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ABSTRACT: Unraveling the catalytic mechanism of transition-metal oxides
(TMOs) for the charging reaction in a Li—O, battery and characterizing their
surface structures and electronic structure properties of active sites are of great
importance for the development of an effective catalyst to improve low round-trip
efficiency and power density. In the current study, an interfacial model is first
constructed to study the decomposition reaction mechanism of Li,O, supported on
Co,;0, surfaces. The computational results indicate that the O-rich Co;0, (111)C
with a relatively low surface energy in high O, concentration has a high catalytic
activity in reducing overpotential and O, desorption barrier due to the electron
transfer from the Li,O, layer to the underlying surface. Meanwhile, the basic sites of
Co;0, (110)B surface induce Li,O, decomposition into Li,O and a dangling Co—
O bond, which further leads to a high charging voltage in the subsequent cycles.
The calculations for transition-metal (TM)-doped Co;0, (111) indicate that P-type
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doping of Co;0, (111) exhibits significant catalysis in decreasing both charging overpotential and O, desorption barrier. The
ionization potential of doped TM is determined as an important parameter to regulate the catalytic activity of metal oxides.
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1. INTRODUCTION

Rechargeable lithium—oxygen (Li—O,) batteries have recently
attracted great attention due to their superior energy storage
density in comparison to conventional Li-ion batteries, which is
critical to meet today’s stringent power source requirements for
electric vehicles and other high-energy applications.'™”
However, the performance of Li—O, batteries is currently
limited by several issues such as high charging overpotential,*’
low rate capability,"'>"" and poor cycling stability.”'>"?
Nonaqueous aprotic Li—O, batteries are based on the net
electrochemical reaction 2Li* + O, + 2¢~ < Li,O, with a
thermodynamic potential of U, = 2.96 V from the Nernst
equation. Many experiments determined modest discharging
overpotential (~0.3 V) but very high charging overpotential
(1.0—1.5 V), resulting in a low round-trip efficiency.”'*™*¢
Due to the limited polarization effects of lithium anodes, the
large charging overpotential is mainly attributed to the sluggish
oxygen evolution reaction (OER; Li,O, — 2Li* + O, + 2e”) in
an air electrode."”'”'® Tremendous research efforts in
experiment and theory have been made to address this critical
challenge by incorporating active catalysts in the cathode to
enhance the kinetics of the OER: for example, metal
oxides,g’g’m’lg_23 noble metals,24_26 and ceramic based
materials (TiN, TiC, and perovskites).”” "> However, it is
still controversial whether transition-metal oxides (TMOs) can
improve the electrochemical performance of a Li—O, battery.
Many TMOs were determined to have little, even no, catalytic
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effects in reducing overpotential and improving current
density.30 In contrast, some TMOs with novel nanostruc-
tures,”*’ doping metals,'® and conductive substrates®>*>**
were experimentally found to have catalytic activity for the
electrochemical reaction in a Li—O, battery. These differences
stimulated us to elucidate what the key factor is in controlling
the catalytic activity and designing a highly active catalyst.
Therefore, unraveling the catalytic mechanism of TMOs and
characterizing their structural and electronic properties related
to catalytic activity are very important to develop practical
devices with improved round-trip efficiency.

Among all applied metal oxides, the spinel Co;O, with mixed
oxidation states of Co®* and Co®" is promising, as it can
significantly reduce OER overpotential and improve the cyclic
performance of a Li—O, battery.® Previous studies showed that
Co;0, exhibited high catalytic activity in electrochemical water
splitting,* Fischer—Tropsch synthesis,>> and low-temperature
CO oxidation.® After studying several metal oxides as cathode
catalysts, Débart et al. found that Co;0, supported on carbon
gives the lowest charging voltage of ~4.0 V and maintains a
relatively good discharging capacity.® In 2012, electrochemical
studies on an innovatively designed Co;O0,@Ni cathode
demonstrated a higher rechargeable capacity and much lower
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Figure 1. (a) Schematic diagram for the discharging product (Li,O,) deposited on the electrocatalyst surface (CO;0,). (b) Top and (c) side views

of the computational model for the Co;0,/Li,0,/0, interface.

charging voltage (3.5 V) in comparison to noble metal Pt/Au as
cathode catalyst.'"*** However, the detailed catalytic mecha-
nism is unclear. Very recently, Black et al. studied the
electrochemical performance of Co;O, grown on reduced
graphene oxide (Co;0,@RGO) and observed kinetic improve-
ment of mass transport for both the OER and the oxygen
reduction reaction (ORR; 2Li* + O, + 2e~ — Li,0,).
However, the conventional catalytic effect originating from
electron transfer was not found. It is significantly important to
develop a proper catalytic model and elucidate the catalytic
mechanism of Co;0, for the OER in a Li—O, battery.

