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ABSTRACT: Li−O2 batteries have been a subject of
extensive studies in the past few decades. However, the
oxygen reduction reaction (ORR) mechanism is still unclear
on air cathodes and needs to be concretely explored. In this
work, by means of density functional theory computations,
we systematically investigated the ORR and initial Li2O2
nucleation processes on the surface of pristine and N-doped
graphene in Li−O2 batteries. The in-plane pyridinic N-doped
graphene is more effective in facilitating the nucleation of
Li2O2 clusters than pristine or graphitic N-doped graphene.
The overpotential of the rate-controlling step for Li2O2
nucleation decreases with the growth of Li2O2 clusters, and the cluster growth after (Li2O2)2 will follow the process Li →
LiO2 → Li2O2 on all considered substrates. Our results should promote the understanding of ORR processes on N-doped
graphene catalysts and shed more light on the design and optimization of air cathodes for Li−O2 batteries.
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1. INTRODUCTION

Thanks to the fast development of hybrid electric vehicles
(EVs) and pure EVs, consumption of fossil fuels and CO2

emission should be effectively reduced. However, the develop-
ment of EVs is currently slowed by the limited gravimetric
and volumetric energy density in available batteries. In com-
parison with all other battery chemistries, Li−O2 batteries, first
demonstrated by Abraham and Jiang,1 exhibit much higher
theoretical specific energy density (up to ∼3400 Wh/kg)
and rather strong potency for powering EVs.2 Since the
investigations of Li−O2 batteries are at their very beginning,
many problems and challenges lie ahead before their
commercial adoption, including poor cyclability and low energy
efficiency.3−5

In order to improve the electrochemical performances of
Li−O2 batteries, many efforts have been devoted to exploring
appropriate air cathode catalysts, which could effectively
accelerate the oxygen reduction reaction (ORR) during
discharging and the oxygen evolution reaction (OER) during
charging. Among these proposed cathode catalysts, including
but not limited to precious metals (Pt, Au, and Ru),6−10

transition-metal oxides (MnO2, Mn3O4, and Co3O4),
11−18 and

carbon materials (carbon black, carbon nanotubes (CNTs), and
graphene),3,19−22 N-doped graphene is very attractive for the
activation of the ORR due to low cost, high electronic con-
ductivity, large surface area, and abundant surface defects.23,24

Many experimental studies have demonstrated the good
performance of N-doped graphene as a cathode catalyst for
Li−O2 batteries. For example, from a graphitization process of
heteroatom polymers using CNTs as the templates, Wu et al.
prepared N-doped graphene catalysts for Li−O2 batteries,
which exhibited electrocatalytic ability comparable to that of Pt
cathodes.25 The improved activity of N-doped graphene toward
the ORR in nonaqueous Li−O2 batteries was dominantly
ascribed to the pyridinic N functionality. Recently, via a facile
sol−gel route, Zhang et al. have prepared hierarchical carbon−
nitrogen architectures as cathodes for Li−O2 batteries.

26 The
prepared carbon−nitrogen architectures showed great electro-
catalytic activity and stable cyclability, due to the coexistence
of active N sites on the carbon skeleton and favorable channels
for Li+ diffusion and electrolyte immersion in the hierarchical
structure. However, due to the difficulty in tracing ORR/OER
intermediates in experiments, the detailed mechanism of ORR/
OER on the surface of N-doped graphene is still undetermined.
As a less limited approach, computations have become

indispensable in accessing to the mechanism of ORR/OER for
Li−O2 batteries. Nørskov and co-workers first investigated
the reactions at the cathode of an aprotic Li−O2 battery by
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simulating the ORR on an Li2O2(100) surface via density
functional theory (DFT) computations.27 They revealed the
ORR mechanism by estimating the free energy of different
intermediates and established possible origins of overpotential
in discharge processes. Ceder and co-workers investigated the
OER on the low-index surfaces of Li2O2 and found that the
evolution of O2 was the rate-determining step of the OER.28

On the basis of their results, researchers conducted more studies
to further explore the ORR/OER mechanisms on different
cathode surfaces, such as Au(111), Pt(111),29 Co3O4(111),

30

and TiC(111).31 In spite of those computational efforts to ORR/
OER processes and Li2O2 properties in Li−O2 batteries,

