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a b s t r a c t

Low electronic conduction is expected to be a main limiting factor in the performance of reversible
lithium–air, Li–O2, batteries. Here, we apply density functional theory and non-equilibrium Green’s func-
tion calculations to determine the electronic transport through lithium peroxide, Li2O2, formed at the
cathode during battery discharge. We find the transport to depend on the orientation and lattice match-
eywords:
ithium–air batteries
ensity functional theory
lectronic transport

ing of the insulator–metal interface in the presence of Au and Pt catalysts. Bulk lithium vacancies are
found to be available and mobile under battery charging conditions, and found to pin the Fermi level
at the top of the anti bonding peroxide �*(2px) and �*(2py) levels in the Li2O2 valence band. Under an
applied bias, this can result in a reduced transmission, since the anti bonding �*(2pz) level in the Li2O2

conduction band is found to couple strongly to the metal substrate and create localized interface states
e Li2O
rved
with poor coupling to th
higher overpotential obse

. Introduction

The need for better and more sustainable methods for energy
torage is growing rapidly, in particular in the energy and trans-
ortation sectors. New solutions and materials for high energy and
ower density storage are needed to solve the increasing demand
or competitive (Hybrid) Electric Vehicles (H)EVs, where existing
ickel metal hydride (used in the Toyota Prius) and lithium-ion
Tesla Roadster) battery technologies fall short on price, range,
harge- and lifetime.

Since its commercialization in 1991 [1–3], the Li-ion battery has
ominated the market for rechargeable batteries [4,5], but only
mall improvements have subsequently been made in terms of the
nergy capacity [6,7], and the best Li-ion batteries are currently
toring ∼300 mAh/g [8]. While materials like Si or Ge nanowires
9,10] and 3D-integrated all-solid-state battery concepts [11] could
rovide some improvements to Li-ion batteries, it is generally rec-

gnized that radically new approaches are needed for batteries to
ffer a real alternative to fossil fuels and to achieve consumer accep-
ance, i.e. improved reliability and safety, and most importantly,
mprovements in driving range and charge/discharge rates.

∗ Corresponding author. Tel.: +45 4677 5818; fax: +45 4677 5758.
E-mail address: teve@risoe.dtu.dk (T. Vegge).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.12.022
2 bulk states. These observations provide a possible explanation for the
for charging than discharge.

© 2010 Elsevier B.V. All rights reserved.

Li–O2, generally referred to as Li–air, batteries with non-
aqueous (aprotic) electrolytes were first demonstrated to be
rechargeable in 1996 [12] by formation of Li2O2 during discharge.
Although progress has recently been made [13–22], e.g. by addition
of MnO2 [5], Au [21] and Pt [22] catalysts, substantial improve-
ments are still needed. The main challenges facing the Li–air
battery is the limited electrical efficiency resulting from the over-
potential/polarization losses at the cathode under charge and
discharge [5], and the limited power and current densities currently
achievable [23]. The overpotential is the difference between the
equilibrium potential (U0 = 2.96 V for Li/Li2O2) and the voltage dur-
ing current-flowing conditions, i.e. the energy loss in the process,
�discharge = U0 − Udischarge and �charge = Ucharge − U0, respectively.

A large asymmetry is also observed in the overpotentials for
charge and discharge, i.e. a significantly higher potential is needed
for charging, e.g. Ucharge ≈ 4.5 V and Udischarge ≈ 2.5 V on a porous
carbon electrode [24]; making the charging overpotential the most
pertinent challenge to solve. We have previously proposed the ini-
tial step in the critical charging process to involve the formation of
bound lithium superoxide species, LiO2*, on the surface of Li2O2

[25]. These species form as a consequence of the creation of a
lithium vacancy, VLi, and subsequent transport of a lithium ion (Li+)
through the electrolyte and an electron (e−) through Li2O2 to the
electrode. We also showed that the presence of lithium vacancies
in Li2O2 makes the otherwise insulating Li2O2 overlayer conduct-

dx.doi.org/10.1016/j.cattod.2010.12.022
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:teve@risoe.dtu.dk
dx.doi.org/10.1016/j.cattod.2010.12.022
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Fig. 1. The calculational setup for the scattering region for the
J. Chen et al. / Cataly

ng via holes in the valence band. For thin Li2O2 overlayers, surface
acancies are likely sufficient to obtain electronic conduction, but
nder high discharge rates, e.g. for automotive applications, where
i2O2 islands and thicker films are formed, either energetically
xpensive bulk lithium vacancies or other conduction channels,
uch as deposited Au-clusters [21], must be available to achieve
lectronic conduction.