During charging, the possible processes related to the
catalytic mechanism include interfacial interactions, mass
transport, and electrochemical reactions. The experimental
characterization of these mechanisms is challenging, as the
charging reaction mainly occurs in the interface between the
cathode and Li,0,° Although there are several theoretical
calculations on OER mechanisms and kinetics of pure
Li,0,, ¥ computational studies determining the mechanism
of Li,O, oxidation on a catalyst and unravelling possible
catalytic effects have been very limited so far.

In this paper, first-principles studies on the catalytic
mechanism of Co;0, surfaces on the OER of Li,O, in a Li—
O, battery are presented. The goal is to find whether the
catalytic effect exists in the charging process and what the key
factor is that influences the catalytic effect. On the basis of
previous experimental and theoretical studies, the interfacial
model of Li,0,/Co0;0,/0, is constructed to study the Li,O,
OER mechanism on different catalytic surfaces. Further, TM-
doping calculations have been performed to screen the effective
TMs in reducing the charging overpotential and O, desorption
barrier. Three design rules for an OER catalyst in a Li—O,
battery are therefore proposed on the basis of our mechanistic
studies.

2. COMPUTATIONAL DETAILS

First-principles calculations in this work were conducted using
density functional theory (DFT) with the generalized gradient
approximation (GGA) for the exchange-correlation function as
formulated by Perdew, Burke, and Ernzerhof (PBE). The
valence electron—ion interaction was modeled by the projector
augmented wave (PAW) potential as implemented in the
Vienna ab initio simulation package (VASP).**> A plane wave
basis set with a cutoff energy of 450 eV was used. Electron
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correlation within the d states significantly affects the electronic
structure and energetic properties of transition-metal ox-
ides.*** On the basis of the previous reports, the GGA+U
(U = 2.0 eV) approach was used in our calculations.**® The
band gap of bulk Co;0, is calculated to be 1.51 eV by DFT+U,
which is consistent with the experimental value (1.44—1.52
eV). 4750

For the well-known overbinding issue of the O, molecule
using DFT, the energy of the O, molecule is determined by the
formula H(T = 0 K,0,) = 2H(T = 0 K,0) — AE™® 5! where
AE®® (5.12 eV) is the binding energy of O,”> and H(T = 0, X)
is the calculated ground state energy of the oxygen atom (X =
O) or oxygen molecule (X = O,). The free energy of O,
includes the enthalpic contributions of 7/2 kzT from
transitional, rotational, and PV degrees of freedom, while the
entropic contributions are taken from tabulated experimental
data.>"*? On the basis of experimentally thermodynamic data of
bulk Li,O, and Li,** the open-circuit potential of 2Li* + O, +
2e” & Li,O, is 2.98 V, which is close to the experimental value
(2.96 V). The formation enthalpy and Gibbs energy of Li,O,
from calculations are —6.57 and —5.96 eV, respectively, which
are in good agreement with the experimental data (—6.57 and
—5.92 eV).>?

In the charging process, Li* ions under an electromotive
force are desorbed from the Li,0,/Co050,/0, interface and
subsequently diffused to the anode via the electrolyte.””>*
Thermodynamically, the charging process can be described as

AG = E — Ey + AN(u;, — eU) + AN o, 1)
where E is the total energy of the slab, E is the total energy of
the initial slab, ANy; and AN, are the numbers of Li and O,

removed, and yy; and yg, represent the chemical potentials of

Li bulk and O,, respectively. U is the electromotive force
corresponding to the charging voltage and can be derived from
the thermodynamic equation of electrochemistry AG = AG® +
nFU. The previous studies indicated that electrochemical
process involving ion-coupled electron transfer can be well
described by first-principles thermodynamics.>* Although the
same formula has been applied by different research groups to
calculate the charging process of Li,O,, the definition of
overpotential is different due to the shifting total free energy for
each intermediate® or reaction step***' to negative values. In
this work, we define an overpotential by shifting the free
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energies of all intermediates to AG < 0, which is consistent with
ref 39.

