarons (p+). Equilibrium formation
energies and concentrations (with the Fermi level set by
electroneutrality in the presence of Co) are listed in Table 1.
The computations indicate that Co ions in Li2O2 favor the +2
charge state over the +3 charge state and prefer the Oct Li site

Figure 1. Calculated formation energies of Co impurities, negative Li
vacancies, and hole polarons in Li2O2. The horizontal axis shows the
Fermi level relative to the valence band maximum (VBM); vertical
dotted lines show the shift in equilibrium Fermi level induced by
incorporating Co impurities. Only the lowest-energy extrinsic defect
for each charge state is shown.
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Description of	Continuum	Model
A	1D	transport	model	based	on	Nernst-Planck	theory	predicts	the	quasi-steady-
state	voltage	drop	Δϕ associated	with	charge	transport	through	doped	Li2O2

over the TP site. The lowest-energy configuration under
equilibrium conditions is the CoLi

+ (Oct)−VLi
−(TP) complex,

with a formation energy of 0.30 eV, representing a 13 ppm
doping level (2 × 1018 cm−3). Since this complex is electrically
neutral, it will not affect the Fermi level. The lowest-energy
charged substitution is CoLi

+ (Oct), which corresponds to the
substitution of a Li+ ion with a Co2+ ion. The calculated
equilibrium formation energy of CoLi

+ (Oct) is 0.36 eV, which
corresponds to a 1 ppm doping level (7 × 1016 cm−3). To put
this in context, note that the calculated Co concentration is
comparable to the level of inorganic ionic impurities typically
incorporated during electrodeposition of metals (10−5−10−4
atomic fraction32) and is also within the typical range of dopant
concentrations in semiconductor devices (10−8−10−5 atomic
fraction57). Notably, the CoLi

+ (Oct) defect has a significantly
lower formation energy than the hole polaron (the dominant
positive intrinsic defect). Thus, the introduction of Co could
cause a substantial change in the defect chemistry, since the
Fermi level relative to the local electrostatic potential is shifted
to higher energies. Consequently, in the presence of Co
dopants the concentration of VLi

− increases 9 orders of
magnitude to 7 × 1016 cm−3 (i.e., Li+ ions are removed to
compensate for the charge of the CoLi

+ ), and the concentra-
tion of p+ decreases to 1 × 10−3 cm−3. For comparison, the
equilibrium concentrations of p+ and VLi

− in the absence of
dopants are of the order of 107 cm−3.28

One factor contributing to the stability of the Co
substitutions may be the minimal strain they exert on the
Li2O2 lattice: the relaxation of the CoLi

+ (Oct) geometry results
in only a 2% change in the cation−anion nearest neighbor
distance. Other factors appear to be significant as well, however.
For example, CoLi

+ is about 1 eV higher in energy at the TP site
than the Oct site, despite having a similar lattice strain energy
(see Supporting Information for details). The differing
stabilities of these two sites can be attributed to differences in
crystal field stabilization energy, as discussed in more detail in
the Supporting Information.

3. TRANSPORT MODEL
Having established the concentration of Co dopants in Li2O2
at equilibrium, it becomes possible to examine the effect that
this doping exerts on transport within the Li2O2 discharge
phase. To this end, a one-dimensional transport model based

on Nernst−Planck theory was developed to calculate the quasi-
steady-state voltage drop associated with charge transport
through doped Li2O2. This voltage drop represents the
contribution of charge-transport limitations to the cell’s
overpotential. In the present context, “quasi-steady-state” is
intended to mean that diffusional relaxations associated with
local accumulation of material occur very rapidly in comparison
to the time scale of interest, and also that the film thickness
changes sufficiently slowly on this time scale that the velocity of
the peroxide film’s boundaries can be neglected. The former is
valid when the characteristic diffusion time for the slowest-
diffusing species is much shorter than the period of discharge or
charge; indeed this is the case for hole polarons and Li-ion
vacancies under realistic operating conditions.28

Figure 2 illustrates two scenarios, motivated by previous
experimental and theoretical studies, to which the transport

model is applied: (a) the layer-by-layer electrochemical
deposition/stripping of the Li2O2 deposit, occurring at the
Li2O2/electrolyte interface,30 and (b) a two-phase delithiation
mechanism, in which delithiation of Li2O2 starts at the buried
Li2O2/electrode interface and Li+ diffuses through the film
to reach the electrolyte.28,58,59 Key differences between the
scenarios are summarized below:

1. While Scenario I (layer-by-layer stripping/deposition)
can represent mechanisms for both discharge and charge,

Table 1. Equilibrium Formation Energies and Concentrations
of Co Substitutions and Intrinsic Defects in Li2O2

defect Ek
0 (eV) ck

0 (cm−3)

p+ 1.54 1 × 10−3

VLi
−(Oct) 0.36 2 × 1016

VLi
− (TP) 0.34 5 × 1016

CoLi
+ (Oct) 0.36 7 × 1016

CoLi
+ (TP) 1.38 7 × 10−1

CoLi
2+ (Oct) 2.86 3 × 10−26

CoLi
2+ (TP) 3.16 3 × 10−31

CoLi
+ (Oct)−VLi

− (Oct) 0.42 1 × 1016

CoLi
+ (Oct)−VLi

− (TP) 0.30 2 × 1018

CoLi
+ (TP)−VLi

− (Oct) 1.22 6 × 102

CoLi
+ (TP)−VLi

− (TP) 1.45 9 × 10−2

CoLi
2+(Oct)−VLi

− (Oct) 2.57 2 × 10−20

CoLi
2+(Oct)−VLi

− (TP) 2.45 1 × 10−18

CoLi
2+(TP)−VLi

− (Oct) 2.65 7 × 10−22

CoLi
2+(TP)−VLi

− (TP) 4.02 7 × 10−45

Figure 2.Model for transport through a doped Li2O2 film during recharge
in the case of (top) Scenario I: layer-by-layer stripping and (bottom)
Scenario II: two-phase delithiation. Here p+ refers to a hole polaron in
Li2O2, which moves in the opposite direction as an electron, e−.
Similarly, VLi

− refers to a negatively charged Li vacancy, which moves in
the opposite direction as a Li+ ion.
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over the TP site. The lowest-energy configuration under
equilibrium conditions is the CoLi

+ (Oct)−VLi
−(TP) complex,

with a formation energy of 0.30 eV, representing a 13 ppm
doping level (2 × 1018 cm−3). Since this complex is electrically
neutral, it will not affect the Fermi level. The lowest-energy
charged substitution is CoLi

+ (Oct), which corresponds to the
substitution of a Li+ ion with a Co2+ ion. The calculated
equilibrium formation energy of CoLi

+ (Oct) is 0.36 eV, which
corresponds to a 1 ppm doping level (7 × 1016 cm−3). To put
this in context, note that the calculated Co concentration is
comparable to the level of inorganic ionic impurities typically
incorporated during electrodeposition of metals (10−5−10−4
atomic fraction32) and is also within the typical range of dopant
concentrations in semiconductor devices (10−8−10−5 atomic
fraction57). Notably, the CoLi