Highly different conditions exist during charge and discharge,
nd the combined use of two distinctly different catalysts may be
equired, similar to the catalysts for Oxygen-Reduction-Reaction
ORR) [26,27] and Oxygen-Evolution-Reaction (OER) [28], respec-
ively. Au has been shown to lower the overpotential for discharge
21] and recent experiments by Lu et al. [24] have shown Pt to
ower the overpotential for charging dramatically, although at the
ost of a reduced capacity. A bifunctional PtAu/C catalyst was also
emonstrated [22] to retain the main properties of the two catalysts
n charge and discharge, respectively. These results were obtained
nder optimized O2-conditions and at low current densities, and
he authors showed that the overpotentials grow significantly at
ncreased currents. This effect is observed for both charge and
ischarge, although significantly more pronounced for the charg-

ng overpotential, where an increase of �charge(50 mA/g) ≈ 0.5 V
o �charge(250 mA/g) ≈ 1.0 V is observed on the PtAu/C catalyst
22]. These observations underline the importance of obtaining a
etailed understanding of the electronic conduction mechanisms
t the insulator–catalyst interface.

Here, we apply non-equilibrium Green’s function (NEGF) cal-
ulations [29] to determine the electronic transport through Li2O2
s well as Li2O2 deposited on the two promising transition metal
atalysts, Au and Pt. This method has been used extensively to
tudy quantum transport in a variety of different nano-scale sys-
ems including molecular junctions [30,31], atomic metal chains
32] and carbon nanotubes [33,34]. Here, we investigate the trans-
ort through Li2O2 grown on the close packed metal (1 1 1) facets,
or the defect free interfaces as well as in the presence of lithium
acancies.

. Theoretical methods

.1. GPAW calculations

All calculations are performed within density functional the-
ry [35,36] as implemented in the GPAW package [37,38] using
he Atomic Simulation Environment [39] developed at the Techni-
al University of Denmark. The GPAW package is a real space grid
lgorithm based on the projector augmented wavefunction method
40] with frozen core approximation. All calculations are spin polar-
zed and performed using the RPBE exchange correlation functional
41]. All systems are sampled with a grid spacing of 0.2 Å and the
lab systems (see Section 3) are sampled with a (2,2,1) k-point grid,
hile calculations of bulk metals are sampled using (8,8,8) k-points.

.2. Non-equilibrium electron transport Green’s function method

Finite bias electron transport calculations are performed using a
ocalized LCAO basis set, i.e. linear combination of atomic orbitals,
s implemented in GPAW [42]. Here, a central device region (C) is
onnected to two semi-infinite leads (L) and (R), e.g. Au(1 1 1) (L)
nd Li2O2(0 0 0 1) slabs (R) as seen in Fig. 1, which are kept at fixed
lectronic chemical potentials, �L and �R, to simulate an applied

ias voltage of V = (�L − �R)/e across the device region; in this case
he Li2O2(0 0 0 1)@Au(1 1 1) interface (Fig. 1). As a consequence of
he electronic screening, the electron potential inside the leads con-
erges rapidly to the bulk value and sets the boundary conditions
or the electrostatic potential inside C. Rather than obtaining the
Li2O2(0 0 0 1)@Au(1 1 1) (upper) and Li2O2(0 0 0 1)vac@Au(1 1 1) (lower) inter-
faces, i.e. the same interface with a Li-vacancy in the middle of the Li2O2 layer. The
super cells contain 5 metal layers and 4 Li2O2 layers and 21 (upper) and 41 (lower)
atoms in total.

wavefunctions from the eigenvalue equation we work with the
Green’s function (GF) of the central region defined by

G(E) = [ES − HC − ˙L(E) − ˙R(E)]−1 (1)

where S and HC are, respectively, the overlap and Hamiltonian
matrix of the central region in the LCAO basis. Note that we have
suppressed the dependence on the bias voltage, V, in the above
expression for notational simplicity. The self-energies, ˙L/R, incor-
porate the open boundary conditions of the infinite bulk electrodes.
We obtain the electron density, n(r), by integrating the diagonal
of the Green function, G(r,r;E), along a contour in the complex
energy plane. The Poisson equation is solved on the real-space grid
to obtain the electrostatic contribution to the effective potential,
v(r), in region C. The boundary conditions for the Poisson equation
at the C–L and C–R interfaces are given by the bulk potential of
the leads (shifted by the applied bias voltage ±eV/2), while peri-
odic boundary conditions are used in the plane perpendicular to
the direction of transport. The cycle G → n(r) → v(r) → HC → G is
iterated until self-consistency using Pulay density mixing [43]. At
self-consistency the elastic transmission function is calculated from
[38,44]