32−41 few
studies have ever interpreted the reactions on the surface of
catalytic cathodes. Since the discharging product Li2O2 cannot
dissolve in the electrolyte in nonaqueous Li−O2 batteries, Li2O2
will accumulate on the surface of cathodes with the progress
of the ORR.4,26 Therefore, the ORR in nonaqueous Li−O2
batteries is simultaneously accompanied by the growth of Li2O2
on the surface of the cathodes. Thus, understanding the initial
Li2O2 nucleation is an essential stage for understanding the ORR
mechanism in Li−O2 batteries.
In this work, we systematically investigated the initial ORR

processes on the surface of N-doped graphene in comparison to
those on pristine graphene, on the basis of DFT computations.
Two possible paths (path a, O2 → LiO2 → Li2O2; path b,
Li → LiO2 → Li2O2) were considered for the initial nucleation
of Li2O2, represented by the first adsorption of O2 or Li on
the surface of graphene. By estimating the free energy change
of different intermediates, we predicted the preferred ORR
processes at different sites of N-doped graphene. Among all the
considered N-doped defects, pyridinic N exhibited the smallest
overpotential in the initial ORR processes. The increasing
charge transfer from Li2O2 clusters to different catalysts con-
tributes to gradually enhanced Li adsorption with the progress
of the ORR. Meanwhile, the overpotential of the controlling
step decreases with the growth of Li2O2 clusters; thus, the ORR
process will proceed favorably by steps. Our computations
should shed more light on a better understanding of the ORR
mechanism and help in screening effective catalysts for Li−O2
batteries.

2. COMPUTATIONAL DETAILS
DFT computations were performed on the basis of the plane-
wave technique implemented in the Vienna ab initio simulation
package (VASP).42 A projector-augmented plane wave (PAW)
approach was used to describe the ion−electron interaction.43,44

A generalized gradient approximation (GGA) expressed by the
PBE (the abbreviation of the functional of Perdew, Burke, and
Ernzerhof) functional45 and a 400 eV cutoff for the plane-wave
basis set were adopted in all computations. Self-consistent-field
(SCF) computations were conducted with a convergence crite-
rion of 10−4 eV on the total energy and the electron density.
N-doped graphene was simulated by replacing a C atom with N
in a 5 × 5 supercell, expanding along the a and b directions (a =
b = 12.3 Å). The vacuum space in the c direction was set to be
20 Å to avoid any interlayer interactions in all cases. Integrations
over the Brillouin zones were sampled with a 4 × 4 × 1 mesh of
uniformly spaced k points for N-doped graphene and a 4 × 4 × 4
mesh for Li and Li2O2 bulk. Bader charge population analysis was
conducted to evaluate the atomic charge and electron transfer in
different systems.46 The diffusion barrier of Li or/and O2 on
different surfaces was computed by locating the transition states,
which can be obtained by computing the minimum-energy path

(MEP) for the Li/O2 diffusion processes by using the nudged
elastic band (NEB) method.47,48 In order to ascertain the reli-
ability of computations in 5 × 5 supercells, we repeated related
computations for graphene in 6 × 6 supercells, and detailed
results are shown in Table S1 and Figure S1 in the Supporting
Information. Small differences between the results of 5 × 5 and
6 × 6 supercells guarantee the validity of the conclusions in this
work.
The standard free energy of Li2O2 is calculated based on eq 1

Δ ° = ° − ° − °

= Δ + Δ − Δ

G G G G

E E T S

2f Li O (s) Li(s) O (g)

t zpe

2 2 2

(1)

which includes the formation energy (ΔEt) of Li2O2, zero point
energy correction (ΔEzpe) and the entropy of O2 (ΔS) under
standard conditions (T = 298 K). Details on the calculation of
ΔGf°are discussed in the Supporting Information. According to
the Nernst equation, U0 = −ΔGf°/ne, the calculated
equilibrium potential is 2.92 V, ∼0.04 V lower than the
experimental value (2.96 V). The slight underestimation of the
equilibrium potential can be ascribed to the inaccuracy of
DFT in estimating the cohesive energy of O2.

27,29 However,
since we used the same cohesive energy value of O2 to estimate
the formation of Li2O2, the examined free energy of formation
is comparable at the same standard and the predicted tendency
is reliable. In this study, all the intermediates at different steps
were considered in their most stable configurations.