+ (Oct) defect has a significantly
lower formation energy than the hole polaron (the dominant
positive intrinsic defect). Thus, the introduction of Co could
cause a substantial change in the defect chemistry, since the
Fermi level relative to the local electrostatic potential is shifted
to higher energies. Consequently, in the presence of Co
dopants the concentration of VLi

− increases 9 orders of
magnitude to 7 × 1016 cm−3 (i.e., Li+ ions are removed to
compensate for the charge of the CoLi

+ ), and the concentra-
tion of p+ decreases to 1 × 10−3 cm−3. For comparison, the
equilibrium concentrations of p+ and VLi

− in the absence of
dopants are of the order of 107 cm−3.28

One factor contributing to the stability of the Co
substitutions may be the minimal strain they exert on the
Li2O2 lattice: the relaxation of the CoLi

+ (Oct) geometry results
in only a 2% change in the cation−anion nearest neighbor
distance. Other factors appear to be significant as well, however.
For example, CoLi

+ is about 1 eV higher in energy at the TP site
than the Oct site, despite having a similar lattice strain energy
(see Supporting Information for details). The differing
stabilities of these two sites can be attributed to differences in
crystal field stabilization energy, as discussed in more detail in
the Supporting Information.

3. TRANSPORT MODEL
Having established the concentration of Co dopants in Li2O2
at equilibrium, it becomes possible to examine the effect that
this doping exerts on transport within the Li2O2 discharge
phase. To this end, a one-dimensional transport model based

on Nernst−Planck theory was developed to calculate the quasi-
steady-state voltage drop associated with charge transport
through doped Li2O2. This voltage drop represents the
contribution of charge-transport limitations to the cell’s
overpotential. In the present context, “quasi-steady-state” is
intended to mean that diffusional relaxations associated with
local accumulation of material occur very rapidly in comparison
to the time scale of interest, and also that the film thickness
changes sufficiently slowly on this time scale that the velocity of
the peroxide film’s boundaries can be neglected. The former is
valid when the characteristic diffusion time for the slowest-
diffusing species is much shorter than the period of discharge or
charge; indeed this is the case for hole polarons and Li-ion
vacancies under realistic operating conditions.28

Figure 2 illustrates two scenarios, motivated by previous
experimental and theoretical studies, to which the transport

model is applied: (a) the layer-by-layer electrochemical
deposition/stripping of the Li2O2 deposit, occurring at the
Li2O2/electrolyte interface,30 and (b) a two-phase delithiation
mechanism, in which delithiation of Li2O2 starts at the buried
Li2O2/electrode interface and Li+ diffuses through the film
to reach the electrolyte.28,58,59 Key differences between the
scenarios are summarized below:

1. While Scenario I (layer-by-layer stripping/deposition)
can represent mechanisms for both discharge and charge,

Table 1. Equilibrium Formation Energies and Concentrations
of Co Substitutions and Intrinsic Defects in Li2O2

defect Ek
0 (eV) ck

0 (cm−3)

p+ 1.54 1 × 10−3

VLi
−(Oct) 0.36 2 × 1016

VLi
− (TP) 0.34 5 × 1016

CoLi
+ (Oct) 0.36 7 × 1016

CoLi
+ (TP) 1.38 7 × 10−1

CoLi
2+ (Oct) 2.86 3 × 10−26

CoLi
2+ (TP) 3.16 3 × 10−31

CoLi
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CoLi
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CoLi
2+(Oct)−VLi

− (TP) 2.45 1 × 10−18

CoLi
2+(TP)−VLi

− (Oct) 2.65 7 × 10−22

CoLi
2+(TP)−VLi

− (TP) 4.02 7 × 10−45

Figure 2.Model for transport through a doped Li2O2 film during recharge
in the case of (top) Scenario I: layer-by-layer stripping and (bottom)
Scenario II: two-phase delithiation. Here p+ refers to a hole polaron in
Li2O2, which moves in the opposite direction as an electron, e−.
Similarly, VLi

− refers to a negatively charged Li vacancy, which moves in
the opposite direction as a Li+ ion.
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• Model	accounts	for	non-uniform	concentrations	and	potentials
• 4	mobile	species:	VLi

-,	p+,	CoLi+,	and	VLi
-–CoLi+

• Applied	to	films	10	– 1000	nm	(beyond	tunneling	regime)

Scenario II (two-phase delithiation) applies only to
charging.

2. As is shown below, steady-state charge transport through
Li2O2 in Scenario I is mediated by hole polarons; in
Scenario II, Li-ion vacancies mediate charge transport.
Both mechanisms are illustrated qualitatively in Figure 2.

3. The overall half-reaction for oxidation in Scenario I is
1/2Li2O2(p)→ Li+(l) + 1/2O2(l) + e−(s) [where (p) indi-
cates a species in the discharge-product phase, (l) a
species in the liquid−electrolyte phase, and (s) a species
in the Li/O2 electrode’s support material], but in Scenario II
it is Li2O2(p)→ xLi+(l) + Li2−xO2(p) + xe−(s). Presumably,
the oxidation of Li2O2 to Li2−xO2 in Scenario II would be
followed by a subsequent oxidation of Li2−xO2 to form
molecular O2.

Scenario I assumes that the accumulation of defects does not
produce a distinct solid phase within the peroxide film. (In
principle, the accumulation of VLi

− and p+ could lead to the
nucleation of a lithium-deficient Li2−xO2 phase; Scenario II
describes one such situation.) The defect concentration in
Scenario I is small enough (∼1 ppm, as shown below) that the
nucleation of a Li-deficient phase may not occur. Also, observe
that an accumulation of both lithium and oxygen vacancies could
lead to void formation, but the high barrier for oxygen-vacancy
diffusion in Li2O2 (1.5 eV)60 suggests that voids are unlikely.
Scenario II is motivated by a recent study which predicted

that Li2O2 could be topotactically delithiated via a two-phase
pathway to lithium superoxide (LiO2) at moderate charge
potentials (3.3−3.4 V vs Li/Li+).59 The presence of a plateau at
3.4−3.5 V vs Li/Li+ during potentiostatic intermittent titration
technique (PITT) experiments on Li/O2 cells also supports a
two-phase delithiation hypothesis.61,62 The formation of LiO2
corresponds to x = 1, although other Li-deficient stoichiome-
tries may be possible; it has been suggested that a Li2−xO2
(0 < x < 1) solid solution may form.28 Electron-transport
limitations through a Li-deficient phase could also contribute to
charging overpotentials, but any such limitations are neglected
here because (i) the high electronic conductivity reported for
crystalline KO2 suggests that other superoxide phases such as
LiO2 may also have a high electronic conductivity,63 and (ii) a
Li2−xO2 (0 < x < 1) solid-solution phase is expected to have a
high electronic conductivity associated with electron hopping.28