3. RESULTS AND DISCUSSION

3.1. Interfacial Model of Li,0,/C03;0,/0,. As discussed
above, an effective computational model is important for
accurately describing the catalytic mechanism of the OER in a
Li—O, battery. There are two possible interfacial sites, cathode/
Li,O, and two-phase Li,O,/electrolyte, in the OER of a Li—O,
battery. The recent study by in situ transmission electron
microscopy (TEM) on the OER of Li,O, on MWCNT
revealed that the reaction preferentially occurs in the three-
phase interface cathode/Li,O,/electrolyte rather than the two-
phase interface electrolyte/Li,0,.>* On the basis of these
results, a theoretical model in which a nanoscale Li,O, is
deposited on Co;0, surfaces to form a solid—solid interface
was constructed, as shown in Figure la. Subsequently, Co;0,
surface structures and supported Li,O, nanostructures should
be described accurately on the basis of the previous
experimental and theoretical data.*>**3!

The spinel Co;0, exhibits rich surface-dependent catalysis
due to different Co>*/Co®" percentages on specific surfa-
ces.***>% Careful inspection of experimental data finds that
Co;0, (110) and (111) facets are exposed in a number of
nanostructures.’*™® The experimental studies on Co;0,@Ni
by Cui et al. predicted that the Co;0, (111) surface was likely
to be exposed as the catalytic surface of the OER.*® In addition,
previous studies have demonstrated that Co;O, (110) and
(111) surfaces had high catalytic activity for the OER in
electrochemical water-splitting cells.3**7%! In this work, the
possible surface structures are determined by calculating their
surface energies as a function of the chemical potential of
oxygen. The calculated surface energies of Co;0, (110), (111),
and (311) facets correlating with the chemical potential of
oxygen are presented in Figure S1 (Supporting Information).
Under O-rich conditions, Co;0, (111)C and (110)B have
relatively low surface energies and are readily exposed with a
large percentage area in the reaction of a lithium—air battery.
The surface notations A—C in the present paper are labeled
according to the traditional rule of discovered sequences in
time. Co;0, (110)B has been reported in previous literature,
and Co;0, (111)C is first found in the present work after the
determined Co;0, (111)A and (111)B.** The detailed
structures of Co;04 (110)B and (111)C are also illustrated
in Figure S1. Due to their low surface energies, the Co;0,
(111)C and (110)B surfaces were selected to explore the
catalytic effect for the OER in a Li—O, battery. More
importantly, the Co;0, (111)C surface is fully oxygen
terminated in a high O, pressure environment, while Co and
O atoms coexist in the Co;O, (110)B surface. The selection is
aimed to determine the surface effects of catalytic activity for
the OFR in a Li—O, battery.

SEM observations indicated that the morphology of the
discharging product Li,O, exhibited toroidal and donutlike
shapes.®”> Via calculating surface energies, Radin et al.
established the equilibrium shape of Li,O, with O-rich
(0001) and (1T00) surfaces,® which was later confirmed by
Yang et al.*® Therefore, in our computational model, two O-
rich surfaces ((0001) and (1100)) are exposed under vacuum
to simulate the gas O, environment. Another dimension of
Li,O, is calculated periodically. Our calculations focus on the
catalytic activity of different Co;0, surfaces. A comparison of
charging voltages in the different catalytic surfaces may cancel
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out the calculation error generated by the Li,O, morphology
when the same equilibrium structure of Li,O, is used.

For a practical computational cost, the limited-size interfacial
model of Li,0,/Co0;0,/0, shown in Figure 1b,c has been
constructed for calculations. The contact orientation of Li,O,
and Co;0, is determined by the smallest lattice mismatch of
Co30, and Li,O, surfaces, which is shown in Figure S2 and
Table S2 (Supporting Information). To build a stoichiometric
structure, the Li layer of the Li,O, surface is directly contacted
with the Co;0, surface while the O-rich surface of Li,O, is
exposed on the top layer, which is consistent with the
computational results of Radin et al.>* We further construct a
Li,0,/Co;0, interface model with a sandwich structure, as
shown in Figure S3 (Supporting Information). Four layers of
Co;0, (110)B and five layers of Co;0, (111)C are used in this
model. After a structural relaxation, we found that the interfacial
structure between Co3;0, and the first layer Li,O, did not
induce too much change in structure and charge distribution for
the second layer Li,O, (see Figure S4 (Supporting
Information)). As a result, two layers of Li,O, are deposited
to interface with the Co;0, surface and the top layer of Li,O, is
fixed in structural relaxations according to our trial calculations.