3. RESULTS AND DISCUSSION

3.1. Geometric and Electronic Properties of Pristine
and N-Doped Graphene. According to previous inves-
tigations of N-doped graphene, there are three kinds of in-plane
N configurations in the lattice of graphene, including graphitic
N, pyridinic N, and pyrrolic N.49−56 As shown in Figure 1a, the
graphitic N (graphN1) is built by replacing one C atom with a
N atom in a 5 × 5 supercell, corresponding to an N content of
2.33 wt %. The length of the N−C bond is 1.411 Å, close to
that of the C−C bond (1.421 Å) in graphene. However, the
other two C−C bonds of the C atom bonded to N are slightly
elongated to 1.415 Å due to the electron-withdrawing nature of
N. Double graphitic N (graphN2) is also taken into account by
replacing two C atoms with two N atoms, which represents an
N content of 4.64 wt %. In order to study the effect of N con-
tents on the nucleation of Li2O2, we placed the two N atoms in
the same hexagon. There are three possible configurations for
graphN2 (details in Figure S2 in the Supporting Information),
while the meta position for N atoms (shown in Figure 1b) is
more preferred experimentally.53,57 Therefore, only graphN2
shown in Figure 1b was considered in the following investi-
gations.
According to previous studies, in-plane pyridinic N and

pyrrolic N usually appear in the formation of tri-N-substituted
vacancies.58−60 In light of this, tri-N pyridinic (pyriN3) is built
accompanied by a vacancy defect, as shown in Figure 1c. The
N−C bond length (1.338 Å) is shorter than those in graphN1
and graphN2, while the C−C bonds in the matrix are all
elongated to different extents due to the presence of a vacancy,
indicating the instability of this configuration. Another tri-N
N-doped graphene with a pyrrolic-like N (pyrroN3) is built
similarly (as shown in Figure 1d), in which one N is in a
pentagon instead of a hexagon. Note that N in the pentagon is
not a critically pyrrolic N,61 and the other two N atoms in the
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hexagon are both in fact pyridinic N. The N−C bond lengths in
the hexagon are 1.322 and 1.340 Å, respectively, while the N−C
bond lengths in the pentagons are about 1.405 Å. The N
content is 7.07 wt % in both pyriN3 and pyrroN3. Meanwhile,
in-plane tetra-N pyridinic (pyriN4) is also considered and cor-
responds to an N content of 9.59 wt %, as shown in Figure 1e.
The N−C bonds in pyriN4 are 1.329 and 1.350 Å, respectively.
Details for the N−C bonds and C−C bonds are provided in
Figure S3a−f in the Supporting Information.
To estimate the stability of these N-doped graphene

structures, we calculate their formation energy on the basis
of eq 2

μ μ= − −E E n mf NG C N (2)

where Ef is the calculated formation energy, ENG represents the
total energy of N-doped graphene, n and m represent the total
number of C and N atoms, and μN and μC are the chemical
potentials of C and N atoms, respectively. μC and μN are
obtained from pristine graphene and nitrogen in the gas phase,
respectively. The calculated formation energies for different
N-doped graphene configurations are presented in Table 1.
As calculated, graphN1 exhibits the smallest Ef of 0.81 eV,
indicating its high feasibility to be available in experiments.
With an increase in the N content, the Ef value of N-doped
graphene increases except for the structures with the presence
of N in pentagons. For example, pyrroN3 exhibits a much
higher Ef value than other N-doped graphene structures,
though it shares the same N content with pyriN3. This can be
understood that, in pyrroN3, there is one N atom in a pentagon
and the in-ring strain is stronger than that of the N-containing

hexagons, as implied by the fact that the N−C bonds in a
pentagon are longer than those in hexagons of pyrroN3
(as illustrated in Figure S3e in the Supporting Information).
This indicates that the pyrrolic-like N in a pentagon is more
unstable than the pyridinic N in a hexagon, and the preparation
of pyrroN3 will be more difficult than that of other configura-
tions for N-doped graphene.
The relative stability of different N-doped graphene configu-

rations under real experimental conditions (N2 gas environment)
was further evaluated by comparing their Gibbs formation energy
(ΔGf) on the basis of eq 362