Prior studies have treated transport in Li2O2 through
simplified models wherein the carrier concentrations are
taken to be spatially and temporally uniform.28,30,58 Although
these studies provide important baselines, the incorporation of
concentration gradients within the present model leads to
qualitatively different, and presumably more accurate, current−
voltage relationships for transport through doped Li2O2. The
model described below indicates that charge transport through
doped Li2O2 is facile in both scenarios during recharge.
Governing Equations. The model accounts for four

mobile species in the Li2O2 film: VLi
− , p+, CoLi

+ , and VLi
−−CoLi+

bound pairs. The most fundamental model equations describe
the continuity of material, which requires that (i) the fluxes of
Li and Co atoms are divergence free,

+ = + =− −− + − + + −
d
dy

N N d
dy

N N( ) 0 and ( ) 0V Co V Co Co VLi Li Li Li Li Li

(2)

where Nk is the flux of species k, and (ii) the continuity of
charge, which requires that the current density i also be
divergence free,

=di
dy

0
(3)

In addition to obeying a continuity equation, charge is taken
to balance locally through the electroneutrality constraint

− + =+ − +c c c 0p V CoLi Li (4)

where ck represents the number density of species k. This
approximation is suitable for a doped film under typical
operating conditions for a Li/O2 electrode, except in certain
regimes where double-layer charging becomes important, as
discussed below and in the Supporting Information.

Constitutive Laws. Inside the Li2O2 film Nernst−Planck
flux laws describe the diffusion and migration of each species k,

= − − ΦN D
dc
dy

D z e
k T

c d
dyk k

k k k
k

B (5)

where Φ is the electrostatic potential, kB is the Boltzmann
constant, e is the elementary charge, and T = 300 K is the
absolute temperature; Dk represents the diffusivity of species k
and zk its equivalent charge (zVLi

− = −1, zp+ = +1, zCoLi+ = +1, and
zCoLi+ − VLi

− = 0). Note that Nernst−Planck theory only applies to
point defects if their concentrations are relatively low;64 this
approximation is fair under operating regimes relevant for
Li/O2 batteries. Charge flux follows from the material fluxes
through Faraday’s law,

= − ++ − +i e N N N( )p V CoLi Li (6)

Here i is defined as a cathodic current, meaning that i > 0 for
discharge and i < 0 for recharge. The diffusion coefficients of
hole polarons and Li-ion vacancies were taken from our prior
DFT calculations (Dp

+= 9 × 10−10 cm2s−1 and DVLi
− = 6 ×

10−9 cm2s−1).28 Co is assumed to diffuse via a vacancy-mediated
mechanism as a VLi

−−CoLi+ bound pair, and the contributions of
other diffusion mechanisms are neglected. Consequently, the
mobility of unbound Co is negligible (DCoLi

+ ≈ 0), causing the
unbound-Co flux to vanish everywhere. As shown below, no
assumptions about the value of the bound-pair diffusivity need
be made, since the net flux of bound pairs vanishes uniformly;
this also implies that bound-pair diffusion does not affect the
potential drop.
Vacancy-substitution association/dissociation (CoLi

+ + VLi
− ↔

CoLi
+−VLi

−) is taken to be in local equilibrium,

=
− −

− +

+ −

− +

+ −

c c
c

c c

c
V Co

Co V

V
0

Co
0

Co V
0

Li Li

Li Li

Li Li

Li Li (7)

Thus, the reaction quotient for defect dissociation remains
constant and is determined by parameters from Table 1.

Boundary Conditions. The film is taken to be planar and
one-dimensional, with y representing the direction normal to
the interfaces with the electrode and electrolyte. Boundary con-
ditions differ for Scenario I (layer-by-layer deposition/stripping)
and Scenario II (two-phase delithiation). In both scenarios we
require defect formation to be in equilibrium with O2, Li2O2, and
LiCoO2 at the Li2O2/electrolyte interface, corresponding to
position y = 0. This constrains the concentrations of defects to
those shown in Table 1:

=c c(0)i i
0

(8)

These constraints combine with the defect-dissociation equili-
brium described by eq 7 to show that the concentration of
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Flux	law	for	
species	 k:

Scenario II (two-phase delithiation) applies only to
charging.

2. As is shown below, steady-state charge transport through
Li2O2 in Scenario I is mediated by hole polarons; in
Scenario II, Li-ion vacancies mediate charge transport.
Both mechanisms are illustrated qualitatively in Figure 2.

3. The overall half-reaction for oxidation in Scenario I is
1/2Li2O2(p)→ Li+(l) + 1/2O2(l) + e−(s) [where (p) indi-
cates a species in the discharge-product phase, (l) a
species in the liquid−electrolyte phase, and (s) a species
in the Li/O2 electrode’s support material], but in Scenario II
it is Li2O2(p)→ xLi+(l) + Li2−xO2(p) + xe−(s). Presumably,
the oxidation of Li2O2 to Li2−xO2 in Scenario II would be
followed by a subsequent oxidation of Li2−xO2 to form
molecular O2.

Scenario I assumes that the accumulation of defects does not
produce a distinct solid phase within the peroxide film. (In
principle, the accumulation of VLi

− and p+ could lead to the
nucleation of a lithium-deficient Li2−xO2 phase; Scenario II
describes one such situation.) The defect concentration in
Scenario I is small enough (∼1 ppm, as shown below) that the
nucleation of a Li-deficient phase may not occur. Also, observe
that an accumulation of both lithium and oxygen vacancies could
lead to void formation, but the high barrier for oxygen-vacancy
diffusion in Li2O2 (1.5 eV)60 suggests that voids are unlikely.
Scenario II is motivated by a recent study which predicted

that Li2O2 could be topotactically delithiated via a two-phase
pathway to lithium superoxide (LiO2) at moderate charge
potentials (3.3−3.4 V vs Li/Li+).59 The presence of a plateau at
3.4−3.5 V vs Li/Li+ during potentiostatic intermittent titration
technique (PITT) experiments on Li/O2 cells also supports a
two-phase delithiation hypothesis.61,62 The formation of LiO2
corresponds to x = 1, although other Li-deficient stoichiome-
tries may be possible; it has been suggested that a Li2−xO2
(0 < x < 1) solid solution may form.28 Electron-transport
limitations through a Li-deficient phase could also contribute to
charging overpotentials, but any such limitations are neglected
here because (i) the high electronic conductivity reported for
crystalline KO2 suggests that other superoxide phases such as
LiO2 may also have a high electronic conductivity,63 and (ii) a
Li2−xO2 (0 < x < 1) solid-solution phase is expected to have a
high electronic conductivity associated with electron hopping.28

Prior studies have treated transport in Li2O2 through
simplified models wherein the carrier concentrations are
taken to be spatially and temporally uniform.28,30,58 Although
these studies provide important baselines, the incorporation of
concentration gradients within the present model leads to
qualitatively different, and presumably more accurate, current−
voltage relationships for transport through doped Li2O2. The
model described below indicates that charge transport through
doped Li2O2 is facile in both scenarios during recharge.
Governing Equations. The model accounts for four

mobile species in the Li2O2 film: VLi
− , p+, CoLi

+ , and VLi
−−CoLi+

bound pairs. The most fundamental model equations describe
the continuity of material, which requires that (i) the fluxes of
Li and Co atoms are divergence free,

+ = + =− −− + − + + −
d
dy

N N d
dy

N N( ) 0 and ( ) 0V Co V Co Co VLi Li Li Li Li Li

(2)

where Nk is the flux of species k, and (ii) the continuity of
charge, which requires that the current density i also be
divergence free,

=di
dy

0
(3)

In addition to obeying a continuity equation, charge is taken
to balance locally through the electroneutrality constraint

− + =+ − +c c c 0p V CoLi Li (4)

where ck represents the number density of species k. This
approximation is suitable for a doped film under typical
operating conditions for a Li/O2 electrode, except in certain
regimes where double-layer charging becomes important, as
discussed below and in the Supporting Information.

