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Very Important Paper

Bifunctional Oxygen Electrocatalysts for Lithium�Oxygen
Batteries
Youngjoon Bae+,[a, b] Hyeokjun Park+,[a, b] Youngmin Ko+,[a, b] Hyunah Kim+,[a, b]

Sung Kwan Park,[a] and Kisuk Kang*[a, b]

Lithium�oxygen batteries have attracted great attention over

the last few decades owing to their extraordinarily high

theoretical energy density, which can potentially exceed that of

current state-of-art lithium-ion batteries. However,

lithium�oxygen batteries exhibit poor cycle stability, relatively

low power capability and significantly large polarizations for

both, the oxygen reduction reaction (ORR, discharge) and the

oxygen evolution reaction (OER, charge). To address these

issues, various catalysts for aqueous and non-aqueous

lithium�oxygen batteries have thus been introduced, and some

recent developments of bifunctional catalysts could simulta-

neously facilitate the ORR and OER, leading to great advance-

ments in the overall battery performance. Herein, we present a

brief overview of recent progress in the development of

bifunctional catalysts for lithium�oxygen batteries based on the

current understanding of their working mechanism. Perovskite-

type, spinel-type, and non-oxide catalysts and their use in

aqueous lithium�oxygen batteries are reviewed. Recently

reported bifunctional catalysts in non-aqueous lithium�oxygen

batteries are also introduced, and the different roles of solid-

and soluble-type catalysts are further discussed. Finally, we

conclude by deliberating the design prospects and perspectives

for efficient bifunctional catalysts for future lithium�oxygen

batteries.

1. Introduction

With the ever-increasing global demand for energy sources and

depletion of the current main energy supply of fossil fuels,

vigorous efforts have been focused on the development of

next-generation renewable and sustainable energy sources

such as solar and wind energy for the production of electric

energy.[1–3] However, to enable the efficient use of these electric

energy sources without being affected by obstructing factors

such as time and weather, electrical energy storage systems are

critical. Furthermore, the expanding markets for portable

electronics and electric vehicles encourage the development of

high-energy-density energy storage systems.[4,5] Although Li-ion

batteries currently dominate the energy storage market, the

current state of their specific energy is regarded insufficient for

future devices.[6] Therefore, tremendous efforts have been

devoted to developing energy storage systems with higher

energy densities that can ultimately overcome the limits of Li-

ion batteries.[7–10] Among various candidates, lithium�oxygen

(Li�O2) batteries based on the Li/O2 electrochemistry have been

spotlighted because of the theoretical specific energies of over

3500 Wh kg�1, which result from the use of light elements

instead of heavy transition metals and their relatively high

theoretical voltage of approximately 3 V.[11]

Li�O2 batteries can be roughly categorized into two types

depending on the electrolyte system: aqueous Li�O2 batteries

and non-aqueous Li�O2 batteries. Aqueous Li�O2 batteries are

composed of Li metal, an aqueous electrolyte, an air electrode,

and a separating layer between the Li metal and aqueous

electrolyte to protect the Li metal from the side reactions with

water in the aqueous electrolyte. Li+ conducting solid electro-

lytes such as Li1 + x + yAlxTi2�xSiyP3�yO12 (LATP) have been used as

the separating layer. Because LATP decomposes when in direct

contact with Li metal, a conventional organic carbonate electro-

lyte is typically used as a buffer between the Li metal and LATP

in most cases.[12] Therefore, organic and aqueous electrolytes

are often incorporated together as “hybrid” Li�O2 batteries.[11,12]

While most of aqueous Li�O2 batteries reported thus far are

based on alkaline electrolyte, the major electrochemical reac-

tion in the cathode can be altered depending on the pH of the

electrolyte in aqueous Li�O2 batteries. In basic electrolyte, H2O

and O2 are reduced to form OH� [Reaction (1)], whereas in

acidic electrolyte, H+ and O2 are reduced to produce H2O

[Reaction (2)] during the discharge reaction, i. e., oxygen

reduction reaction (ORR).