μΔ = −G E
m
2f f N2 (3)

in which μN2
is a function of the temperature T and the partial

N2 gas pressure P, and can be expressed as

μ = ° − ° − ° +
°

⎜ ⎟
⎛
⎝

⎞
⎠H T H TS T k T

P
P

( ) (0) ( ) lnN B2 (4)

where H° and S° are the enthalpy and entropy at the pressure
P° = 1 bar, respectively. T = 298 K was adopted to compare the
Gibbs formation energy of different N-doped graphene
configurations. Thus, the curves of ΔGf as a function of μN2

for different N-doped graphene configurations can be obtained
and are shown in Figure 2. It is found that, at low μN2

values,
graphN1 is more accessible in real experiments. At high μN2

values, it is easier to obtain pyriN4 than other N-doped
graphene configurations. Therefore, at a certain temperature
(T = 298 K), by controlling the N2 concentration (correspond-
ing to P), one can achieve graphN1 and pyriN4 alternately in an

Figure 1. Schematic of N-doped graphene and structure models of (a) graphN1, (b) graphN2, (c) pyriN3, (d) pyrroN3, and (e) pyriN4.

Table 1. N Content, N−C Bond Length (LN−C), Ef for Five N-Doped Graphene Configurations, and Charge Transfer from C to
N (C/N) in graphN1, graphN2, pyriN3, pyrroN3, and pyriN4

graphN1 graphN2 pyriN3 pyrroN3 pyriN4

N, wt % 2.33 4.64 7.07 7.07 9.59
LN−C, Å 1.411 1.400/1.420 1.338 1.322/1.340/1.405 1.329/1.350
Ef , eV +0.81 +1.96 +3.39 +5.63 +3.72
C/N, e 0.67 0.71 0.79 0.72/0.32 0.84
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N2 gas environment. As demonstrated in previous studies,51,63,64

the species and content of N in N-doped graphene can be tuned
by controlling the preparation conditions (nitrogen source,
temperature, and gas pressure).
To understand the N-doping effect on the electronic pro-

perties of graphene, we computed the partial density of states
(PDOS) of different N-doped graphene configurations, as
shown in Figure 3. The PDOS of graphene is also presented in
Figure 3a for comparison. The valence and conduction band
states of graphene touch each other at the Fermi level, exem-
plifying the zero-band-gap semiconducting character and
“massless” carrier conduction behavior.

For N-doped graphene with graphitic N in both graphN1
and graphN2, the Fermi level moves up with energies of about
+0.66 and +0.92 eV, respectively, as shown in Figure 3b,c. The
upshift of Fermi level in graphN1 and graphN2 endows these
two N-doped graphene configurations with n-type semiconduct-
ing and even metallic character.63,65 The electron density
isosurface of graphene (Figure S4a in the Supporting Information)
shows uniform distribution of electron states on C atoms, while
the electron density isosurfaces (Figure S4b,c in the Supporting
Information) of graphN1 and graphN2 demonstrate the electron-
rich states of N.
With respect to pyridinic N-doped graphene, a downshift

in Fermi level happens to pyriN3, pyrroN3, and pyriN4, as
shown in Figure 3d−f, with energies of about −0.60, −0.42, and
−0.10 eV, respectively, indicating the p-type semiconducting
character of these N-doped graphene configurations. The elec-
tron density isosurfaces shown in Figure S4d−f in the Supporting
Information also identify the intense electron localization
around N. In order to clarify the origin of p-type semicon-
ducting character, we computed the PDOS of graphene with
one C vacancy for comparison (Figure S5 in the Supporting
Information), which also exhibits typical p-type semiconducting
character. The p-type semiconducting character results from
the fact that a carbon vacancy takes four valence electrons away,
while three N atoms substituted for C atoms only bring three
extra valence electrons in pyriN3 and pyrroN3, and two carbon
vacancies take eight valence electrons away, while four N atoms
only bring four extra valence electrons in pyriN4.

3.2. Initial Nucleation of Li2O2 on the Surface of
Pristine and N-Doped Graphene. Next, we discuss the
initial nucleation of Li2O2 on pristine and N-doped graphene by
estimating the free energy change (ΔG) between different
intermediates on different catalyst surfaces. For the initial ORR

Figure 2. Gibbs formation energy (ΔGf) as a function of chemical
potential (μN) for different N-doped graphenes at 298 K. The dashed
line divides the stability region.