Constitutive Laws. Inside the Li2O2 film Nernst−Planck
flux laws describe the diffusion and migration of each species k,

= − − ΦN D
dc
dy

D z e
k T

c d
dyk k

k k k
k

B (5)

where Φ is the electrostatic potential, kB is the Boltzmann
constant, e is the elementary charge, and T = 300 K is the
absolute temperature; Dk represents the diffusivity of species k
and zk its equivalent charge (zVLi

− = −1, zp+ = +1, zCoLi+ = +1, and
zCoLi+ − VLi

− = 0). Note that Nernst−Planck theory only applies to
point defects if their concentrations are relatively low;64 this
approximation is fair under operating regimes relevant for
Li/O2 batteries. Charge flux follows from the material fluxes
through Faraday’s law,

= − ++ − +i e N N N( )p V CoLi Li (6)

Here i is defined as a cathodic current, meaning that i > 0 for
discharge and i < 0 for recharge. The diffusion coefficients of
hole polarons and Li-ion vacancies were taken from our prior
DFT calculations (Dp

+= 9 × 10−10 cm2s−1 and DVLi
− = 6 ×

10−9 cm2s−1).28 Co is assumed to diffuse via a vacancy-mediated
mechanism as a VLi

−−CoLi+ bound pair, and the contributions of
other diffusion mechanisms are neglected. Consequently, the
mobility of unbound Co is negligible (DCoLi

+ ≈ 0), causing the
unbound-Co flux to vanish everywhere. As shown below, no
assumptions about the value of the bound-pair diffusivity need
be made, since the net flux of bound pairs vanishes uniformly;
this also implies that bound-pair diffusion does not affect the
potential drop.
Vacancy-substitution association/dissociation (CoLi

+ + VLi
− ↔

CoLi
+−VLi

−) is taken to be in local equilibrium,

=
− −

− +

+ −

− +

+ −

c c
c

c c

c
V Co

Co V

V
0

Co
0

Co V
0

Li Li

Li Li

Li Li

Li Li (7)

Thus, the reaction quotient for defect dissociation remains
constant and is determined by parameters from Table 1.

Boundary Conditions. The film is taken to be planar and
one-dimensional, with y representing the direction normal to
the interfaces with the electrode and electrolyte. Boundary con-
ditions differ for Scenario I (layer-by-layer deposition/stripping)
and Scenario II (two-phase delithiation). In both scenarios we
require defect formation to be in equilibrium with O2, Li2O2, and
LiCoO2 at the Li2O2/electrolyte interface, corresponding to
position y = 0. This constrains the concentrations of defects to
those shown in Table 1:

=c c(0)i i
0

(8)

These constraints combine with the defect-dissociation equili-
brium described by eq 7 to show that the concentration of
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Results:	Layer-by-Layer	Stripping
A	Li2O2 film	doped	with	13	ppm	Co	has	a	very	low	potential	drop	during	
charging,	and	much	higher	conductivity	than	bulk	Li2O2:	σ ~	10-9 S/cm

CoLi
+−VLi

− bound pairs at the Li2O2/electrolyte interface is also
fixed.
The boundary at y = L represents the Li2O2/electrode

interface in Scenario I and the Li2O2/Li2−xO2 interface in
Scenario II. Both scenarios require that the flux of Co through
the y = L boundary be zero because the electrode is assumed to
block flux of ionic Co:

+ =−+ + −N L N L( ) ( ) 0.Co Co VLi Li Li (9)

In Scenario I, there exists the additional stipulation that the
flux of Li vacancies across the Li2O2/electrode interface should
vanish, since the electrode blocks Li-ion transport:

+ =−− + −N L N L( ) ( ) 0.V Co VLi Li Li (10)

In Scenario II, polarons are not consumed or produced at the
Li2O2/electrolyte interface (or at least the rate of polaron
consumption/production is assumed to be negligible compared
to the rate of delithiation). Thus, the flux of hole polarons
across the Li2O2/electrolyte interface is zero in Scenario II:

=+N (0) 0p (11)

General Remarks. Important consequences of the model
assumptions laid out above include the following:

1. By combining the material balances from eq 2, the ion-
blocking condition on Co from eq 9, and the fact that the
flux of CoLi

+ vanishes, the steady-state flux of CoLi
+−VLi

−

bound pairs vanishes everywhere: NCoLi
+−VLi

−(y) = 0.
2. Since NCoLi

+−VLi
−(y) = 0 and bound pairs are electrically

neutral, the flux law from eq 5 requires the number
density cCoLi+−VLi

− to be uniform throughout the film.
3. Because the concentration of bound pairs is uniform, the

defect association/dissociation equilibrium, eq 7, requires
that gradients in the VLi

− and CoLi
+ concentrations are

always opposed (i.e., dcVLi
−/dy and dcCoLi+ /dy have opposing

signs).
4. To maintain the electroneutrality condition from eq 4,

gradients in the VLi
− and p+ concentrations have coincident

directions (i.e., dcVLi
−/dy and dcp+/dy have similar signs).

