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ABSTRACT: Because of the involvement of solid-state discharge product Li2O2, how
a catalyst works in nonaqueous lithium−oxygen batteries is yet to be determined,
although the question has undergone fierce debate. In this work, we take an effective
and widely used catalyst, rutile RuO2, as a representative and studied its catalytic
mechanism in lithium−oxygen batteries via ab initio calculations. For the oxygen
reduction reaction (ORR), it is found that rutile RuO2 can provide large adsorption
energies toward LiO2 and Li2O2, thus resulting in high initial discharge voltages.
Moreover, the normalized degree of unsaturation of surface oxygen is identified as a
descriptor for the ORR catalytic activity. For the oxygen evolution reaction (OER), we
propose that, in addition to the three-phase interface, the OER may also occur at the
two-phase interface of Li2O2/RuO2, where rutile RuO2 provides pathways for the
lithium ions while oxygen evolves from the exposed surfaces of Li2O2. Calculation
results show that our proposed catalytic scenario is both thermodynamically and
kinetically viable. Along with the charge process, the remaining Li2O2 can be attracted to the catalytic surfaces spontaneously,
which can effectively preserve the reaction interface.

KEYWORDS: nonaqueous lithium−oxygen batteries, rutile RuO2, catalytic mechanism, density functional theory (DFT),
oxygen reduction reaction (ORR), oxygen evolution reaction (OER)

1. INTRODUCTION

The development of nonaqueous lithium−oxygen batteries has
attracted tremendous attention in recent years, because of the
high theoretical capacity and energy density, which is several
times greater than that of conventional lithium-ion batteries.1−7

However, at the current stage, nonaqueous lithium−oxygen
batteries are suffering from many severe issues, such as sluggish
reaction kinetics, high charging overpotential, and poor cycle
life, which seriously impedes the commercialization process.
Adding a catalyst to promote the related reactions has been
proven to be an effective strategy to improve the reaction
kinetics and lower the overpotential in many other energy
storage systems.8−12 However, since the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) in
nonaqueous lithium−oxygen batteries involve the accumulation
and decomposition of the solid-state discharge product Li2O2,
the situation become more complex.
For the ORR in nonaqueous lithium−oxygen batteries, it is

now commonly agreed that before the catalytic surface is fully
covered by Li2O2, a catalyst can influence the reaction through
changing the energetics of reaction intermediates.13−15 Yet, for
the OER, whether a catalyst works in this energy storage
system, and how the catalyst works, are questions that have
undergone fierce debate. In 2011, McCloskey et al.16 explored
the performance of several typical catalysts in different

electrolytes, and found that, in the relatively stable electrolyte,
catalysts did not show significant influence toward the
discharge/charge voltage profiles. They proposed that the
previously reported efficacy of catalysts in nonaqueous
lithium−oxygen batteries mainly came from the decomposition
of byproducts such as Li2CO3 and LiRCO3, instead of Li2O2,
and using catalysts may be unnecessary for nonaqueous
lithium−oxygen batteries. However, in the following studies,
researchers found that some catalysts, such as RuO2