3.2. OER Mechanism of Li,O, Supported on Co;0,
Surface. For comparison, OER paths starting from the Li,O,
(1100) surface, which is directly exposed to vacuum in the
Li,0,/C030,/0, interface,”" were first calculated. The energy
profile of stepwise Li* and O, desorption in OER paths is
shown in Figure 2. Two possible reaction paths, Li* — Li* —
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Figure 2. Energy profiles of possible OER paths starting from the
Li,O, (1100) surface. The charging voltages for Li* — Li* — O, and
Li* - O, — Li" are 3.23 and 5.00 V, respectively.

0, and Li* —» O, — Li", are considered on the basis of our
previous calculations® and Ceder et al’s work for Li,O,
oxidation.* In these reaction paths, O, desorption is the
rate-determining step: 1.75 eV for Li" — Li" — O, and 3.33 eV
for Li* = O, — Li". The charging voltage of the favorable path
Li" = Li* — O, is calculated as 3.23 V, which is consistent with
the calculated value (2.83 V) of Ceder et al.** after taking
account of the difference in O, potentials (—9. 97 eV in their
paper vs —9.12 eV in this work). Subsequently, these calculated

dx.doi.org/10.1021/cs5014442 | ACS Catal. 2015, 5, 73—-81
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Figure 3. (a) Calculated structure of the Co;0, (111)C/Li,0,/0O, interface. The atoms in the rectanglular box are used to show structural evolution
in (d). (b) Energy profiles of Li* — Li* — O, and Li* — O,— Li* OER paths of Li,0,. (c) Bader charge analysis of 01—02—03—04 associated
with the OER of Li,O,. The calculated O atoms in charge transfer analysis correspond to labeled O atoms in the box of (a). (d) Sketch map of Li* —

Li* - O, and Li* - O, — Li" OER paths of Li,0, (02—03).
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Figure 4. (a) Calculated structure of the Co;0, (110)B/Li,0,/0, interface. The atoms in the rectanglular box are used to show structural evolution
in (d). (b) Energy profiles of Li* — Li* — O, and Li* - O,— Li" OER paths of Li,O,. (c) Bader charge analysis of 01—02—03—04 associated
with the OER of Li,O,. The calculated O atoms in charge transfer analysis correspond to labeled O atoms in the box of (a). (d) Sketch map of Li* —

Li* - 0, and Li* - O, — Li" OER paths of L,0, (02—03).

charging voltages and O, desorption energies will be used as a
reference to determine the catalytic activities of Co;0, surfaces

in the subsequent discussion.

On the basis of the established interfacial model, OER paths
of the Li,O,-supported Co;0, (111)C surface were calculated.
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A Bader charge analysis of the intermediates of the lowest-
energy reaction path was performed to reveal the underlying
catalytic mechanism. The calculated structure, energy profiles of
OER paths (Li* - Li* - O, and Li* - O, — Li*), and a
charge analysis of OER intermediates of Li,O, supported on
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ACS Catalysis

Research Article

Co0;04(111)C are given in Figure 3a—c, respectively. The
structural evolutions of two reaction paths are shown in Figure
3d.

According to relaxed structures, we did not find any O—0O
bond cleavage of Li,O, near the interface, but some Li" ions are
attracted to approach the O-rich surface of Co;0, In
comparison, the O—O bond near the interface is 0.16 A
shorter than that of Li,O, due to a large charge transfer from
Li,O, to the Co;0, surface. The Li* — Li* — O, OER path
corresponds to a relatively low charging voltage of 2.69 V, while
the Li* - O, — Li" OER path requires a charging voltage of
3.10 V. In addition, the former requires overcoming a lower
barrier (1.27 eV) of O, evolution, and the latter has a higher
barrier of 1.50 eV for the corresponding step. A comparison
with charging voltages of pure Li,O, in Figure 2 reveals that the
O-rich Co;0, (111)C surface has a catalytic effect in reducing
the overpotential of AU = 3.23 — 2.69 = 0.54 V for the Li* —
Li* - O, OER path and AU = 5.00 — 3.10 = 1.90 V for the Li"
— O, = Li* OER path. As shown in Figure 3¢, both 02—03
and O1—04 have a significant electron transfer which enhances
species conversion from 0, to 0,.