T(E; V) = Tr[G(E)�L(E)G(E)†�R(E)] (2)

where � L/R(E) = i(˙L/R(E) − ˙L/R(E)†) and the trace is taken over the
central region basis functions. In physical terms T(E;V) gives the
transmission probability for an electron incident on the interface
with an energy E under an applied bias V. Finally, the current per
unit cell is obtained from

I(V) = G0

∫ �R

�L

T(E; V)dE (3)

where G0 = 2e2/h is the quantum unit of conductance and corre-
sponds to a resistance of 12.9 k�.

2.3. Reaction pathways and defect mobility

To analyze the mobility of the lithium vacancies, we determine
the minimum energy path and energy barriers using the nudged
elastic band NEB method [45,46]. We then determine the thermally
activated reaction rates, r(T), within harmonic transition state the-
ory (hTST) [47,48], using the ground state activation energy, Ea,

and the vibrational frequencies at the initial (�IS) and saddle points
(�TS):

r(T) = � Exp
(

− Ea

kBT

)
=

(
˘�IS

˘�′
TS

)
Exp

(
− Ea

kBT

)
(4)
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he vibrational frequencies are obtained using a finite differ-
nce approximation of the Hessian matrix with back and forward
isplacements of 0.01 Å. The prime indicates that the imaginary
requency corresponding to the reaction coordinate is omitted.

. Calculational setup

To investigate the influence of transition metals on the elec-
ronic transport during charge and discharge conditions, we
ave investigated the following three systems: (a) Li2O2, (b)
i2O2(0 0 0 1)@Au(1 1 1) and (c) Li2O2(0 0 0 1)@Pt(1 1 1). The super
ell slabs contain 21 atoms separated by 9–19 Å vacuum layers and
he systems are modeled by 4 layers of Li2O2 on top of 5 metal layers
sing the lattice constants of the metals as retrieved from opti-
izations of the bulk metals (see Fig. 1); the bulk calculations use

n orthorhombic super cell of 4 atoms to represent the fcc lattice.
he slabs are optimized internally by keeping the two lowest metal
ayers in their bulk positions and relaxing the remaining atoms to

total force below 0.05 eV/Å. Lithium vacancies are modeled by
emoving a Li atom from a double super cell and relaxing the sys-
em internally; the resulting system has 41 atoms and half of the
i atoms in one of the 8 Li layers are removed, corresponding to a
otal vacancy concentration [VLi] of 6.25%.

For the transport calculations, the central region (C) describ-
ng the metal–Li2O2 interface also contains 5 layers of metal and
layers of Li2O2. We have verified that this is sufficient to achieve

onvergence of the current and potential drop across the interface.
he electrode regions, i.e. bulk metal and Li2O2, are calculated with
ormal DFT with periodical boundary conditions. We used a (6,2,1)
-point sampling for the NEGF self-consistent loop and a (12,4,1)
-point grid for evaluating the current. The PBE functional [49] is
sed for exchange-correlation, and an LCAO basis set correspond-

ng to single-zeta plus polarization is adopted for all atomic species.
e have verified that the results are converged with respect to the

ize of the LCAO basis set.
In the finite bias calculations, a positive bias is defined as

ending electrons from the left to the right, i.e. in the case of
i2O2(0 0 0 1)@Au(1 1 1), Fig. 1, sending electrons from the metal to
i2O2,corresponding to battery discharge (2Li+ + 2e− + O2 → Li2O2);
egative bias then corresponds to battery recharge.

. Results and discussion

In our analysis of the electronic transport, we have focused on
he electrode/catalyst interface in the steady state situation where
he first layers of Li2O2 are already formed; corresponding to the
ituation following the initial discharge or under charging con-
itions. In this study, we do not include possible effects at the
i2O2–electrolyte interface.