17−19 and
Co3O4,

20,21 could effectively catalyze the OER in nonaqueous
lithium−oxygen batteries when employing a stable electrolyte.
Many mechanisms have been proposed to justify the observed
catalytic activity. Yalmaz et al.17 attributed the enhanced OER
performance when employing RuO2 as a catalyst to the good
wettability between RuO2 and Li2O2, which could induce a
thin-film morphology of Li2O2, thus reducing the electronic
resistance during the charge process. Black et al.20 proposed
that Co3O4 might facilitate the transportation of Li2‑xO2 species
on the surface of the electrode. Radin et al.22 found that the
electronic/ionic conductivity of Li2O2 could be enhanced after
being doped with metal cations such as Co2+, and proposed
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that the enhanced electronic/ionic conductivity after doping is
the reason for the observed lower charge overpotential. Zhu et
al.23,24 constructed catalyst/Li2O2/O2 interface models and
identified that the surface acidity of a catalyst could be used as a
descriptor for the OER catalytic activity. Yao et al.25 proposed
that Li2O2 might first react with the metal/metal oxide catalyst
to form lithium metal oxide, and then undergo a delithiation
process. Meini et al.26 found that, in a nonaqueous lithium−
oxygen battery system, trace amounts of water could influence
the OER behavior significantly. They proposed that the water
and/or redox mediator generated during the working process of
the battery could facilitate the decomposition process of Li2O2.
Most recently, Wang et al.27 designed a solid-state battery
system to exclude the possible influence of redox mediator.
They found that, even in a solid-state environment, the Ru
nanoparticles could still effectively lower the charge over-
potential, and thus proposed that the catalysts could facilitate
the OER through direct interaction with the discharge product,
instead of redox mediator or dopants.
Clarifying the working mechanism of catalysts toward the

ORR/OER is crucially important for rational catalyst design. In
this work, we chose an effective and widely adopted catalyst,
rutile RuO2,

17−19 as a representative, and we have studied its
underlying catalytic mechanism for the ORR and OER in
nonaqueous lithium−oxygen batteries, using density functional
theory (DFT) calculation. Based on our previous work,28 three
exposed surfaces of rutile RuO2{001}, {101}, and {111}
were chosen to construct the reaction interfaces (exposed
surface area in Wullf structure: {001} > {111} > {101}). For
the discharge process, initial ORR and further nucleation of
Li2O2 are discussed. A new descriptor, namely, the normalized
degree of unsaturation of surface oxygen, is proposed for the
ORR catalytic activity. For the charge process, three-phase
interface (Li2O2/RuO2/O2) models were constructed. The
{001} surface is found to show the highest catalytic activity
toward the OER that occurs at the three-phase interface, with
an equilibrium charge voltage as low as 3.08 V. Considering
that, in realistic experiments, the area of such three-phase
interface is quite limited, we propose a new catalytic scenario
that the OER may also occur at the two-phase interface of
Li2O2/RuO2. In this new scenario, catalysts provide the
reaction interface and, at the same time, function as a lithium
ion conductor, while oxygen evolves from the exposed surfaces
of Li2O2. The lithium-ion migration energy barrier in rutile
RuO2 was calculated to be as low as 0.21 eV. Two-phase
interface models were constructed, and our proposed reaction
route was identified to be thermodynamically viable. With this
new catalytic mechanism, many previous experimental
observations, such as the shrinkage of Li2O2 during the charge
process,27,29 the efficacy of catalyst in solid-state environment,27

and the valence state change for transition-metal catalysts
during the charge process25 can be perfectly explained.

2. COMPUTATIONAL DETAILS
First-principles calculations in this work were conducted using
the ABINIT30−32 software package. Perdew−Burke−Ernzerhof
(PBE) generalized gradient approximation (GGA)33 was used
for the exchange-correlation functional, and projector aug-
mented wave (PAW) potential34 was used to describe the ion-
electron interaction. The cutoff energy for the plane-wave basis
was set to be 20 Ha. The Monkhorst−Pack scheme35 was
employed for the k-point sampling, and the spacing between
the k-point mesh was set to be <0.05 Å−1. All the atoms were

fully relaxed with a force tolerance of 0.02 eV Å−1. The Heyd−
Scuseria−Ernzerhof (HSE) hybrid density functional36,37

implemented in the Quantum Espresso package38 was
employed to calculate the density of states (DOS), and one-
quarter (α = 0.25) of the local DFT exchange was replaced by
the unscreened and nonlocal Fock exchange. The nudged
elastic band (NEB) method was used to calculate the lithium
migration energy barrier in the tunnels of rutile RuO2.
Slab model adding vacuum layer was adopted in this work.