There are two kinds of oxygen atoms on the Co;0, (111)C
surface: the two-coordinated (2c-O) and three-coordinated
(3¢c-O) atoms. In the first step of the OER, the 2¢c-O and 3¢-O
gained 0.256 and 0.233 electron from high-energy occupied 7*
orbitals of Li,O,, respectively. This electron transfer is favorable
for Li,O, desorption. Although 2c-O may have a slightly
stronger ability to obtain electrons from Li,O,, the synergistic
role of 2¢-O and 3¢-O in gaining electrons is expected to be
more important. As a comparison, it is found that the Co—O
coexistence surface will break the O—O bond of Li,O,, as
indicated in the discussion of the Co;0,(110B) surface.
Therefore, it is thought that a surface fully covered by electron
acceptors may be significant for Li,O, desorption.

Similarly, OER paths of Li,O, supported on Co;0, (110)B
were calculated. The relaxed structure, energy profile of OER
paths, Bader charge analysis for all intermediates, and structural
evolutions of two OER paths are presented in Figure 4a—d,
respectively. As shown in Figure 4a, a strong interfacial
interaction between Li,O, and Co;0, induces O—O bond
cleavage to form a dangling Co—O bond and Li,O species due
to electron transfer from the d orbital of Co to z* of O,.
Particularly, this is an opposite electron transfer direction with
Li,0,/Co;0, (111)C. Therefore, two categories of Li, o,
species, Li,O, (02—03) and Li,0 (01-04), should be
considered to unravel the OER mechanism.

First of all, we consider the OER mechanism of Li,O, species
on the Co;0, (110)B surface. The calculated OER paths of
Li,0, (02—03) and corresponding structural evolution are
presented in Figure 4b and d, respectively. The charging
voltages for the Li* — Li" — O, and Li* — O, — Li" paths are
calculated as 3.06 and 3.86 V, respectively. Taking pure Li,O,
(Figure 2) as a reference, we found that Co;0, (110)B can
decrease the charging overpotential with AU = 3.23 — 3.06 =
0.17 V for the Li* — Li* — O, path and AU = 5.00 — 3.86 =
1.14 V for the Li" - O,— Li" path. In addition, two rate-
determining barriers of O, desorption steps are reduced to 1.15
eV in Li* - Li" - O, and 1.03 eV in Li* -» O, — Li* in
comparison with the O, desorption barriers of 1.75 and 3.33 eV
in Figure 2. As a result, it is predicted that Co;0, (110)B has a
certain catalytic effect for Li,O, species by reducing the
charging overpotential and O, desorption barrier but this effect
is weaker than that for Co;O, (111)C. As shown in Figure 4c,
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02-03 in the second and third intermediates has a significant
charge transfer which catalyzes Li,O, oxidation and is favorable
to O, desorption.

Previous experimental studies indicated that Li,O might be
formed with noble metals or metal oxides used as the cathode
catalyst in a Li—O, battery.>**%*~% However, the atomic scale
OER mechanism for the Li,O species is complicated and has
not been fully established. Two possible OER mechanisms for
Li,0 and O—Co* species are considered in the current
calculations and are presented in the equations

Li,O + O—Co% — 2Li + O, + Co* @3)

4)

Equation 3 describes a continuous process of recombination of
Li,O and O(—Co) followed by desorption into O, and 2Li,
refreshing the Co;0, (110)B surface. The calculations show
that this process requires a charging voltage of 5.61 V (see
Figure SS (Supporting Information)), which is unlikely to
occur in practice. Equation 4 presents two formed Li,O units
combining together and desorbing into O, and 2Li, leaving O—
Co bonds on the (110)B surface. The calculation obtained a
charging voltage of 3.16 V, which is lower than the charging
voltage (3.23 V) of Li,O,. These calculated results indicate that
the possible discharging product Li,O may decompose under
catalysis of O-modified Co;0, (110)B covering the Co atom
with the O atom.