Before discussing the predictions of the transport model, it is
first worth commenting on its connection to the equilibrium
concentrations derived from Figure 1. As previously mentioned,
the concentrations ck

0 establish a boundary condition at the
Li2O2/electrolyte interface (y = 0), where equilibrium with O2,
Li2O2, and LiCoO2 is assumed to hold. Solving the transport
model then yields species number densities as functions of
position; the ck(y) vary spatially due to changes in local
electrochemical potentials. Thus, a solution to the transport
model is akin to generating a formation-energy diagram (with a
unique Fermi level) at each point y in the film based on values
of the electrochemical potentials there.
Scenario I: Layer-by-Layer Stripping/Deposition. By

combining material continuity with the ion-blocking condition
on Li, and the fact that the bound-pair flux uniformly vanishes,
it follows that the flux of Li-ion vacancies vanishes uniformly:
NVLi

−(y) = 0. Thus, all of the current is carried by hole polarons,
as indicated in Figure 2. From the above equations, the current
through a film of thickness L is shown to be

= − ΔΦ+ − ⎡
⎣⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥⎥i

eD c
L

e
k T

2
1 expp V

0

B

Li

(12)

(Note that the diffusion coefficients of bound pairs and lithium
vacancies do not appear here, because the net fluxes of these
species vanish, as discussed above.) Equation 12 predicts
that the peroxide film acts like a diode: the negative current
responds exponentially, allowing arbitrarily large anodic
(recharge) currents (i < 0), whereas the cathodic (discharge)
current (i > 0) saturates when |ΔΦ| ≫ kBT/e. Equation 12
suggests a limiting cathodic current density of 2eDp

+cVLi
−

0 . As
discussed in the Supporting Information, however, electro-
neutrality does not hold in the positive current (discharge)
regime of Scenario I because the Li2O2/electrode interface
becomes starved of polarons and the charging of the double-
layer at that interface accommodates most of the potential
drop. In the Supporting Information, we modify the model to
account for electroneutrality violations and show that the
discharge current indeed does saturate but not at the value
implied by eq 12. An upper bound on the cathodic current
density is shown to be approximately eDp

+cp+
0 /L, which for a 100 nm

thick film corresponds to ∼10−20 μA/cm2. This current is far
smaller than experimentally observed current densities during
discharge.
Although only minimal discharge currents can be supported,

recharge is predicted to be quite facile. Figure 3 shows the

potential drop calculated from eq 12 as a function of anodic
(recharge) current for various film thicknesses. The potential
drop needed to drive recharge is quite small in the presence of
Co dopants. For example, a potential drop of only 10 mV is
needed to drive a current density of 1 μA/cm2 through a
100 nm thick film. This current density is fairly representative
of the microscopic current densities of typical Li/O2 experi-
ments61,65 and would correspond to a 27-h charge for a 100 nm
thick film. (1 μA/cm2 also is representative of the estimated
microscopic current density required to achieve the macro-
scopic current density target described in the literature.28,66)
This result contrasts strongly with undoped Li2O2, whose low
intrinsic conductivity is thought to be a performance-limiting
factor.28−30 Thus, our results indicate that donor doping, such
as through the incorporation of Co substitutions, can in
principle moderate charge transport limitations in the Li/O2
discharge product during recharge.
Figure 4 shows the steady-state concentrations of defects and

the electrostatic potential across the film for 1 μA/cm2 charging
of a 100 nm thick film. At the Li2O2/electrolyte interface
(y = 0), the addition of dopants lowers the number density of
p+ and increases that of VLi

− as the Fermi level shifts to higher
energies (cf. Figure 1 and eqs 4 and 7). As discussed above, the

Figure 3. Calculated potential drop during recharge as a function of
current density across doped Li2O2 films of thickness 1, 10, 100, and
1000 nm in Scenario I (layer-by-layer stripping/deposition).
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net VLi
−
flux must vanish. Thus, the electrostatic force pushing

lithium vacancies toward the electrode, a consequence of the
rise in potential as y increases, must be balanced by an opposing
flux arising from a concentration gradient. Consequently, the
concentration of VLi

− rises as one approaches the electrode
(increasing y) in Figure 4.
This gradient in the VLi

− concentration is accompanied by a
gradient in the p+ concentration with the same sign, as
discussed above. As more Co is added to the film, the number
density of VLi

− at the Li2O2/electrolyte interface rises, and a
larger gradient of VLi

− concentration is needed to compensate
for the electric field. Consequently, increased doping leads to a
larger p+ concentration gradient. In a highly doped sample, the
p+ concentration will rapidly rise as one moves away from the
Li2O2/electrolyte interface, resulting in an increased electronic
film conductance during recharge.
The conclusion that Co substitutions should enhance charge

transport during recharge may appear counterintuitive, given
that the addition of Co donors shifts the equilibrium Fermi
level toward higher energies (Figure 1), thereby reducing the
equilibrium polaron concentration. The present model reveals
that this effect, which applies only as an equilibrium boundary
condition at the Li2O2/electrolyte interface, is in fact offset by
the conductivity enhancement associated with the accumulation
of VLi

− and p+ deeper into the film. The accumulation of VLi
− and

p+ represents a partial delithiation of the discharge product.
Unlike Scenario II, however, this delithiation represents a
concentration gradient of vacancies, rather than the formation
of a new lithium-deficient phase.
Scenario II: Two-Phase Delithiation. In the case of a

delithiation recharge mechanism, one can combine continuity
of mass and charge (eqs 2 and 3), Faraday’s law (eq 6), and the
boundary condition on hole polaron flux (eq 11) to show that
the flux of hole polarons vanishes everywhere. Thus, all of the
current is carried by Li-ion vacancies, consistent with the
schematic in Figure 2. The model’s behavior is straightforward
in the limit that the dopant concentration is much larger than
the intrinsic defect concentration in the absence of impurities.
It can be shown that the concentration of vacancies in this limit
is uniform throughout the film, and the current−voltage
relationship is Ohmic,

= −
ΔΦ− −

i
e D c

k TL

2
V V

0

B

Li Li

(13)

The effective conductivity e2DVLi
−cVLi

−
0 /kBT is 3 × 10−9 S/cm.

This is 9 orders of magnitude larger than the predicted intrinsic
ionic conductivity of crystalline Li2O2

28 and is high enough to
provide adequate charge transport under typical conditions in a
Li/O2 cell. For example, a 1 μA/cm2 current through a 100 nm
thick film results in a potential drop of only 4 mV.

4. DISCUSSION
The multiscale model predicts that doped Li2O2 cannot support
appreciable currents during discharge due to the limited charge
transport supported by hole polarons, as shown in eq 12. (The
contribution of lithium vacancies to conductivity is also limited,
as it has been assumed that the electrode blocks their transport
during discharge.) The fact that large Li2O2 deposits are
nevertheless observed in Li/O2 cells suggests that either

28 (i)
alternative electronic charge transport pathways exist (e.g.,
surfaces28 or grain boundaries67), or (ii) particle growth can
occur via the solution-mediated transport and subsequent
precipitation of a soluble species12 (e.g., LiO2). The fact that
very similar biconcave disk morphologies have been observed in
the chemical deposition of unrelated systems supports the latter
explanation.68,69

On the other hand, the model indicates that during recharge,
charge transport in doped Li2O2 is facile, regardless of whether
the OER occurs via layer-by-layer stripping (Scenario I) or two-
phase delithiation (Scenario II). This suggests that the doping
of the discharge product may be a promising strategy for
overcoming high charging overpotentials in Li/O2 batteries. We
speculate that the improved transport properties of doped
Li2O2 may explain the reduced charging overpotentials
observed in recent experiments on Co3O4-based electrodes.9