O2 þ 2H2Oþ 4e� ! 4OH�,

E� ¼ 0:40 V ðvs: NHEÞ, 3:44 V ðvs: Li=LiþÞ
ð1Þ

O2 þ 4Hþ þ 4e� ! 2H2O,

E� ¼ 1:23 V ðvs: NHEÞ, 4:27 V ðvs: Li=LiþÞ
ð2Þ
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Under both basic and acidic conditions, the charge reaction

takes place via the oxygen evolution reaction (OER) following

Reaction (3) and (4), respectively.

4OH� ! O2 þ 2H2Oþ 4e�,

E� ¼ 0:40 V ðvs: NHEÞ, 3:44 V ðvs: Li=LiþÞ
ð3Þ

2H2O! O2 þ 4Hþ þ 4e�,

E� ¼ 1:23 V ðvs: NHEÞ, 4:27 V ðvs: Li=LiþÞ
ð4Þ

The ORR and OER are proton-coupled four-electron transfer

processes that involve O=O bond breakage and formation,

which result in sluggish kinetics and a high overpotential

during the discharge/charge reaction in a Li�O2 cell.[13–15]

Therefore, the development of bifunctional catalysts to

enhance the kinetics of the ORR and OER is indispensable for

the realization of aqueous Li�O2 batteries.

On the other hand, non-aqueous Li�O2 batteries are

composed of Li metal, a non-aqueous electrolyte, and an air

electrode in which discharge products of solid Li2O2 are

produced and accumulated during discharge and decomposed

during charge [Reaction (5)].

2Liþ þ O2 þ 2e� $ Li2O2, E� ¼ 2:96 V ðvs Li=LiþÞ ð5Þ

In non-aqueous Li�O2 cells, the ORR and OER also occur,

however, they are two-electron processes in which O=O bonding

is preserved during the reactions, resulting in relatively facile

electron transfer kinetics, as demonstrated by density functional

theory (DFT) calculations.[16] However, the cycling of a non-

aqueous Li�O2 cell induces a considerable overpotential during

both the ORR and OER; bifunctional catalysts are thus required to

address this issue. Since the origin of the overpotential during the

ORR and OER is distinct from that in the aqueous case, basic

understanding of the origin of the overpotential is needed before

the role of the catalyst can be discussed. Note that there presents

the possibility of a consuming electron in unwanted side reaction

resulting in the formation of a byproduct in both aqueous and

non-aqueous systems, the accumulation of which causes the

degradation of the cells. The management of byproduct formation

is also essential for a stable cycling of the cells, which is

thoroughly discussed in recent literature.[17–20] In the following,

bifunctional catalysts for aqueous and non-aqueous Li�O2 cells are

introduced with explanations of the necessity and working

mechanism of the catalysts.

2. Bifunctional Catalysts for Aqueous Li�O2

Batteries

The detailed mechanism involving multistep electron-transfer

processes during the ORR is generally described by the four

steps in Reactions (6)–(9) in alkaline electrolyte, whereas the

OER proceeds as the reverse reaction:[21–24]

* þ O2 þ H2Oþ e� ! *OOHþ OH� ð6Þ

*OOHþ e� ! *Oþ OH� ð7Þ

*Oþ H2Oþ e� ! *OHþ OH� ð8Þ

*OHþ e� ! * þ OH� ð9Þ

where * denotes a surface active site that adsorbs reactants and

intermediates.

Because the ORR and OER occur at active sites of the catalyst

surface, the activation barrier of each step is greatly affected by

the adsorption energy of the oxygen-containing intermediate

species. If the adsorption of the intermediate species is too strong,

the desorption of the product becomes difficult, whereas with a

weak adsorption of the intermediate species, the reactant is

unlikely to adsorb on the active site. Thus, the catalytic activity can

be higher with increasing adsorption energy to some point and

descend after that point at which the change of rate-determining

step occurs, which is well depicted by a typical volcano plot.