The calculations showed that O-modified Co,0, (110)B
covering the Co atom with the O atom may be generated in the
first discharging process. Therefore, it is worth exploring the
OER mechanism of Li,O, supported on O-modified Co;0,
(110)B in order to determine its catalytic activity. The
calculated energy profile of Li* — Li* — O, and optimized
structures are presented in Figure 5. The charging voltage along

2Li,0 + 20—-Co* — 4Li + O, + 20—Co*

0.0 [,
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Figure S. Calculated energy profiles of Li" — Li* = O, OER of Li,0,
supported on an O-modified Co;0, (110)B surface.

this reaction path is calculated as 4.01 V, which is much higher
than that (3.23 V) of clean Li,O,. A careful inspection of
structures indicates that O(—Co) has a strong attraction for Li*
ions. The Bader charge calculation shows that O(—Co) has an
extra charge of —1.6e”, indicating an electronic state of or.
In summary, we predict that the Co/O-coexisted Co;0,
(110)B may reduce the charging overpotential by ~0.17 V and
O, desorption barrier by ~0.60 eV in the first charging process.
However, this catalytic activity in reducing charging voltage and
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Scheme 1. Comparison of Catalytic Mechanisms of Co;0, (111)C and (110)B Surfaces for OER in Electrochemical Water

Splitting and OER in a Li—O, Battery, Respectively”

(a) Interfacial OER of Li,O5 on O-rich C03O4 (111)C Surface

(b) Heterogeneous OER of H,0 on Co/O-coexisted C03O4 (110)B Surface

o/

_2H+ SHOL

ECO - O Co:

ECo—O Co: RDS rCo—O Co—I_ze RDSrCo—O Co—I

-2H+

ECO - - C0]

“Here, RDS represents the rate-determining step.

O, desorption energy may disappear in the subsequent cycles
because the possible discharging product Li,O has a relatively
high charging voltage. Therefore, it is predicted that Co;0,
(110)B as a catalytic surface may have poor cycle performance
in a Li—O, battery.

3.3. Influence of Surface Structure on Catalytic
Activity. It is important to reveal surface effects of the
catalytic activity on the basis of OER mechanisms of Li,O, on
Co0;0, (110)B and Co;0, (111)C. According to the Bader
charge analysis (Figures 3c and 4c), O-rich Co;0, (111)C is
determined to be a strong Lewis acid catalyst which prefers
attracting electrons from Li,O,. Since such electron transfer
enhances Li* and O, desorption, the charging voltage of Li,O,
is effectively decreased. In contrast, acidic sites (O sites) in the
Co;0, (110)B surface have a weak attraction for electrons in
Li,O,, while basic sites (Co sites) of Co;0, (110)B induce O—
O bond cleavage to form a stable phase of Li,O owing to
electron transfer from Co atoms to Li,O,. The calculations
suggest that the OER of Li,O requires a relatively high charging
voltage. Therefore, a catalytic surface with higher Lewis acidity
corresponds to a higher catalytic activity for Li,O, OER. It is
concluded that an effective method to improve the catalytic
activity of Li,O, OER is to prepare a Lewis acid surface for
transition-metal oxides at a high O, pressure.

On the basis of the calculated results, two strategies are
proposed to improve the catalytic activity of the metal/oxygen-
exposed surface. First of all, an effective passivation pretreat-
ment for transition-metal sites under basic conditions is
necessary to prevent reduction of Li,O, to form Li,O, which
was confirmed by the recent experimental studies of Co;Mo;N
and Ti/MnO, as bifunctional catalysts of the ORR and OER in
a Li—0, battery."”® Secondly, given the same surface
structure, late-transition-metal oxides may have a higher
catalytic activity for Li,O, OER than early-transition-metal
oxides due to the higher Lewis acidity.

Furthermore, the calculated OER mechanisms of a Li—O,
battery on Co;0, (111)C and electrochemical water splitting
supported on Co;0, (110)B** are compared. As shown in
Scheme 1, the Co/O-coexisted Co;O, (110)B surface was
demonstrated to have high catalytic activity for water
adsorption and the OER,** whereas the O-rich Co;0, (111)
C surface has no catalytic activity because O—H bonds cannot
be broken without Co ions being involved.”” The water
adsorption and oxidation on Co;0, surfaces are a typical of
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heterogeneous catalysis where molecular/atomic adsorption
strength on the surface is of importance to determine catalytic
activity. In contrast, different catalytic mechanisms of Co;0,
surfaces are presented in the OER of a Li—O, battery. The O-
rich Co;0,, (111)C surface has a high catalytic activity for Li,O,
OER due to electron transfer from O,>” to the surface, while
the Co/O-coexisted Co;0, (110)B surface has a weak catalytic
activity due to Li,O formation. The Li,O, decomposition on
Co;0, surfaces is interfacial catalysis between two solid phases.
Therefore, long-range electron transfer play an important role
in determining catalytic activity.