The surface geometries were taken from our previous
calculation results,28 and the vacuum layer was thicker than
10 Å. All the surfaces employed are in a fully oxidized state and
have been proven to be the most stable ones among all the
terminations considered.28 The adsorption energies of LiO2
and Li2O2 were calculated using

= + − −E E E E(S A) (A) (S)ads tot tot tot (1)

where Etot(S + A) is the total energy of the surface and
adsorbate, Etot(A) is the total energy of the adsorbate and
Etot(S) is the total energy of the surface. The adsorption energy
of Li++e− was calculated using

μ= + − −E E E(S A) (S)ads tot tot Li (2)

where μLi is the chemical potential of bulk lithium metal.
The reaction enthalpy change for the disproportionation

reaction that occurs on the surfaces of rutile RuO2 was
calculated by39

= − + +E E E E E2dis Li O @surf LiO @surf surf O2 2 2 2 (3)

where Esurf, EO2
, ELiO2@surf, and ELi2O2@surf is the total energy of

the considered surface, the oxygen molecule, the considered
surface adsorbed with LiO2, and the considered surface
adsorbed with Li2O2.
To address the well-known issue of oxygen overbinding in

DFT calculations, the enthalpy of the oxygen molecule was
calculated using the expression40

= = = − ΔH T H T E( 0 K, O ) 2 ( 0 K, O)2
exptl

(4)

where H(T = 0 K) is the calculated zero-point energy of an
oxygen atom or molecule, and ΔEexptl is the binding energy of
oxygen from experiments (5.12 eV).40 The chemical potential
of oxygen was calculated as

μ = + Δ − +
⎛
⎝
⎜⎜
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(5)

where ΔHO2
(T) is the enthalpy energy change from 0 K to

temperature T, for which we used diatomic ideal gas
approximation as 7/2kBT, and SO2

exptl(T) is the entropy of oxygen

at 1 atm obtained from experiments.41 PO2

0 was set to be 1 atm.
The comparison between computational and experimental
voltages of crystallized Li2O, Li2O2, and LiO2 are listed in Table
S1 in the Supporting Information, and the values agree well.
Energy profiles of the ORR/OER were obtained by adding/

removing one lithium atom or oxygen molecule at each step.
The reaction free energy of each step was calculated as

μ μΔ = − + Δ − + ΔG E E N eU N( )0 Li Li O O2 2 (6)

where E is the energy of considered slab model, E0 is the energy
of initial slab model, ΔNLi and ΔNO2

are the numbers of lithium
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atoms and oxygen molecules added/removed for each step, μLi
and μO2

are the chemical potentials of bulk lithium and oxygen,
respectively. The eU term was added to account for the
electronic energy under an applied potential U. The over-
potential was defined by shifting all the intermediates to ΔG <
0, which is consistent with previous work.23,24,42

3. RESULTS AND DISCUSSION

3.1. Initial Oxygen Reduction Reaction. It is now
commonly agreed that the ORR in nonaqueous lithium−
oxygen batteries contains two steps. At the first step, oxygen
will get an electron and combine with a lithium ion to form
lithium superoxide as

Step 1:

+ + →+ −Li O e LiO2 2

The formed LiO2 then may either undergo another
electrochemical reaction to form Li2O2, as

Step 2.1:

+ + →+ −LiO Li e Li O2 2 2

or go through a chemical disproportionation reaction, as

Step 2.2:

→ +2LiO Li O O2 2 2 2

The electrochemical reactions can only occur at the surface
of electrode or catalyst, whereas the chemical disproportiona-
tion reaction can occur anywhere. From our calculation on the
adsorption energies, as listed in Table 1, the adsorption
energies for LiO2 onto rutile RuO2 surfaces are quite large. The
large adsorption energies can effectively anchor the LiO2
molecules onto the catalytic surfaces instead of letting them
desorb into the electrolyte and go through a chemical
disproportionation reaction there.43−45 Hence, in this work,
we only considered that the ORR happened on the catalytic
surfaces. By calculating the reaction enthalpy changes for the
chemical disproportionation reaction that happened on the
surfaces as eq 3, we found that all the reaction enthalpy changes
are positive (0.57 eV for the {001} surface, 0.54 eV for the
{101} surface, and 0.26 eV for the {111} surface). Thus, the
disproportionation route is not favored for the ORR that
happened on rutile RuO2 surfaces.
We now consider the electrochemical reaction route. Since