We have previously determined the free energies of the reac-
ion intermediates on a stepped Li2O2(1 − 1̄ 0 0) surface [25], and
y correcting for a small error in the applied LiBCC formation
nergy, we find a heat of formation of Li2O2 of �H = −5.92 eV (free
nergy of formation of �G = −5.28 eV) as compared to experimen-
al values of �H = −6.56 eV and �G = −5.91 eV, respectively [50].
he calculated equilibrium potential is thus U0 = −�G/2e = 2.64 V
ompared to 2.96 V from experiments. During discharge, all
teps remain downhill in free energy until a potential of
discharge = min[−�Gi/e] = 2.26 V is reached, yielding an overpoten-

ial for discharge of �discharge = U0 − Udischarge = 0.38 V. During charg-

ng, a potential of 3.32 V or higher is needed for all steps to be down-
ill in free energy, giving Ucharge = max[−�Gi/e] = 3.32 V, and result-

ng in a charging overpotential of �charge = Ucharge − U0 = 0.68 V, i.e.
0.3 V asymmetry compared to �discharge. For details on the free

nergy calculations, please refer to Ref. [25].
ay 165 (2011) 2–9

In the presence of transition metal catalysts, e.g. Au and Pt as
investigated here and previously by Xu and Shelton [51], the Li2O2
discharge product can grow on the energetically preferred (1 1 1)
metal facets, which both have a reasonable lattice match with
to the (0 0 0 1) facet of Li2O2, i.e. aLi2O2

= 3.22 Å , aAu = 2.97 Å and
aPt = 2.83 Å, see Fig. 1. Other interfaces are also possible [52], and
e.g. the lattice constant of the reconstructed Li2O2(1 − 1̄ 0 0) facet,
cLi2O2(1–1̄ 0 0) = 7.83 Å , has a reasonable match with the 8.40 Å and

8.00 Å found for the (1 1 0) metal facets of Au and Pt, respectively.
TEM experiments by Lu et al. [22] show the Au, Pt and PtAu nanopar-
ticles, used in their Li–air experiments, to be dominated by (1 1 1)
facets, favoring growth at this interface.

In the following, we show that the electronic transport depends
on the specific orientation and lattice matching at the interface
region, due to the alignment of the O2

2− peroxide ion and its dis-
tance to the metal atoms. We find that pinning of the Fermi level by
lithium vacancies at the top of the valence band of Li2O2 can lead
to a lowering of the electronic transport across the interface, as a
consequence of the creation of localized interface states.

4.1. Pure Li2O2

From the projected electronic density of states (PDOS) for Li2O2
(Fig. 2), it is seen that the conduction and valence bands are domi-
nated by the oxygen 2p orbitals and show a strong resemblance to
molecular O2. Here, two neighboring lithium atoms have donated
their 2s electrons to fill the empty states in the anti bonding �*(2px)
and �*(2py) levels and form the peroxide ion, O2

2−, causing an
extension of the O–O bond from 1.24 Å to 1.56 Å. The conduction
band is almost exclusively comprised of the oxygen 2pz orbitals (see
Fig. 2) forming the anti bonding �*(2pz) peroxide level. In contrast
to the occupied �*(2px) and �*(2py) orbitals, the �*(2pz) orbital is
aligned along the O–O axis.

As expected for GGA calculations, the band gap of bulk Li2O2
is substantially underestimated in GPAW, yielding a value of only
1.3 eV, compared to the 4.9 eV obtained with the more accurate GW
calculations [25]. This underestimation of the band gap is likely to
influence the absolute numbers for the onset potentials for elec-
tronic transmission, but the fundamental understanding and trends
are still expected to hold. The absolute values of the determined
onset potentials for charge and discharge can thus be expected to
be correspondingly underestimated compared to experiments.

We have previously outlined the importance of lithium vacan-
cies on the electronic conduction in bulk Li2O2 [25], where they
were shown to pin the Fermi level at the top of the valence band
(Fig. 2). Here, we see that the lithium vacancy induces a splitting of
the conduction band into two separate bands around 2 and 4 eV.

We determine the VLi formation energy to be 3.09 eV in the
bulk for a low vacancy concentration of [VLi] = 1/32 (3%), marginally
lower (3.04 eV) at the 1/16 concentration used in the transport
calculations and 3.00 eV in high concentration limit (1/8). The for-
mation energy is slightly lower in the surface region, depending on
the specific facet and site, and the value at the interface is likely
to depend on the specific coordination to the metal. Although the
absolute numbers may be sensitive to the concentration and spe-
cific configuration of the vacancies, this effectively means that for
potentials Ucharge > 3.09 V, there will be a thermodynamic driving
force to create lithium vacancies. Using NEB calculations, we find
the barrier for bulk VLi migration to be 0.36 eV with a correspond-
ing hTST prefactor of � = 3.4 × 1012 s−1, resulting in a jump rate of