3.4. Tailoring Catalytic Activity by Doping TM.
Effective surface enhancement such as TM doping has been
extensively applied to improve the activities of catalysts.”!
Previous experimental studies showed that the introduction of a
TM into metal oxides and nitrides could re§ulate the catalytic
activity of the OER in a Li—O, battery.'®'”®” Therefore, OER
mechanisms of Li,O, catalyzed by a TM-doped Co,0, (111)C
surface were calculated. In the present work, only TMs (Mn,
Fe, Co, Ni, Ru, and Pd) nearby Co in the periodic table have
been selected to substitute for Co. The Co atoms in the first
layer are all three-coordinated with surrounding oxygen atoms.
Three Co atoms are replaced by the selected TM
corresponding to 25% doping concentration in the first layer.
A relatively high doping concentration was designed so as to
indicate an obvious catalytic effect. Moreover, the model is
close to the real systems, as doping atoms will segregate to the
surface, corresponding to a high doping concentration.”" The
detailed doping positions are illustrated in Figure S6
(Supporting Information). It should be pointed out that
oxygen vacancies generated by doping different valence TMs
were not considered in the current calculations. As reported by
Metiu et al, oxygen vacancies with exposed TMs are strong
bases that preferably donate electrons to Li,O,, which is
unfavorable to the OER.”"7>

In order to determine the thermodynamic stability of the
doping system, the substituted energies have been calculated
according to the equations

nM + TMO, — TMOygpeq + nCo

©)

erfect

- ETMO—perfect - nEM

n (6)

ETMO—doped + nECo

S=
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where M is the dopant and # is the number of M in the model
per super cell. Co and M are both in the bulk phase. Eryo. perfect
and Eqyo.qoped Tepresent the total energies of clean and doped
surfaces of TMO, respectively. According to the formula (6),
the substituted energies of TM-doped Co;0, (111)C (TM =
Mn, Ni, Fe, Ru, Pd) were calculated as —1.99, 1.50, —0.46,
—0.87, and —2.05 eV/atom, respectively. Except for Ni, other
TMs have favorable thermodynamics to substitute for Co in
Co,0, (111)C.

The catalytic activities of TM-doepd Co;0, were further
established by calculating reducibility for overpotential and O,
desorption barrier. The calculated values of decreased potential
and O, desorption barrier were correlated with ionization
potentials of doped transition metals. Figure 6 presents the

-
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Figure 6. Decreased overpotential and O,-desorption barrier in the
OER of Li,O, supported on TM-doped Co;0, (111)C as a function
of ionization potential of doped TM.

correlation of catalytic activity with ionization potential of
doped TM. Pd-doped Co;0,(111) exhibited a comparable
charging overpotential but exhibited a better catalytic activity in
reducing O, desorption energy. Therefore, it is predicted to be
a promising catalyst for the charging reaction of a Li—O,
battery. While no Pd-doped Co;0, as an OER catalyst has been
reported so far, a similar system, Pd/MnO,, was determined to
have a higher current density and discharging capacity.'® Future
experimental studies of Pd-doped Co30, are highly desirable to
confirm our prediction. In addition, Debart et al. found that
CoFe,0, had a weaker catalytic activity in reducing the
overpotential and improving the discharging capacity,®'* which
is qualitatively consistent with our calculations.

In fact, tuning the catalytic activity of Co;0, (111) by doping
TM is in nature consistent with the previously established
structure—performance relation: that is, the Lewis acid strength
of the catalyst surface is an important parameter to evaluate the
catalytic activity for Li,O, OER. In addition to preparing
transition metal oxides under relatively high O, pressure, we
further suggest another important strategy, doping TM with a
higher ionization potential, to design catalysts for the Li,O,
OER

3.5. Implication for Experiments. Our previous exper-
imental studies showed that the overpotential at a low current
density could be reduced by ~0.6 V with Co;0, catalyst in
comparison to that with no catalyst.'* This is in good
agreement with our calculated results, in which the Co;0,
(111)C surface decreases the charging voltage by 0.54 V (3.23
— 2.69 V). In addition, Bruce et al. reported that Co;O, on a
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carbon cathode could reduce the charging voltage by 0.5 V,"*
which is in qualitative agreement with our calculated value.