Our proposed mechanism is illustrated in Figure 5. First, a
small amount of Co dissolves into the electrolyte. Next, the
solvated Co ions are incorporated into the discharge product.
Finally, the presence of Co dopants in the discharge product
enhances charge transport during recharge, and the OER
proceeds via either layer-by-layer stripping or two-phase
delithiation. Although we have presented this mechanism as a
three-step process, some or all of these steps may occur
simultaneously. Additionally, solid-state diffusion of Co (not
shown) represents another possible route for Co incorporation.
The doping of Li/O2 discharge products is unlike the ex situ

doping of conventional semiconducting materials or Li-ion
battery materials (e.g., LiFePO4

70,71). In Li/O2 cells the
discharge product is in principle deposited and dissolved at
every cycle. Therefore, any successful doping strategy must
occur in situ during each charge/discharge cycle and at a
sufficient concentration. Black et al.9 found that the ability of
Co3O4 to promote the OER was reproducible over many
cycles, suggesting that if Co doping was indeed responsible for
this behavior, then the incorporation of Co occurred repeatedly.
Of course the relative importance of different discharge/

recharge mechanisms may also be influenced by experimental
details such as electrode support material, depth of discharge,
system cleanliness, etc. These factors are not included in the
present model. For example, several studies have suggested that
when the discharge product is a thin film (∼4 nm or less),
charge transport through Li2O2 occurs via electron tunnel-
ing.30,65,72 The present model is intended to capture transport
through thicker deposits (10−1000 nm), which would be
desirable for achieving high capacities. In such cases electron
tunneling is thought to be negligible. Further discussion
regarding electron tunneling and methodological differences

Figure 4. Calculated defect concentrations and electrostatic potential
for Scenario I (layer-by-layer stripping/deposition) in a 100 nm doped
Li2O2 film during charge at a current density of 1 μA/cm2.
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Potential	drop	across	Co-doped	Li2O2 film	vs.
current	density	and	film	thickness

Defect	concentration	vs.
position	in	100	nm	Li2O2 film

A	potential	drop	of	only	10	mV	is	needed	to	
drive	1	μA/cm2 through	a	100	nm	Co-doped	film
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Other	Promoters?
22	additional	promoters	were	screened	computationally

 21 

H" " " " " " " " " " " " " " " " " He"

Li" Be" " " " " " " " " " " B" C" N" O" F" Ne"

Na" Mg" " " " " " " " " " " Al" Si" P" S" Cl" Ar"

K" Ca" Sc" Ti" V" Cr" Mn" Fe" Co" Ni" Cu" Zn" Ga" Ge" As" Se" Br" Kr"

Rb" Sr" Y" Zr" Nb" Mo" Tc" Ru" Rh" Pd" Ag" Cd" In" Sn" Sb" Te" I" Xe"

Cs" Ba" Lu" Hf" Ta" W" Re" Os" Ir" Pt" Au" Hg" Tl" Pb" Bi" Po" At" Rn"

Fr" Ra" Lr" Rf" Db" Sg" Bh" Hs" Mt" " " " " " " " " "
Figure S6. Periodic table, with colorized symbols indicating the elements examined as dopants in Li2O2. The 
colors indicate qualitatively the size of the calculated substitution energies: green, yellow, and red indicate 
dopants whose lowest formation energy is significantly lower than, comparable to, or significantly higher 
than the formation energies of intrinsic defects in Li2O2, respectively. 

Defect diagrams for Pt, Au, Ru, and Ni are shown in Figure S7. The 

predicted equilibrium defect formation energies for Ni are quite low, with the 

NiLi
+ (Oct) crossing the VLi

−  lines at an energy of about −0.2 eV. A negative NiLi
+

(Oct) formation energy would suggest that the reaction of Li2O2 and the putative 

Ni reservoir (LiNiO2) in the presence of O2 to form some other Li-Ni-O 

compound is exergonic.  

 

Low	formation	energies	for	Ni	and	Co	substitutions	 suggest	that	these	 are	the
most	promising	promoters. Electrochem.	Solid-State	Lett.	2010,	13,	A180

J.	Solid	State	Electrochem.	2013,	17,	1759−1764
Electrochem.	Commun.	2013,	31,	88−91.	

Trend	in	the	calculated	formation	energies	for	Pt,	Ru,	and	Au	correlates	
with	the	trend	in	OER	activity	reported	by	Harding	et	al.
Phys.	Chem.	Chem.	Phys.	2012,	14,	10540−10546.	



• Understanding	‘OER	promotion’	is	necessary	 for	rational	design	of	efficient	
Li/O2 batteries

• Promotion	is	hypothesized	to	arise	from	enhanced	transport	in	Li2O2

resulting	from	in	situ	doping	with	metal	cations

• Multi-scale	transport	model	reveals	 that	a	Li2O2 film	doped	at	ppm-levels	
will	have	a	conductivity	>	10-9 S/cm	during	recharge
– This	is	10	orders	of	magnitude	greater	than	bulk	Li2O2

– Contributions	to	the	overpotential from	charge	transport	limitations	 are	
reduced	to	milli-Volts	 for	Co-doped	Li2O2

• Assessment	of	23	promoters	suggests	that	Ni	&	Co	compositions	are	best
– Recommended	experiment:	addition	of	Co	or	Ni	salts	to	Li/O2 electrolyte

13

Summary:	OER	Promoters

M.	D.	Radin,	C.	W.	Monroe,	and	D.	J.	Siegel,	
How	Dopants	can	Enhance	Charge	Transport	in	Li2O2

Chemistry	of	Materials	27,	839	(2015).
DOI:	10.1021/cm503874c



Part	2:	Sudden	Death

Impact of Space-Charge Layers on Sudden Death in Li/O2 Batteries
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ABSTRACT: The performance of Li/O2 batteries is thought to be limited by
charge transport through the solid Li2O2 discharge product. Prior studies suggest
that electron tunneling is the main transport mechanism through thin, compact
Li2O2 deposits. The present study employs a new continuum transport model to
explore an alternative scenario, in which charge transport is mediated by polaron
hopping. Unlike earlier models, which assume a uniform carrier concentration or
local electroneutrality, the possibility of nonuniform space charge is accounted for
at the Li2O2/electrolyte and Li2O2/electrode interfaces, providing a more realistic
picture of transport in Li2O2 films. The temperature and current-density
dependences of the discharge curves predicted by the model are in good
agreement with flat-electrode experiments over a wide range of rates, supporting
the hypothesis that polaron hopping contributes significantly to charge transport.
Exercising the model suggests that this mechanism could explain the observed
enhancement in cell performance at elevated temperature and that performance
could be further improved by tuning the interfacial orientation of Li2O2 crystallites.