r = 3.6 × 106 s−1 (Eq. (4)) at room temperature. Recent experiments
have shown a significant decrease in the capacity and output volt-
age of Li–air batteries when operated at lower temperatures [53],
indicating the importance of thermally activated processes. The for-
mation energy and barrier for VLi mobility are, however, sufficiently
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Fig. 2. The projected electronic density of states (PDOS) relative to the Fermi energy
for bulk Li2O2 (upper) and bulk Li2O2vac(lower), i.e. bulk Li2O2 with a lithium vacancy.
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Fig. 3. Calculated transmission coefficients at zero bias (0 V) for bulk Li2O2 without
lithium vacancies (blue) and with a lithium vacancy (red). The conductance is seen
to be zero for the perfect system, but the presence of the lithium vacancy pins the
he top of the valence and conduction bands are seen to be dominated by the oxygen
orbitals, and bulk Li2O2 is found to have band gap of 1.3 eV. The lithium vacancy is

een to pin the Fermi level (dashed line) at the top of the valence band and induce
splitting of the conduction band and a corresponding up-shift in energy.

ow to assume that under changing conditions, i.e. Ucharge > 3.5 V,
obile bulk vacancies will expectedly be present and distributed

hroughout the Li2O2 layers. Whereas surface vacancies are likely
o be present during discharge, Udischarge < 2.8 V, the bulk concen-
ration is expected to be low.

Fig. 3 shows the calculated transmission coefficient at zero
pplied bias (0 V) for the vacancy free Li2O2 system (black) and the
ystem containing a lithium vacancy (red). In the figure it is seen
hat transport is only possible in the presence of lithium vacan-
ies (due to the band gap of the defect free system), where the
ermi level is pinned at the top of the valence band. In this case, the
onduction occurs via the holes in valence band.

.2. Li2O2(0 0 0 1)@Au(1 1 1)

The relaxed Li2O2(0 0 0 1)@Au(1 1 1) and Li2O2(0 0 0 1)vac@

u(1 1 1) interfaces are shown in Fig. 1. From the figure, it is seen

he peroxide ions are aligned perpendicular to the interface region
nd located at distance of ∼4.2 Å above the gold surface. The lithium
acancy is located in the middle of the Li2O2 part of the scattering
egion, thus creating a higher vacancy concentration (1/2) in one
Fermi level (dashed line) at the top of the valence band. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

lithium plane compared to the average value (1/16). This setup was
chosen due to the requirements of the transport calculations, and in
light of the limited sensitivity observed for the vacancy formation
energy and PDOS, the obtained results are expected to be repre-
sentative of different vacancy concentrations, although variations
in the absolute currents are expected depending on the specific
concentration and configuration of the vacancies.

The projected electronic density of states of the scattering region
is shown in Fig. 4 for two different situations, i.e. the defect free
Li2O2(0 0 0 1)@Au(1 1 1) interface (upper), where the anti bonding
�*(2pz) level is seen to be broadened compared to the bulk Li2O2
situation in Fig. 2 (upper), and the Li2O2(0 0 0 1)vac@Au(1 1 1) inter-
face with a lithium vacancy (lower). For both systems, the top of
valence band and the conduction band is seen to be dominated by
the oxygen p orbitals. The lithium vacancy pins the Fermi level at
the top of the anti bonding �*(2px) and �*(2py) peroxide levels
in the valence band (lower), as seen for bulk Li2O2vac. The conduc-
tion band is also seen to split into an interface state at slightly lower
energy, around 1–2 eV, and a bulk-like band, which has been shifted
up in energy by an amount similar to that observed for the pinning
in bulk Li2O2 (Fig. 2). The splitting is a consequence of the short
spacial separation of the relevant molecular orbitals to the metal.
Since the conduction band consists mainly of oxygen 2pz orbitals
(the anti bonding �*(2pz) peroxide level), which are aligned along
the molecular axis, the coupling of the O2

2− ions closest to the metal
is so strong that they will follow the electronic chemical potential
of the metal, �L, resulting in a weak coupling to the bulk-like Li2O2
states and thus a low electronic transport.

Since the formation energy of a lithium vacancy is below the
minimum charging potential of Ucharge ≥ 3.5 V, such vacancies will
be present during charging conditions and the charging currents
should thus be evaluated in the presence of lithium vacancies. At
discharge potentials, Udischarge ≤ 2.8 V, the concentration of bulk
lithium vacancies will be lower and the defect free scenario is likely
to be applicable.