all of the surfaces exposed are oxygen-rich terminated, initial
adsorption of oxygen is not favored.28 Figures 1a, 1c, and 1e
show the energy profiles for the initial ORR that happened on
the three considered surfaces at the open-circuit potential (U =
0 V, black line), the equilibrium potential of bulk Li2O2 (U =
2.96 V, blue line), and the equilibrium potential for the initial
discharge process, which could just keep all the reaction
intermediates having a negative energy (red line). It can be
found that, for all three surfaces considered, the initial ORR are
thermodynamically favorable. The equilibrium voltages for the

Table 1. Adsorption of Li+ + e−, LiO2, and Li2O2 on the {001}, {101}, and {111} Surface of Rutile RuO2.

RuO2 {001} RuO2 {101} RuO2{111}

coverage Eads(eV) DO−O(Å) Eads(eV) DO−O(Å) Eads(eV) DO−O(Å)

Adsorbate: Li+ + e−

(1 × 1) −3.45 −2.91 −3.48
Adsorbate: LiO2

(1 × 1) −2.42 1.24 −3.10 1.26 −3.22 1.23
Adsorbate: Li2O2

(1 × 1)-1L −3.26 1.29 −2.98 1.31 −3.50 1.26
(1 × 1)-2L −3.07 1.41/1.40 −2.85 1.41/1.36 −3.41 1.29/1.28
(1 × 1)-3L −2.99 1.46/1.44/1.40 −2.93 1.51/1.40/1.31 −3.20 1.49/1.33/1.29

Figure 1. (a, c, e) Energy profiles and (b, d, f) geometries for the initial discharge process happened on the (a, b) {001} surface, (c, d) {101} surface,
and (e, f) {111} surface of rutile RuO2.
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ORR on {001}, {101}, and {111} surfaces are calculated to be
3.12, 2.91, and 3.21 V, respectively. The calculated high
equilibrium initial discharge voltages for the {001} and {111}
surfaces successfully explained the observed initial discharge
voltages, which are higher than the equilibrium voltage of Li2O2
(2.96 V) in experiments.17−19 Figures 1b, 1d, and 1f show the
corresponding geometry changes, along with the initial ORR
reactions. In all of the cases, lithium atoms bond with the
surface oxygen of rutile RuO2, and the oxygen atoms sit above
the lithium atoms. Zheng et al.14 proposed that the surface
oxygen density could be used as a descriptor for the ORR
catalytic activity, where a higher oxygen density means more
initial growth points and higher initial discharge voltage.
However, in our calculation, we found that the surface oxygen
density and the initial discharge voltage or the adsorption
energy of Li2O2 do not show a positive correlation. We
attribute this discrepancy to the different degrees of
unsaturation for the surface oxygen at different surfaces. In
the crystal structure of rutile RuO2, each oxygen atom is
bonded to three surrounding Ru atoms. After surface cleavage,
some of the Ru−O bonds were broken. The density of broken
bonds determines the degree of unsaturation for the surface
oxygen, which, at the same time, determines the ability for the
surface to anchor Li2O2. Hence, we define an indicator, namely,
the normalized degree of unsaturation of surface oxygen (Us) as
follows:

≡
− −

U
N N

A
3 (O) (Ru O)

s
surf

surf (7)

where N(O) is the number of surface oxygens, N(Ru−O)surf is
the number of Ru−O bonds connected to the surface oxygen,
and Asurf is the surface area. We then plot the defined Us against
the initial discharge voltage and Li2O2 adsorption energy, as
shown in Figure 2. It is found that Us is a good descriptor for
the initial discharge process, where a larger Us means higher
discharge voltage and stronger Li2O2 adsorption.
3.2. Growth of Li2O2 into Double and Triple Layers. As

the discharge process continues, the exposed catalytic surfaces
will be gradually covered by Li2O2. Here, we have studied the
adsorption behavior of double and triple layers of Li2O2 to gain
further insight into the following discharge process. The

structures of multilayer adsorption model were obtained from
making an analogy with the first layer deposited structure and
then undergoing a fully geometrical optimization.39 The
adsorption energies and O−O bond lengths after more layers
of Li2O2 adsorbed onto the three considered surfaces are listed
in Table 1. The adsorption energies on these surfaces when
more layers of Li2O2 are considered remain quite large, and the
O−O bond lengths for the top layer Li2O2 deposited are
significantly shorter than that in bulk Li2O2 (1.54 Å), exhibiting
bond lengths closer to that of the superoxide ions (1.34 Å).
When more layers of Li2O2 adsorbed onto the surfaces, the
positive correlation between the Us and adsorption energies
was maintained.
The electronic properties for the Li2O2 adsorbed onto rutile

RuO2 surfaces were studied by calculating the density of states
(DOS). To avoid the underestimation of the band gap, hybrid
density functional (HSE06)36,37 was adopted. From Figure 3,
all the Li2O2 adsorbed appeared to be conductive. The
enhanced electronic conductivity will allow the growth of
Li2O2 into a larger size and finally lead to a larger discharge
capacity.

3.3. Oxygen Evolution Reaction Happened at the
Interface of Crystalline Li2O2/RuO2/O2. In our previous
work,28 we constructed a three-phase interface model among
the crystalline Li2O2 (c-Li2O2), RuO2 {001} surface, and oxygen
(represented by vacuum), following the approach presented by
Zhu et al.23,24 In this work, we further constructed the three-
phase interface model for the other two surfaces, the {101} and
{111} surfaces, and studied the OER taken place at the three-
phase interface. The comparison among the OER that
happened on the three-phase interface for these three surfaces
are shown in Figure 4. Figures 4 a, 4c, and 4e show the energy
profiles, where the black line indicates the energy profile at the
equilibrium voltage for the OER, following the route Li+ → Li+

→ O2 (route 1), and the red line indicates the energy profile at
the equilibrium voltage for the OER, following the route Li+ →
O2 → Li+ (route 2). RuO2{001} was found to show the highest
catalytic activity with an equilibrium charge voltage of 3.08 V
toward route 1. In all of the cases, oxygen desorption was
identified to be the rate-determining step, which is required to
overcome large desorption energy barriers. The geometry
changes along with the charge process are shown in Figures 4 b,
4d, and 4f. In all of the situations considered, the adsorbed
Li2O2 has a tendency to leave the catalytic surfaces and the
contact area between the catalyst and the discharge product
decreases as the charge process continues. A quantitative
analysis on the height changes of the center of mass for
adsorbed Li2O2 are listed in Table 2. All the height changes for
the c-Li2O2/RuO2/O2 model are positive, indicating a weak
attraction between the catalytic surfaces and the adsorbed
crystalline Li2O2 during the charge process.

3.4. Lithium Ion Transportation in the Tunnels of
RuO2. Since the three-phase interface of Li2O2/RuO2/O2 is
one-dimensional, its area is expected to be limited. Moreover,
as observed in many experiments,17−19 during the discharge
process, the rutile RuO2 may be fully covered by Li2O2, which
further reduced the chance of appearance for the three-phase
interface. For the exposed three-phase interface, according to
the geometry changes mentioned above, after the initial
consumption of the adsorbed Li2O2, the rest Li2O2 would be
in poor contact with the catalytic surfaces and the catalyst may
become less effective, which is contradictory to previous
experimental observations.17−19 A recent work done by Wang