Figure 3. PDOS of (a) graphene, (b) graphN1, (c) graphN2, (d) pyriN3, (e) pyrroN3, and (f) pyriN4. The Fermi level is denoted with a red dashed
line.
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processes on pristine and N-doped graphene, two possible
reaction paths were considered here:

→ →path a: O LiO Li O2 2 2 2

→ →path b: Li LiO Li O2 2 2

Path a is interpreted as the preferable adsorption of O2, while
path b represents the first adsorption of Li. To determine which
path is preferred on pristine and N-doped graphene, we
computed their adsorption energies for comparison. The ad-
sorption energy of Li/O2 is defined as

= + − −E E E E(S A) (A) (S)abs tot tot tot (5)

where Etot(S+A) is the DFT total energy of Li/O2 adsorbed
substrate, Etot(A) is the total energy of Li(bulk) or O2(gas), and
Etot(S) is the total energy of the free substrate.
Consistent with previous studies,66,67 the electron-with-

drawing N in N-doped graphene can stimulate its neighboring
C atoms to be active sites for the adsorption of Li and O2. The
most stable adsorption configurations for Li and O2 on different
substrates can be found in Figure S6a−l in the Supporting
Information. The calculated adsorption energies of Li and O2
are presented in Table 2. The thermodynamic adsorptions of
Li and O2 differ with different substrates. Additionally, the
adsorption of O2 on pristine and N-doped graphene can also
contribute to the decrease of magnetic moment of O2 due to
the interaction between O2 and substrates (details in Table S2
in the Supporting Information). For graphene, graphN1, and
graphN2, the adsorption of O2 with negative Eads value is
thermodynamically more favorable than that of Li. Therefore,
the initial ORR process on graphene, graphN1, and graphN2
will start with the adsorption of O2 in path a. However, for
pyriN3, pyrroN3, and pyriN4, the adsorption of Li is more
preferable with large negative Eads values, as shown in Table 2.
Especially for pyrroN3 and pyriN4, when one Li is put on
the hollow site neighboring the defect site (as illustrated in
Figure S6i,k in the Supporting Information), it will sponta-
neously move to the defect site after full relaxation. The active
defect site leads to cohesive bonds between Li and N and then
drives these N-doped graphene structures to follow path b in
the initial nucleation of Li2O2.
Since ion or molecule diffusion on electrodes can affect the

electrochemical performances of batteries, we also computed
the diffusion barrier of Li and O2 on different substrates, as
shown in Table 2. The kinetic diffusions of O2 on these six
substrates are all kinetically favorable with negligible barriers.
The negligible diffusion barrier of O2 on pristine and N-doped
graphene is attributed to the physical adsorption of O2 (more
details are given in the Supporting Information). Although the
diffusion barrier of Li is higher than that of O2 on the surface of
pristine and N-doped graphene, it is still small enough to

facilitate effective electrochemical processes. In this respect,
pristine and N-doped graphene are favorable for Li−O2
batteries. The detailed diffusion path for Li and O2 on pristine
and N-doped graphene can be found in Figure S6 in the
Supporting Information.
In order to further understand the nucleation of Li2O2 on

different surfaces, the free energy change of different inter-
mediary steps were then calculated on the basis of eq 6

Δ = Δ + Δ − Δ −( ) ( ) ( ) ( )G n E n E n T S n eUtot zpe (6)

in which n represents the corresponding reaction step (n = 1, 2,
3, ...), while ΔEtot(n), ΔEzpe(n), and TΔS(n) are the DFT total
energy difference, zero point vibrational energy difference, and
entropy change under standard conditions (T = 298 K) in
step n, respectively.68 The potential of a solvated Li+ and an
electron e in the electrode is set to be 0, in equilibrium with
bulk Li.27 Therefore, the free energy of an electron accompanying
the adsorption of Li+ essentially depends on the applied potential
and will be shifted by −eU under the potential of U.
As discussed above, the initial nucleation of Li2O2 on

graphene, graphN1, and graphN2 follows path a, while ORR on
pyriN3, pyrroN3, and pyrriN4 is initiated by path b. Details
for the calculated ΔEtol(n), ΔEzpe(n), and TΔS(n) in paths a
and b for different catalysts can be found in Table S3 in the
Supporting Information. Figure 4a shows the calculated free
energy profiles for the initial nucleation of Li2O2 at an open
circuit potential (U = 0 V). In both paths a and b for these
six substrates, the O2 adsorption step is always endothermic
while the other two Li-containing steps are downhill in the free
energy profiles. Therefore, the O2 adsorption steps will be the
kinetically controlling steps for Li2O2 nucleation in the open
circuit case.
When applying the equilibrium potential (U = 2.92 V), as