During the critical charging process (negative bias, V), the Fermi
level in Au is lowered by eV/2 and correspondingly raised by eV/2 in

Li2O2; causing electron transfer from Li2O2 to Au (Fig. 5). Due to the
band gap in Li2O2 this will only be possible when the applied bias
is sufficient to overcome the band gap and allow transfer from the
conduction band of Li2O2. At a negative bias of −2 V, the PDOS for
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Fig. 4. The project electronic density of states (PDOS) relative to the Fermi energy
for Li2O2(0 0 0 1)@Au(1 1 1) (upper) shows a valence band dominated by oxygen the
px and py orbitals and a conduction band which is dominated by oxygen pz orbitals,
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Fig. 5. The project density of states (PDOS) relative to the Fermi energy for
Li2O2(0 0 0 1)vac@Au(1 1 1) at a negative bias of −2 V (charging conditions), where
the Fermi level of Au is seen to be shifted down by 1 eV and correspondingly up
eparated by a band gap of 1.8 eV. In the PDOS for Li2O2(0 0 0 1)vac@Au(1 1 1) (lower),
he lithium vacancy is seen to pin the Fermi level (dashed line) at the top of �*(2px)
nd �*(2py) level in the valance band and split the conduction band into a low energy
nterface state at 1–2 eV and a bulk-like band around 4 eV.

he vacancy system shows that the �*(2pz) interface state couples
trongly to the metal and follows the electronic chemical poten-
ial of gold (�L). The �*(2px) and �*(2py) levels on the other hand
ollow the Fermi level in Li2O2. Looking at Fig. 2, there are no bulk
tates corresponding to the �*(2pz) interface state and hence there
ill be poor transport through this state.

Fig. 6 shows the calculated transmission curves for
i2O2(0 0 0 1)@Au(1 1 1) (upper) and Li2O2(0 0 0 1)vac@Au(1 1 1)
lower) at three different bias potentials: 0 V (blue), 1 V (red) and
V (green); corresponding to three stages of the battery discharge.
t zero bias (blue), the transmission is seen to be zero in both
ystems. At 1 V (red), the transmission peak is seen to be at the
dge of the bias window for the defect free system giving a small
ransmission, but effectively zero for the system with a vacancy.
t 2 V (green), the transmission peak in the conduction band of
i2O2(0 0 0 1)@Au(1 1 1) (upper) is clearly within the bias window
dashed green lines), and resulting in significant transmission,

hereas the Li2O2(0 0 0 1)vac@Au(1 1 1) (lower) system only has
limited transmission through the valence band. The conduction
and transmission peak is seen to remain fixed in the perfect
ystem, but shift with the Fermi level of Li2O2 for the vacancy
ystem.
by 1 eV for Li2O2 (dashed lines). The oxygen px and py orbitals are seen to follow
the electronic chemical potential of Li2O2, whereas the localized pz orbital follows
the electronic chemical potential of Au. The bulk-like part of the pz orbital couples
primary to Li2O2 and remains outside the bias window.

Fig. 7 shows the equivalent transmission curves at 0 V (blue) as
a reference and two negative bias potentials (charging): −1 V (red)
and −2 V (green). At −1 V (red), a small transmission is possible
through the valance band in the vacancy system and the conduction
band peak is seen to be at the edge of the bias window (dashed red
lines) for the perfect system. At −2 V (green), the transmission peak
is in the bias window (dashed green lines) for the perfect system
and resulting in significant transmission through the conduction
band, whereas only a limited transmission is possible in the vacancy
system.

4.3. Li2O2(0 0 0 1)@Pt(1 1 1)

Identical calculations have been performed on the
Li2O2(0 0 0 1)@Pt(1 1 1) and Li2O2(0 0 0 1)vac@Pt(1 1 1) inter-
faces as for Au. The lattice constant of Pt is also found to have
a good match with the Li2O2(0 0 0 1) surface, and the interface
distances are comparable to those found for Au.

The calculated PDOS for the Li2O2(0 0 0 1)@Pt(1 1 1) and
Li2O2(0 0 0 1)vac@Pt(1 1 1) interfaces are shown in Fig. 8, and a
strong resemblance to the gold interface is observed. Only a small
difference is observed in the band gap, where 1.6 eV is found for
the Pt(1 1 1) interface compared to 1.8 eV for the Au(1 1 1) inter-
face. As for the PDOS, the calculated transmission coefficients at
different bias potentials are also very similar to those obtained for
Au and not shown here, since the main differences are well cap-
tured by the comparison of the IV curves presented in the following
section.