Figure 2. Relationship between the normalized degree of unsaturation,
the initial equilibrium discharge voltage, and the adsorption energy of
Li2O2.
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et al.27 shows that Ru nanoparticles could exhibit catalytic
activity in a solid-state environment where the three-phase
interface considered above does not exist. Combined with
previous experimental observation of the shrinkage of

Li2O2
27,29 and the valence state change of the transition-metal

oxide catalyst25 during the OER, the three-phase interface
model may not comprehensively describe the OER that
occurred on the catalytic surfaces. Since rutile RuO2 can
conduct lithium ions and has been used as anode in lithium-ion
batteries,46 we start to explore the possibility that, during the
charge process, lithium ions are being conducted out through
the rutile RuO2 nanoparticles while oxygen evolved from the
exposed surfaces of Li2O2, as illustrated in Figure 5b. Compared
with the conventional three-phase interface reaction as shown
in Figure 5a, the catalyst’s capability to conduct lithium ions
could greatly enlarge the reaction interface.
Rutile RuO2 has one-dimensional (1D) tunnels in its crystal

structure, as shown in Figure 6a, which provides transportation
pathways for the lithium ions. We calculated the lithium ion
migration energy barriers along the tunnels at different lithium
ion concentrations, using supercells with different sizes. The
energy profiles for the migration process are shown in Figure
6b. For the 1 × 1 × 2 supercell, which corresponds to a lithium
ion concentration of Li0.5RuO2, the migration energy barrier is
0.25 eV, and when using a larger 2 × 2 × 2 supercell
(Li0.125RuO2), the migration energy barrier reduced to be 0.21

Figure 3. Density of states (DOS) for the Li2O2 after adsorption onto the (a) {001}, (b) {101}, and (c) {111} surface of rutile RuO2.

Figure 4. (a, c, e) Energy profiles and (b, d, f) geometries for the charge reaction happened on the three-phase interface of c-Li2O2/RuO2/O2: (a, b)
{001} surface, (c, d) {101} surface, and (e, f) {111} surface. The blue circle indicates the atom/molecule to be removed in the next step.

Table 2. Height Change of the Center of Mass of Adsorbed
Li2O2 for the Charge Reactions That Occurred on c-Li2O2/
RuO2/O2, c-Li2O2/RuO2, and a-Li2O2/RuO2

Δh (Å)

c-Li2O2/RuO2/O2

(001) 0.40
(101) 0.36
(111) 0.20

c-Li2O2/RuO2

(001) −0.68
(101) −0.44
(111) −0.82

a-Li2O2/RuO2

(001) −0.56
(101) −0.18
(111) −0.27
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eV. These results are consistent with previous calculations.47

The relatively low migration energy barrier enables rutile RuO2
to serve as a lithium ion conductor during the charge process,
and the lithium ion conductivity in rutile RuO2 is expected to
be larger than that in both the crystalline and amorphous
Li2O2.

48,49 It is also worth noting that, for all the three surfaces
studied, there exist openings to access the tunnels, as shown in
Figures 6 c, 6d, and 6e. In the experiments,17−19 the size of

rutile RuO2 nanoparticles employed is usually <5 nm, and this
short migration distance enables the lithium ions to transport
out to the electrolyte easily. Many of the previously reported
catalysts in nonaqueous lithium−oxygen batteries, such as
MoO3,

25 Cr2O3,
25 and Co3O4

20,21 are also lithium ions
conductors and have been used as anode materials in lithium-
ion batteries.50−52 In addition, our group has successfully
developed a series of solid-state lithium−oxygen/air batteries
employing LATP as electrolyte,53−55 and has achieved excellent
battery performance. These facts further supported our
proposed catalytic scenario.
During the charge process, the lithium ions may be

conducted out directly through the catalysts, as calculated
above, or the lithium ions may insert into the catalyst to form a
lithium metal oxide phase first, then undergo a delithiation
process, as proposed by Yao et al.,25 depending on the specific
thermodynamic/kinetic properties. For the oxygen release
process, two possible routes are proposed:

(1) After one lithium atom at the interface migrated out
through the catalyst, a lithium vacancy will be generated
spontaneously. The newly generated lithium vacancy can
pop up to the exposed surfaces of Li2O2, which is
supported by previous calculations and experi-
ments,48,49,56 making the exposed surface oxygen-rich;
thus, oxygen can evolve from the exposed surfaces of
Li2O2 easily (as shown in Figure S1.a in the Supporting
Information)

(2) It is also possible that lithium ions can be conducted out
continuously to form a Li2−xO2 phase before oxygen
release, as suggested by Kang et al.,57 rendering the
discharge product more conductive,43,58,59 and the left
Li2−xO2 phase further decomposed to lithium ions and
oxygen molecules (as shown in Figure S1.b in the
Supporting Information)

3.5. Oxygen Evolution Reaction That Occurred at the
Crystalline Li2O2/RuO2 Interface. In this section, we tried to
explore the thermodynamic feasibility of our proposed
mechanism using the models built in section 3.3. This time,
the lithium ion at the two-phase interface of c-Li2O2/RuO2 was
taken away first, then, similar to that in the three-phase
interface reaction, we considered two possible routes as Li+ →

Figure 5. Illustration for the catalytic mechanism of (a) catalysts that
cannot conduct lithium ions and (b) catalysts that can conduct lithium
ions.

Figure 6. (a) Lithium ion migration path in the tunnels of rutile RuO2.
(b) Energy profiles along the path shown in panel (a). Schematics
showing the tunnel openings exposed on (c) the {001} surface, (d)
the {101} surface, and (e) the {111} surface.

Figure 7. (a, c, e) Energy profiles and (b, d, f) geometries for the charge reaction that occurred at the c-Li2O2/RuO2 interface: (a, b) {001} surface,
(c, d) {101} surface, and (e, f) {111} surface. The blue circle indicates the atom/molecule to be removed in the next step.
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Li+ → O2 (route 1) and Li+ → O2 → Li+ (route 2). At the
oxygen evolution step, one oxygen molecule at the exposed
{001} surface of Li2O2 was removed. The energy profiles for
the OER that occurred following our proposed reaction
mechanism are shown in Figures 7a, 7c, and 7e. For all the
three surfaces, route 1 shows the lower equilibrium charge
voltage. The calculated equilibrium charge voltage for the OER
on the {001}, {101}, and {111} surfaces are 3.51, 3.61, and 3.36
V, respectively, which are slightly higher than those at the three-
phase interface and in good agreement with experimental
observations.27 Different from the OER that occurred at the
three-phase interface, lithium desorption become the rate-
limiting step. The geometry changes during the OER are shown
in Figures 7b, 7d, and 7f. After the removal of one unit of Li2O2

in our proposed sequence, the crystal structure of adsorbed
Li2O2 collapsed to some extent and the remaining Li2O2
remained in good contact with the catalytic surfaces. The
height change of the center of mass of adsorbed Li2O2 is
negative, as listed in Table 2, indicating that the catalytic
surfaces could attract the remaining Li2O2 spontaneously
during the OER process.
3.6. Oxygen Evolution Reaction That Occurred at the

Interface of Amorphous Li2O2/RuO2. Since the lattice
mismatches between Li2O2 and the considered surfaces of rutile
RuO2 are quite large, it is highly possible that the Li2O2 near
the catalytic surfaces is amorphous instead of crystalline. In this
section, we studied the OER following our proposed
mechanism in a two-phase interface model of amorphous
Li2O2 (a-Li2O2)/RuO2. The initial geometry of a-Li2O2/RuO2

was taken from the adsorption model of three layers of Li2O2
onto rutile RuO2. Compared with the amorphous structure of
Li2O2 generated from melt-and-quench procedure,48 we believe
that the structure obtained from the adsorption process is
closer to the realistic situation. In these models, the lithium and
oxygen atoms do not align orderly as in the crystallized
structure; instead, they stack together without long-range order.
For this reason, we call them “amorphous state” to differentiate
from the “crystallized state”. One lithium atom at the interface
nearest to the tunnel openings was taken away first, then the
two OER routes described in sections 3.3 and 3.5 were
considered. One oxygen molecular at the top layer of adsorbed
Li2O2 was removed at the oxygen evolution step. From Figures