shown in Figure 4b, all the intermediary steps of the initial
nucleation of Li2O2 become endothermic for graphene,
graphN1, graphN2, and pyrroN3. In contrast, for pyriN3 and
pyriN4, step 1 is downhill while steps 2 and 3 are uphill. In this
case, the rate-determining step is no longer the O2 adsorption
but the Li-containing step. The overpotential (η) for the
nucleation of Li2O2 on different surfaces can be obtained on the
basis of the free energy change of the controlling step (ΔGc),
which is defined as η = −ΔGc/e. A lower η to overcome
indicates an easier step to accomplish.
The controlling step and calculated η for different catalyst

substrates can be found in Table 2. In the initial nucleation of
Li2O2 under an equilibrium potential, the controlling step for
graphene, graphN1, and graph2 is step 2, corresponding to the
adsorption of the first Li+ accompanied by the transfer of e−;
however, for pyriN3, pyrroN3, and pyriN4, the controlling step
is step 3 , corresponding to the adsorption of the second Li+

and e−. Among these six catalysts, pyrroN3 exhibits the lowest

Table 2. Adsorption Energy (Eads) and Diffusion Barrier (Ebarrier) of Li and O2 on Pristine and N-Doped Graphene and the
Rate-Determining Step (Step d) and Calculated Overpotential (η) for the Initial Li2O2 Nucleation on Different Substrates at
U = 2.92 V

graphene graphN1 graphN2 pyriN3 pyrroN3 pyrriN4

Eads(Li), eV +0.10 +0.24 +0.34 −3.27 −2.75 −3.94
Eads(O2), eV −0.09 −0.24 −0.34 −0.14 −0.15 −0.15
Ebarrier(Li), eV 0.37 0.13 0.19 0.21 (0.17) (0.18)
Ebarrier(O2), eV 0.01 0.00 0.06 0.04 0.002 0.07
step d 1st Li 1st Li 1st Li 2nd Li 2nd Li 2nd Li
η, V 1.40 1.58 1.67 1.30 0.95 1.23
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η value 0.95 V) while graphN2 shows the highest η value
(1.67 V), and pyridinic N-doped graphene shows a lower η
value than graphitic N-doped graphene. Since pyrroN3 is not
easily accessible in experiments, as revealed in Figure 2, pyriN4
would be more applicable in catalyzing the initial nucleation of
Li2O2.
The enhanced performance of pyridinic N-doped graphene

toward catalyzing the initial Li2O2 nucleation can be ascribed to
both N doping and the vacancy in the surface. Especially, the
in-plane vacancy can act as strong electron-withdrawing sites,
stabilize Li with high adsorption energy, and facilitate the
nucleation of Li2O2 in path b. However, the strong adsorption
of Li on pyridinic N-doped graphene generates a great obstacle
for Li desorption in the reverse OER process. Therefore, it is
predicted that the first adsorbed Li may not be released in the
ultimate OER process of the first cycle but be stabilized in
pyridinic N-doped graphene and work as a part of the catalyst
in the following cycles.
3.3. Substantial Nucleation of Li4O4 on the Surface of

Pristine and N-Doped Graphene. The substantial nuclea-
tion of Li4O4 on the surface of pristine and N-doped graphene
was simulated after the formation of Li2O2, which can be
regarded as the growth of Li2O2 clusters on different substrates.
The charge transfer from the substrate to Li2O2 in different
systems was first computed. As illustrated in Table 3, there
is 0.48 e charge transfer from Li2O2 to graphene. As a com-
parison, Li2O2 donates less charge to graphN1 and graphN2
but contributes more charge to pyriN3, pyrroN3, and pyriN4.
As a result, Li2O2 on graphN1 and graphN2 is more attractive
to O2 than the cases on pyriN3, pyrroN3, and pyriN4, while
Li2O2 on pyriN3, pyrroN3, and pyriN4 is more attractive to
Li than those on graphN1 and graphN2. However, after the

formation of Li2O2, the adsorption of Li is stronger than that of
O2 for each substrate. Therefore, it is predicted that the
substantial nucleation of Li4O4 will all follow path b in these six
cases. The favorable adsorption of Li on Li2O2-anchored
catalysts can be ascribed to the significant charge transfer from
Li2O2 to the catalysts.
The nucleation of Li4O4 on different substrates was then