Charge transport through the solid Li2O2 discharge product
is expected to limit the performance of Li/O2 batteries

under some circumstances.1−4 Previous computational3 and
experimental5,6 studies have found that bulk Li2O2 is a poor
conductor; nevertheless, the nanometer-scale deposits fre-
quently observed1,7,8 in Li/O2 cells may not exhibit the same
behavior as bulk material. Several discharge mechanisms have
been proposed, and the relative predominance of these
mechanisms is expected to vary with cell design (e.g., choice
of electrode material and electrolyte) and experimental
conditions (e.g., temperature and discharge rate).2,9−11 Some
studies have reported that Li2O2 can be electrodeposited in
some cases as a thin, compact film, especially at the discharge
rates relevant to automotive applications.1,8,12 It has been
proposed that charge transport through such films can limit cell
performance during discharge.1,2 Two mechanisms for charge
transport in Li2O2 films have been hypothesized: electron
tunneling and the hopping of hole polarons.1−3,5,13 Under-
standing the contributions from these two mechanismsand
how they vary with temperature, current density, film thickness,
and orientationhas significance for battery engineering: the
ability to enhance charge transport by optimizing cell design
and operating parameters could allow for the improvement of
battery performance.
Luntz et al.2 presented a model for charge transport through

Li2O2 films in Li/O2 cells that included both hole-polaron
hopping and electron tunneling. They found that polaron
transport could not explain the observed “sudden death” (i.e.,
the precipitous drop in cell potential that coincides with the
end of discharge1,2) and that electron tunneling was the
primary transport mechanism at practical current densities.

This model assumed that the concentration of polarons was
uniform throughout the film, however. The present study
extends the transport model of Luntz et al. by explicitly
accounting for the spatial distribution of polarons.
Electroneutrality violations may play a role in transport

phenomena if the thickness of a Li2O2 deposit is smaller than
the screening length associated with mobile charge carriers
within it.2 Prior density functional theory (DFT) calculations
suggest that the intrinsic Fermi level of Li2O2 is higher than
both the Fermi levels of common electrode materials (e.g.,
carbon, gold, platinum) and the energy level associated with the
redox potential of the Li+/O2 couple (as shown in the
Supporting Information (SI), Figure S1).1,14 This suggests that
space-charge layers containing high polaron concentrations may
form in the discharge product near the Li2O2/electrode and
Li2O2/electrolyte interfaces.
Some factors that drive charge accumulation at the interface

between Li2O2 and an electrode are illustrated schematically in
Figure 1. In the absence of a space-charge layer, the intrinsic
Fermi level of Li2O2 is expected to be above that of the
electrode; DFT calculations (Figure S1 in the SI) predict that
the intrinsic Fermi level of Li2O2 will be ∼1.5 eV above the
Fermi level of Au if the Li2O2 film is terminated by the
dominant surface facets, {11 ̅00} and {0001}.15 Thus, when
Li2O2 and the electrode are placed in contact, a thermodynamic
driving force induces electron transfer from the Li2O2 to the
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Several studies suggest also the direct reductions36,72:

 LiO2 + Li+ + e− → Li2O2 (1d)

 Li2O2 + Li+ + e− → 2Li2O (1e)

Equation (1d) occurs at lower voltages than equation (1a)73 and 
so far there has been limited evidence for the formation of Li2O. 
Oxidation of Li2O2 follows:

 Li2O2 → 2Li+ + 2e− + O2 (2)

In other words, the process on charging is not the reverse of 
discharge; the latter involves O2

− as an intermediate, whereas the 
former does not. The different pathways followed on reduction and 
oxidation do not violate the principle of microscopic reversibility, 
but arise because the kinetics of oxidizing Li2O2 directly are faster 
than reversing the three steps on reduction, especially dispropor-
tionation73. The result of these different pathways is the observed 
separation of the charge and discharge voltages. Another factor 
that may contribute to the voltage gap is if singlet O2 is formed 
on oxidation of Li2O2, whereas reduction involves the more stable 
triplet state72. The singlet-to-triplet O2 transition is spin forbidden 
and hence kinetically hindered. If the transition kinetics are sig-
nificantly slower than O2 evolution on oxidation of Li2O2, then the 
difference in energy between the singlet and triplet states (~0.9 V) 
could influence the voltage gap. Because voltage gaps smaller than 
0.9 V have been observed (typically 0.7 V), at most any difference 
in the spin states of O2 is likely to make only a partial contribution 
to the gap.

Other electrolytes have been explored, but in much less detail 
than the organic electrolytes. Investigation of hydrophobic ionic 
liquids demonstrated that they can maintain less than 1% H2O 

content after 100 hours of operation, in the case of 1-ethyl-3-methyl 
imidizolium bis(trifluoromethane sulphonyl)imide. On discharge, 
a capacity of 5,360  mAh  g−1 (based on carbon alone) has been 
reported for operation of up to 56 days52. Solid electrolytes have also 
been investigated, in particular, cells incorporating the Li+ conduc-
tor 18.5Li2O:6.07Al2O3:37.05GeO2:37.05P2O5 (LAGP) can sustain 
some 40 cycles at elevated (40–100 °C) temperatures79. Cells with a 
solid PEO-based polymer electrolyte can be charged at relatively low 
voltages, as noted above72. However, in view of what is now under-
stood about the reactions in liquid electrolytes, it will be important 
in the future to investigate the nature of the discharge products and 
the electrode reaction mechanisms in the ionic liquid and solid 
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• Electron	tunneling	and	the	hopping	of	small	
hole	polarons	have	been	proposed	as	
charge	transport	mechanisms	 in	Li2O2

• Luntz et	al.	argued	that	hole	polaron
transport	could	not	explain	‘sudden	death’	
in	Li/O2 cells	which	discharge	to	thin	films
– Model	assumed	uniform	polaron

concentration

– Electron	tunneling	was	suggested	as	the	
primary	transport	mechanism

Does	this	conclusion	hold	if	we	allow	for	a	non-
uniform	concentration	of	charge	carriers?

15

‘Sudden	Death’	in	Li/O2 Batteries
Sluggish	charge	transport	has	been	suggested	to	limit	discharge	capacity
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Space-Charge	Layers	in	Li2O2

Polaron-rich	space-charge	 layers	are	expected	 to	form	in	Li2O2 at	interfaces	
with	the	electrode	and	electrolyte
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Continuum	Model	for	Polaron Transport

We	have	constructed	a	1D	transport	model	based	on	non-electroneutral
Nernst-Planck	theory

 6 

behavior (i.e., a rapid drop in potential with increasing film thickness during galvanostatic 

discharge1,2); this occurs when the thickness of the growing film exceeds the thickness of the 

space-charge layer, as shown in Figure 1. In this regime charge transport becomes limited by the 

low concentration of polarons in the bulk, resulting in sudden death.  

The model assumes that the film exists in a quasi-steady-state, meaning that diffusional 

relaxations associated with local accumulation of material occur very rapidly in comparison to 

the timescale of interest; it also assumes that the film thickness changes sufficiently slowly such 

that that the velocity of the peroxide-film/electrolyte boundary can be neglected.  

 

Figure 2. Schematic of transport model. 

The model is conceptually illustrated in Figure 2. The most fundamental equation governing 

the model relates to continuity of charge, which requires that the current i be divergence free at 

steady state: di dy = 0 , where y is the distance into the film relative to the Li2O2/electrolyte 

interface. The electrostatic potential inside the Li2O2 film is determined by Poisson’s equation: 

(0) d 2Φ
dy2

= − ρ
ε

, 

where ε  is the dielectric constant of the film (which we assume to be isotropic) and ρ  is the 

charge density. 