4.4. Calculated IV curves

Fig. 9 shows the calculated IV curve for defect free
Li2O2(0 0 0 1)@Au(1 1 1) (blue) and Li2O2(0 0 0 1)@Pt(1 1 1)
(turquoise) systems. The conduction is found to be limited

−7
(∼10 �A) at low bias (±0.2 V) for both systems. At onset poten-
tials of around ±1 V, respectively, the current is seen to grow
rapidly. A slight asymmetry is also observed, indicating a faster
transport under charging than discharging conditions when no
defects are present. Slightly lower onset potentials are seen for
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Fig. 6. Transmission curves for Li2O2(0 0 0 1)@Au(1 1 1) (upper) and
Li2O2(0 0 0 1)vac@Au(1 1 1) (lower) at three different bias potentials: 0 V (blue), 1 V
(red) and 2 V (green); corresponding to three stages of the battery discharge. At
zero bias (blue), the transmission is seen to be zero in both systems. At 1 V (red),
the transmission peak is seen to be at the edge of the bias window (dashed red
lines) for the defect free system, but effectively zero for the vacancy system. At 2 V
(green), the transmission peak in the conduction band of Li2O2(0 0 0 1)@Au(1 1 1)
(upper) is in the bias window (dashed green lines) resulting in significant trans-
mission, whereas the Li2O2(0 0 0 1)vac@Au(1 1 1) (lower) system only has a limited
transmission through the valence band. The conduction band transmission peak is
seen to remain fixed in the perfect system, but shift with the Fermi level (dashed
l
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Fig. 7. Transmission curves for Li2O2(0 0 0 1)@Au(1 1 1) (upper) and
Li2O2(0 0 0 1)vac@Au(1 1 1) (lower) at three different bias potentials: 0 V (blue),
−1 V (red) and −2 V (green); corresponding to three stages of the battery charge. At
zero bias (blue), the transmission is seen to be zero in both systems. At −1 V (red)
a small transmission is possible through valance band in the vacancy system and
the conduction band peak is seen to be at the edge of the bias window (dashed
red lines) for the perfect system. At −2 V (green), the transmission peak is in the
bias window (dashed green lines) for the perfect system, resulting in significant
transmission through the conduction band, whereas only a limited transmission is
ines) of Li2O2 for the vacancy system. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of the article.)

t than Au, which is a likely consequence of the smaller interface
and gap.

Given the higher potentials needed for charging, part of the
xplanation for the experimentally observed asymmetry in the
verpotentials for charging and discharging can be a result of bulk
ithium vacancies being readily formed at charging potentials and
ighly mobile at room temperature, rjump = 3.6 × 106 s−1, in contrast
o discharge conditions.

Fig. 10 shows the calculated IV curve for Li2O2(0 0 0 1)vac@
u(1 1 1) (red) and Li2O2(0 0 0 1)vac@Pt(1 1 1) (green) systems with

ithium vacancies. The conduction is found to be limited but high
∼10−4 �A) compared to the defect free interface at low bias

±0.2 V) for both systems. At an onset potential of around −0.5 V
charging), the current is seen to grow, whereas no increase is
bserved for discharge up to 2 V. The current is found to be highly
symmetric and the absolute currents during charging (negative
possible in the vacancy system. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

bias) are found to be an order of magnitude below those for the
defect free systems.

Under discharge conditions (without vacancies), a significantly
higher current can be drawn on Au(1 1 1), IAu(111)(2 V) = ∼1.5 �A,
compared to charging situation (with vacancies), where
the current is roughly an order of magnitude lower,
IAu(1 1 1)-vac(−2 V) = −0.18 �A (see Fig. 9). The situation is very
similar on Pt(1 1 1), having a significantly higher discharge current
(without vacancies), IPt(1 1 1)(2 V) = ∼3.0 �A than that observed
under charging conditions, IPt(1 1 1)-vac(−2 V) = −0.17 �A (with
vacancies). Given the underestimation of the band gap in the
calculation, the absolute values of the onset potentials are likely
underestimated compared to experiments. Based on these results,
the effect of the metal substrate is clear, and although the transport
appears to be sensitive to the interface band gap, the observed

differences between Au(1 1 1) and Pt(1 1 1) are within the uncer-
tainty of the calculations; a good interface matching is, however,
found to be important.
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Fig. 8. The projected density of states (PDOS) relative to the Fermi energy for
Li2O2(0 0 0 1)@Pt(1 1 1) (upper) and Li2O2(0 0 0 1)vac@Pt(1 1 1) (lower). A band gap
of 1.6 eV is found for the defect free interface, and the lithium vacancy is seen to pin
the Fermi level (dashed line) at the top of the valance band of Li2O2.