The present calculations reveal a possible mechanism of
reducing overpotential by Co;0,, except for any complications
of electrochemistry caused by electrolyte and electrode stability
issues. There exists a great debate on the charging voltage of
Li,O, and the real effectiveness of electrocatalysis in a Li—O,
battery. Experimental studies by Luntz et al. suggested that the
charging plateau of Li,O, should be ~3.2 V and no OER
catalysts were required.** However, they examined a Li—O,
battery with a small capacity and a monolayer Li,O, structure
on a carbon electrode. Later, Yang et al. found that the charging
voltage is apparently related to the size, composition, and
morphology of discharging products.”*”* The main charging
plateau occurs at ~3.4 V, corresponding to ~0.5 V over-
potential. According to first-principles thermodynamic calcu-
lations, Luntz et al. found a low OER overpotential in the
various Li,O, surfaces.* However, the OER takes place on the
interface of the cathode and Li,O, instead of the Li,O,
surface,”® which may generate a higher overpotential. By
using metal electrodes and stable electrolyte in a Li—O, cell,
Bruce®® and Wen?? also found that charging voltages of Li,O,
should be 3.3—3.5 V without electrode and electrolyte stability
issues. All this evidence indicates that only Li,O, can usually
generate the charging overpotential of 0.5 V, and electro-
catalysis can reduce the charging overpotential ofa Li—O,
battery. Such an overpotential may be ascribed to a slower
electrochemical reaction (OER) but fast electron t1'ansport.30’51
Therefore, our calculations focus on reducing the overpotential
of 2.9-3.5 V, which originates purely from Li,O, oxidation.
The higher overpotential (3.5—4.0 V) observed in experiments
may be interpreted as slow mass transport, desolvation, and
side reactions.>*”*”® Undoubtedly, it is relevant to reduce the
OER overpotential of Li,O,, which can improve the round-trip
efficiency of a Li—O, battery and avoid side reactions.

It is interesting to extend the calculated catalytic mechanism
of Co;0, to other TMOs as catalysts of the OER in a Li—0,
battery. As indicated above, electron transfer from Li,O, to the
catalyst is the essence of catalytic activity in reducing charging
overpotential and O, desorption energy. On the basis of our
calculations, three rules are proposed for designing a novel
catalyst. They are expected to provide guidance on possible
ways to manipulate the surface structure of the catalyst. First of
all, the higher the acidity of the surface structure of the catalyst,
the higher the catalytic activity it has. Tuning the acidity of
TMO surfaces has been elaborately discussed in a previous
review.”" A systematical study of TMOs to catalyze OER is
underway in our group. Second, surface oxygen ions have
strong Lewis acidity to attract electrons from Li,O, and thus to
enhance OER kinetics, whereas a basic surface with exposed Co
leads to a highly stable Li,O formation. It is predicted that
TMOs with a higher O content on the surface may have a
higher catalytic activity for Li,O, OER because more Lewis acid
sites could be exposed on their surfaces. Generally, TMOs
prepared under a relatively high O, pressure have more O-
exposed polar surface structures. Third, doping TM with a
higher ionization potential in TMO is a very effective strategy
to improve the catalytic performance of the OER in a Li—O,
battery.

4. CONCLUSIONS

In the present paper, extensive DFT-based first-principles
computational studies have been performed to understand the
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complicated OER mechanism of Li,O, supported on Co;0,
surfaces. According to our calculated results, we conclude the
following.

(1) On the basis of our calculations, we determined that the
OER in a Li—0O, battery should preferably occur in the Li,O,/
catalyst/O, interface rather than the Li,O, surface, which is
consistent with experimental observations. The computational
model of the OER mechanism should contain two solid phases
and a vacuum.

(2) The Co;0, (111)C surface with full coverage of Lewis
acid sites has a high catalytic activity in reducing overpotential
and O, desorption barrier due to electron transfer from Li,O,
to the catalytic surface. The basic sites of the Co;0, (110)B
surface induce Li,O, decomposition into Li,O and a dangling
Co—O bond, which leads further to a high charging voltage in
the subsequent cycles. This indicates that electron transfer from
Li, O, to the catalyst is favorable to reduce overpotential and O,
desorption energy.

(3) The calculations for transition-metal (TM)-doped Co;0,
(111) indicate that P-type doping of Co;0,4 (111) exhibits a
good catalytic effect in decreasing both charging overpotential
and O, desorption barrier. The ionization potential of doped
TM has been determined to be an important parameter to
regulate the catalytic activity of metal oxides.

(4) According to our calculated results, we propose three
rules for designing an active catalyst to reduce overpotential
and improve the current density of the OER in a Li—O, battery.
Therefore, our mechanistic studies for the OER mechanism of
Li,O, supported on Co;0, should be helpful in the
development of a high-performance Li—O, battery.
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