Li2O2 ElectrodeElectrolyte

p+

 

Li+ solv.( ) + 1
2 O2 solv.( )

1
2 Li2O2 + p

+ Li2O2( )
 p

+ Li2O2( ) + e- electrode( ) 0

Li-O2 redox couple

Electron transfer 
between Li2O2 and 
electrode

Hole polaron diffusion
y axis

Model	schematic



18

Parameterization	of	Continuum	Model

Model	input	parameters	are	taken	from	a	combination	of	calculated	and	
experimental	data

 12 

Table 1. Parameter values used in the model and relevant values from the literature. 

Parameter Description Value used in 
model Other reported values  

D Polaron diffusion 
coefficient 3 × 10−13 cm2/s 9 × 10−10 cm2/s (in-plane)3 

2 × 10−14 cm2/s (out-of-plane)3 

ε  Li2O2 dielectric 
constant 10 ε xx  = ε yy  = 7.5; ε zz  = 12.53 

i0  Exchange current 
density 5 × 10−9 A/cm2 10−5 A/cm2 15 

10−9 A/cm2 16 

c1 = c2  
Polaron 
concentration at 
interfaces 

3 × 1020 cm−3 
(1% occupancy)  

 

The curves in Figure 3 clearly illustrate the effect of electrical passivation on discharge 

potential: the potential decreases with increasing thickness, and this drop increases in severity at 

higher current densities. The model reproduces the sudden death behavior observed in the 

experimental data: the magnitude of the charge transport overpotential increases superlinearly 

with film thickness. This is expected from the analytic solution to the thick-film/low-current 

limit, Eq. (0), which approximates the 1 and 10 μA/cm2 cases. (The thick-film condition  β ≫1  

corresponds to  L≫ 0.2 nm , and for L = 1nm  the low-current condition  jβ
2 ≪1 corresponds to 

 i≪ 29  μA/cm2.) At a current density of 1 mA/cm2, the low-current condition is not satisfied, and 

so the shape of the discharge curve qualitatively changes: the potential is highly sloped at the 

beginning of discharge, rather than flat. 

This sudden death behavior can be understood by examining the polaron concentration profile, 

shown for a current of 100 μA/cm2 in Figure 4 for Li2O2 films of thicknesses ranging from 1-4 

nm. Polarons accumulate at the Li2O2/electrolyte and Li2O2/electrode interfaces, consistent with 

3 Energy	Environ.	Sci.	2013,	6,	2370−2379	
15 J.	Phys.	Chem.	Lett.	2012,	3,	997−1001
16 The	Lithium	Air	Battery:	Fundamentals;	Springer:	New	York,	2014.	
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Results
Discharge	curves	predicted	by	the	model	are	in	good	agreement	with	flat	

electrode	experiments

 13 

Figure 1. As the thickness increases, the concentration of polarons on the interior of the film 

decreases; thus stronger electric fields are needed to maintain the same current across the film. 

Because the strength of the electric field must increase as the film thickness increases, the 

magnitude of the potential drop increases faster than linearly with film thickness. 

 

Figure 4. Dimensionless concentration of polarons within the Li2O2 film at a current of 100 

μA/cm2 for film thickness of 1-4 nm. 

Based on the good agreement between the discharge curves predicted by the model and those 

measured in experiment, we hypothesize that polaron diffusion, rather than electron tunneling, is 

the dominant charge transport mechanism through thin films in Li/O2 cells. This contrasts with 

the conclusions of Luntz et al.,2 who argued that hole polaron-mediated transport could not 

explain the sudden death behavior observed in discharge experiments. The reason for this 

difference is that the model of Luntz et al. approximates the polaron concentration as uniform 

throughout the film. Our model indicates that this uniform-concentration assumption is valid 

only in the extreme thin-film limit. Based on the parameters in Table 1, this limit is not satisfied 
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concentrations c1  and c2 )  were adjusted to match experimental galvanostatic discharge curves 

from flat electrode experiments,2 shown in the right panel of Figure 3. (For simplicity, we set c1  

= c2 .) The values of these parameters and values reported elsewhere in the literature are 

summarized in Table 1. The adopted values for the polaron diffusion coefficient, dielectric 

constant and exchange current density are in reasonable agreement with reported values from 

calculations and experiments. Although no experimental or theoretical value for the boundary 

concentrations c1  and c2  has been reported, the value used is physically reasonable in that it 

represents a small fraction (1%) of the concentration of possible polaron sites (i.e., O2 dimers) in 

the Li2O2 lattice.  

 

Figure 3. Potential as a function of discharge capacity and film thickness for uniform Li2O2 

deposition predicted by the model (left) and as measured by flat-electrode experiments2 (right). 
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• Temperature	dependence	of	polaron diffusivity:

D	~	T	exp(-Ea/kBT)

• Increasing	the	temperature	of	the	cell	will	enhance	discharge	capacity
– Confirmed	by	flat-electrode	experiments1 and	by	other	experiments	using	

porous	electrodes2,3

• Crystallite	orientation	has	implications	for	cell	performance
– Anisotropy	in	the	dielectric	 and	polaron-diffusion	tensors	

• In-plane	polaron hopping	barrier	in	Li2O2 is	0.3	eV	smaller	than	the	out-of-plane	
barrier	

• Transport	overpotentials	will	be	lower	in	films	where	the	Li2O2 {0001}	axis	lies	in	the	
plane	of	electrode	surface

20

Design	Strategies
A	contribution	to	transport	from	polaron hopping	suggests	avenues	for	

performance	 improvement

1J.	Phys.	Chem.	Lett.	2013,	4,	3494−34997
2Energy	Environ.	Sci.	2012,	5,	8927	
3J.	Solid	State	Electrochem.	2014,	18,	739−745	



• Developed	a	new	model	for	charge	transport	in	thin	Li2O2 films
– Model	accounts	non-uniform	distribution	of	charge	carriers	(space	charge	layers)

• Sudden-death	during	discharge	is	consistent	with	limitations	in	polaron
hopping
– Sudden	death	occurs	when	the	film	thickness	exceeds	the	thickness	of	the	space-

charge	layers,	which	contain	a	sufficient	concentration	of	polarons	to	satisfy	
current	density	requirements

• Model	captures	the	impact	of	temperature	on	the	experimental	discharge	
curve

• Agreement	between	the	model	and	experimental	data	as	a	function	of	
current,	film	thickness,	and	temperature,	 suggests	that	polaron migration	
contributes	significantly	to	charge	transport	in	Li2O2 films

21

Summary:	Sudden	Death

Maxwell	D.	Radin,	Charles	W.	Monroe,	and	Donald	J.	Siegel
Impact	of	space-charge	layers	on	charge	transport	in	Li2O2

J.	Phys.	Chem.	Lett.	2015,	6,	3017−3022	
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