simulated by measuring free energy changes of different
intermediates according to eq 6. Detailed reaction steps and
corresponding ΔEtol (eV), ΔEzpe (eV), and TΔS (eV) values for
the substantial nucleation of Li4O4 after Li2O2 on pristine and
N-doped graphene can be found in Table S4 in the Supporting
Information. As shown in Figure 5a, the energy profiles for the
nucleation of Li4O4 were first explored when the applied
voltage U is 0 V. For these six catalysts, all the three steps are
exothermic and energetically favorable, except step 2 for
pyriN4. The controlling step in the case of U = 0 V for all these
six substrates is the adsorption of O2 in step 2, corresponding
to the formation of Li3O4.
When the applied voltage U is 2.92 V (shown in Figure 5b),

all intermediary steps for these six systems are endothermic,
except for the adsorption of O2 on graphene, graphN1,
graphN2, pyriN3, and pyrroN3. In this case, the controlling
step is the Li-containing step instead of the O2 adsorption step.
The controlling step and overpotential for different substrates
are shown in Table 3. The results demonstrate that the over-
pentential which can reflect the formation feasibility of Li4O4
on each substrate has been reduced in comparison with that of
the nucleation of Li2O2. It is predicted that the overpotential
will decrease gradually with the growth of Li2O2 clusters and
finally approach the case of Li2O2 nucleation on the pure Li2O2

surface, which was explored in a previous study.27 In comparison

Figure 4. Calculated energetic profiles of the initial nucleation of Li2O2 on the surface of pristine and different N-doped graphenes at U = 0 V (a)
and U = 2.92 V (b).

Table 3. Charge Transfer from Li2O2 (C/Li2O2) to Pristine and N-Doped Graphene Based on Bader Charge Analysis, the
Substantial Adsorption Energies of Li or O2 on Pristine and N-Doped Graphene with Nucleated Li2O2, Rate-Determining Step
and Overpotential in the Substantial Nucleation of Li4O4 for Different Substrates, and Substantial Charge Transfer from Li4O4
(C/Li4O4) to Pristine and N-Doped Graphene

graphene graphN1 graphN2 pyriN3 pyrroN3 pyriN4

C/Li2O2, e 0.48 0.39 0.25 1.00 0.95 1.15
Eads(O2) Li2O2, eV −0.83 −0.89 −1.03 −0.61 −0.41 −0.61
Eads(Li) Li2O2, eV −1.70 −1.37 −1.31 −1.80 −1.80 −2.11
step d 1st Li 1st Li 1st Li 1st Li 1st Li 1st Li
η, V 1.25 1.56 1.66 1.17 1.14 0.89
C/Li4O4, e 0.62 0.54 0.47 1.06 1.07 1.47
Eads(Li) Li4O4, eV −1.98 −2.04 −1.96 −2.09 −2.34 −2.27

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b00332
ACS Catal. 2015, 5, 4309−4317

4314

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00332/suppl_file/cs5b00332_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b00332


with graphene, pyriN3, pyrroN3, and pyriN4 exhibit lower
overpotential and thus are more effective and favorable for the
nucleation of Li4O4. On the other hand, graphN1 and graphN2
fail to effectively catalyze the nucleation of Li4O4. Therefore, in-
plane pyridinic N is more effective than graphitic N in facilitating
the initial nucleation of Li2O2. Moreover, pyriN4 exhibits the
lowest η, as illustrated in Table 3, in comparison with pyriN3 and
pyrroN3, which is very attractive for facilitating ORR. In view of
the high accessibility of pyriN4 at higher N2 gas pressure as
indicated in Figure 2, we suggest that effective strategies can be
adopted to enhance the content of pyriN4 in the preparation of
N-doped graphene. In order to provide a visual illustration of the
initial nucleation of Li2O2 on the surface of N-doped graphene,
we provide the nucleation schematics of Li2O2 and then Li4O4
on the surface of pyriN4 (Figure 6).
After the nucleation of Li4O4, we further calculated the