8a,8c, and 8e, in all cases, the first route is more favorable.
Similar to that in the c-Li2O2/RuO2/O2, oxygen desorption is
the rate-determining step, which shows large desorption energy
barriers to be overcome.
The trend for the OER equilibrium voltage of different

surfaces is the same as the initial ORR equilibrium voltage,
where the {101} surface shows the lowest voltage (2.89 V), the
{001} surface shows a medium voltage (3.03 V), and the {111}
surface shows the highest voltage (3.44 V). For the {001}
surface and the {101} surface, the equilibrium charge voltages
for reactions that occurred on the two-phase interface of a-
Li2O2/RuO2 are lower than those happened on the three-phase
interface of c-Li2O2/RuO2/O2, and also are lower than those
happened on many surfaces of crystalline Li2O2.

42 The
geometry changes, along with the charge process, is shown in
Figures 8b, 8d, and 8e. Similar to that which occurred at the c-
Li2O2/RuO2 interface, the adsorbed Li2O2 approaches the
catalytic surfaces spontaneously, which has been further
validated through the height change of the center of mass, as
listed in Table 2.

4. CONCLUSION

In this work, we provided a comprehensive first-principles
investigation of the underlying oxygen reduction reaction
(ORR) and oxygen evolution reaction (ORR) catalytic
mechanism in nonaqueous lithium−oxygen batteries, using a
representative catalyst rutile RuO2. The calculation results show
that the exposed surfaces of rutile RuO2 exhibit strong
adsorption toward the reaction intermediate LiO2 and reaction
product Li2O2, which can effectively confine the ORR to occur
on the catalytic surfaces, instead of happening in the electrolyte.
Compared to the chemical disproportionation reaction route,
the electrochemical reaction route is more favored. The
normalized degree of unsaturation of surface oxygen was
identified as a descriptor for the catalytic activity, and a higher
normalized degree of unsaturation means a higher initial
discharge voltage, as well as a larger adsorption energy toward
Li2O2. Three-phase interface models of Li2O2/RuO2/O2 were
built, and the {001} surface was identified to show the highest
catalytic activity for the OER reaction, with an equilibrium
voltage of 3.08 V.

Figure 8. (a, c, e) Energy profiles and (b, d, f) geometries for the charge reaction happened at the a-Li2O2/RuO2 interface: (a, b) {001} surface, (c,
d) {101} surface, and (e, f) {111} surface. The blue circle indicates the atom/molecule to be removed in the next step.
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Considering the fact that the area of the three-phase interface
is quite limited and conventional three-phase interface model
cannot explain many experimental observations satisfacto-
rily,25,27,29 we proposed a new catalytic scenario that lithium
ions are being conducted through the catalyst while oxygen
evolves from the exposed surfaces of Li2O2. This newly
proposed catalytic mechanism is supported by our calculations
on the lithium migration energy barrier in rutile RuO2, and the
energy profiles for the OER follow our proposed mechanism at
the two-dimensional interface of both c-Li2O2/RuO2 and a-
Li2O2/RuO2. Different from the OER on the three-phase
interface, the remaining Li2O2 can be attracted to the catalytic
surfaces spontaneously during the charge process, following our
proposed route, which maintained the reaction interface and
explained the observed efficacy of catalyst during the entire
charge process.17−19,27 Our work provided fundamental insight
into the underlying working mechanism of catalysts in
nonaqueous lithium−oxygen batteries and advanced the steps
toward rational catalyst design.
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