Fig. 9. Calculated IV curves for the defect free Li2O2(0 0 0 1)@Au(1 1 1) (blue) and
Li2O2(0 0 0 1)@Pt(1 1 1) (turquoise) systems. The conduction is found to be lim-
ited (∼10−7 �A) at low bias (±0.2 V) for both systems. At the onset potentials of
around ±1 V, respectively, the current is seen to grow rapidly. A slight asymmetry is
observed, indicating faster transport under charging conditions. Slightly lower onset
potentials are seen for Pt than Au. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

Fig. 10. Calculated IV curves for the Li2O2(0 0 0 1)vac@Au(1 1 1) (red) and
Li2O2(0 0 0 1)vac@Pt(1 1 1) (green) systems with lithium vacancies. The conduction
is found to be limited (∼10−4 �A) at low bias (±0.2 V) for both systems. At the
onset potential of around −0.5 V (charging), the current is seen to grow, whereas
no increase is observed for discharge up to 2 V. The current is found to be highly

asymmetric and the absolute currents during charging are found to be an order of
magnitude below those for the defect free systems (see Fig. 9). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

Experiments clearly show a decrease in the overpotentials
when operating at low currents, most pronounced for the charg-
ing overpotential (negative bias) [22], where we also see the
lowest conduction when the lithium vacancies are introduced.
It should also be noted that the absolute currents obtained
at high bias in this study (∼1 �A/nm2 metal surface area)
are significantly above those typically realized experimentally,
e.g. ∼0.1 mA/cm2

electrode [24]. At low bias (±0.2 V), the abso-

lute currents are significantly lower, e.g. ∼10−7 �A/nm2
metal surface

for Li2O2(0 0 0 1)@Au(1 1 1) and ∼10−4 �A/nm2
metal surface for the

Li2O2(0 0 0 1)vac@Au(1 1 1) interface. This would correspond to a
current of ∼10−4 mA/cm2

Au(1 1 1) surface for the defect free system,
and even when taking in to account that only a fraction of the elec-
trode area consists of exposed (1 1 1) metal facets, the calculated
currents are still significantly above those realized experimen-
tally. It should also be noted that these numbers do not include
the Li2O2–electrolyte interface, which may cause the transport to
depend on the thickness of the Li2O2 layer, such that arbitrarily
low currents can be obtained depending on the thickness. Such a
dependence would also be consistent with the observed drops in
the required overpotential in the later stages of charging (thin Li2O2
layers) as reported by Lu et al. on Pt and PtAu/C [22,24].

The calculated transport is also assumed to be coherent, but it is
uncertain whether this approximation holds under experimental
conditions, where electron–phonon coupling and polarons, mor-
phological effects and interactions with the electrolyte are likely
to important. The observed temperature dependence reported by
Wilcke and co-worker [53] on the capacity and output voltage could
be an indication of such interactions.

5. Conclusion

The electronic conduction is found to be sensitive to the ori-
entation and lattice matching of the metal–insulator interface,

and we show that the transport depends on the alignment of the
O2

2− peroxide ions in Li2O2 to the metal surface. The anti bond-
ing interface �*(2pz) state in the conduction band couples strongly
to the metal state and its electronic chemical potential (�L) in the
Li2O2(0 0 0 1)@Au(1 1 1) and Li2O2(0 0 0 1)@Pt(1 1 1) interfaces.
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Bulk lithium vacancies are found to be present under charging
onditions and to pin the Fermi level at the top of the anti bonding
eroxide �*(2px) and �*(2py) levels in the valence band of Li2O2.
nder an applied bias, these states follow the electronic chemical
otential of Li2O2 (�R), whereas the interface �*(2pz) states are
ligned along the O–O bond and have a strong coupling to the metal
tates and follow its electronic chemical potential, resulting in a
educed transport during charging.

These observations lead to a possible explanation for the exper-
mentally observed asymmetry in the overpotentials for battery
harge and discharge, which may enhance the ∼0.3 V asymmetry
esulting from the formation of LiO2* species and the 4 electron
rocess previously reported [25].

More work has to be done to understand the role of transition
etal interfaces on the electronic transport in Li–air batteries. This

ncludes a better understanding of the concentration of lithium and
eroxide defects under different potentials, as well as other inter-
aces, e.g. the Li2O2(1 0 0)@Au(1 1 0) interface, where the O2

2− ions
re aligned parallel to the metal and the dependence of thickness
f the Li2O2 layers and the effect of the Li2O2–electrolyte interface.

In addition to the electronic properties, a better understanding
f the role of the electrolyte reactions in Li–air batteries is also
equired.
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