charge transfer between Li4O4 and catalysts. Table S5 in
the Supporting Information shows a comparison for the charge
transfer of each Li and O atom between Li2O2 and Li4O4 on the
basis of Bader charge analysis, and substantial charge transfer
from Li4O4 to pristine and N-doped graphene is also sum-
marized in Table 3. As illustrated in Table 3, Li4O4 contributes
increasing charge to the catalysts in comparison with Li2O2 and
will be more attractive to Li in the substantial ORR. To verify
this assumption, the adsorption of Li on Li4O4-supported cata-
lysts is estimated and the Eads value for each system is provided
in Table 3. The results demonstrate that the pyridinic N-doped
graphene still exhibits stronger Li adsorption than graphitic
N-doped graphene, and the Li adsorption on Li4O4 is stronger
than that on Li2O2. Therefore, we predict that path b will be
much preferred in the following ORR after Li4O4 due to the
increasing Li adsorption, and the favorable Li adsorption will
contribute to the decrease of overpotentials.
Due to the significant potentials of in-plane pyridinic N-doped

graphene toward catalyzing ORR in Li−O2 batteries, pyriN4 is

highly attractive in experiments. Especially, as implied in this
study, pyriN4 can be selectively obtained in real experiments by
using N2 as the nitrogen source. Therefore, pyriN4, a low-cost
and highly active cathode, is expected to be applied in Li−O2
batteries in the near future. It is also predicted that cathodes with
strong electron-withdrawing properties will tend to follow path b
during ORR processes and can exhibit good ORR catalytic
performances in Li−O2 batteries.

4. CONCLUSIONS

In summary, pristine and N-doped graphene were selected as
catalysts to computationally investigate the ORR and initial
nucleation processes of Li2O2 in nonaqueous Li−O2 batteries.
Three types of N doping (graphitic N, pyridinic N, and
pyrrolinic-like N) and five N contents (0−9.6 wt %) were
involved in these six catalysts. The strong electron-withdrawing
ability of N can cause its neighboring carbon to be active for the
adsorption of Li/O2, and meanwhile the vacancies associated
with pyridinic N can trap Li.
Distinguished by the first adsorption of O2 or Li, two paths

(a, O2 → LiO2 → Li2O2; b, Li → LiO2 → Li2O2) were
proposed for the nucleation of Li2O2. The specific nucleation
processes of Li2O2 and Li4O4 on pristine and N-doped
graphene were interpreted by estimating the free energy of
different intermediates under open circuit (U = 0 V) and
equilibrium (U = 2.92 V) conditions, respectively. It is found
that the charge transfer from the nucleated Li2O2 cluster to the
carbon catalysts will increase with the growth of Li2O2 clusters.
In the following ORR processes after Li4O4, path b will be more
preferred due to the increasing adsorption of Li. Meanwhile,
the overpotential of the controlling step will decrease with
the growth of Li2O2 clusters and is predicted to approximate
to the case of Li2O2 nucleation on a pure Li2O2 surface. As
demonstrated, in-plane pyridinic N can reduce the over-
potential of the controlling step more effectively than graphitic

Figure 6. Schematics for the nucleation process of Li4O4 on the surface of pyriN4.

Figure 5. Energy profiles for the substantial nucleation of Li4O4 on different substrates under the potentials of U = 0 V (a) and U = 2.92 V (b).
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N and thus facilitate the nucleation of Li2O2. The enhanced
catalytic properties of pyridinic N can be ascribed to the
eletroton-withdrawing configurations, which lead to significant
charge transfer from Li2O2 (Li4O4) to the substrates. However,
the strong Li adsorption of in-plane pyridinic N would generate
obstacles for the releases of Li in the reverse OER processes
and the OER mechanism on N-doped graphene needs to be
further explored in the future.
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Kim, Y. A.; Muramatsu, H.; Zhu, J.; Endo, M.; Terrones, H.; Charlier,
J.-C.; Pan, M.; Terrones, M. Sci. Rep. 2012, 2, 586.
(58) Yu, Y.-X. Phys. Chem. Chem. Phys. 2013, 15, 16819−16827.
(59) Ma, C.; Shao, X.; Cao, D. J. Mater. Chem. 2012, 22, 8911−8915.
(60) Rangel, E.; Magana, L. F.; Sansores, L. E. ChemPhysChem 2014,
15, 4042−4048.
(61) Pels, J.; Kapteijn, F.; Moulijn, J.; Zhu, Q.; Thomas, K. Carbon
1995, 33, 1641−1653.
(62) Li, Y.; Zhou, Z.; Cabrera, C. R.; Chen, Z. Sci. Rep. 2013, 3, 2030.
(63) Usachov, D.; Fedorov, A.; Vilkov, O.; Senkovskiy, B.;
Adamchuk, V. K.; Yashina, L. V.; Volykhov, A. A.; Farjam, M.;
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