Figure 1a and b present a volcano plot of several important

catalysts reported, showing the trend of the catalytic activities for

the ORR and OER, respectively, plotted against terms of the

adsorption energies of the intermediate species.[25] In each case,

Figure 1. Volcano plots showing the trend in the catalytic activities for the (a) ORR and (b) OER based on DFT calculations and experimental data. Reprinted
with permission. ref[25] Copyright 2017, American Association for the Advancement of Science.
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an adequate adsorption energy of the intermediate species leads

to the best catalytic activities at the vertex of the volcano plot. In

this respect, catalysts with suitable adsorption energy of the

intermediate species are preferred to achieve a low activation

barrier for each reaction and high ORR or OER activities. For

bifunctional catalysts in aqueous Li�O2 batteries, materials that

possess catalytic activity for both the ORR and OER are required;

thus, the adsorption energy of the intermediate species should be

located near the vertices of both the ORR and OER volcano plots.

Alternatively, a bifunctional catalyst can also be obtained by

combining the separate ORR and OER catalysts into a composite

material. According to the previous reports on the catalysts of

aqueous Li�O2 batteries, three groups of materials have been

most extensively investigated as bifunctional catalysts; perovskite-

type, spinel-type, and non-oxide catalysts. Although noble metals

generally exhibit high catalytic activity for the ORR and OER, their

high costs have limited their practical application, thus are

excluded here.[26,27] In the following sections, the catalytic activities

of these three groups of materials in their applications to aqueous

Li�O2 batteries will be discussed.

2.1. Perovskite-Type Catalysts

Perovskite has the general formula of ABO3, where the A sites

are rare-earth metal ions and the B sites are transition metal

ions. Suntivich et al. experimentally demonstrated the volcano-

like trends of the OER and ORR catalytic properties of

perovskites as a function of eg orbital filling.[28,29] They

suggested that the OER and ORR properties are guided by the

electron orbital of the transition metal because, based on the

molecular orbital bonding framework, the occupancy of the

transition metal eg orbital determines the s-bonding with the

surface adsorbents. As the OER and ORR proceed via adsorption

and desorption of the intermediate products, the binding

energy of the surface adsorbents with the transition metal was

believed to directly affect the kinetics of the reaction and

consequently the performance of the catalyst. Specifically for

the OER, the adsorption of OH� to *O resulting in *OOH

(Reaction 7) were found to be the rate-determining step when

eg orbital filling is greater than 1, while the deprotonation of

*OOH (Reaction 6) was found to be the rate-determining step

when the eg orbital filling is less than 1, which was revealed by

the combination of experimental results and ab initio calcu-

lations.[28] Thus, it was proposed that a catalyst with the eg

orbital filled with a single electron produces a desirable binding

energy between the intermediate product and transition metal

and exhibits the highest OER activity.[28] They also showed that

the catalytic properties of the ORR as well are strongly

influenced by the eg orbital, with the highest activity achieved

when the orbital was filled with a single electron.[29] These

results indicate that a perovskite with a single-electron-filled eg

orbital can act as a bifunctional (both for OER and ORR) catalyst.

Since there has been a recent report which demonstrated that

the integrated ORR-OER may be significantly different from the

cases of ORR-only or OER-only reaction because of the

complicated issues such as operating voltage range, factors

affecting the efficiency of perovskite-type bifunctional catalysts

should be further studied with more care.[18]

Inspired by these finding, significant research efforts have

focused on catalysts with the eg orbital filled with a single

electron.[30–36] Cobalt-containing perovskites have been reported to

be efficient bifunctional catalysts because the intermediate spin of

Co3+ has an eg orbital filled with one electron.[33,34] Among cobalt-

containing perovskite materials, Yang et al. observed that Sr0.95

Ce0.05CoO3�d with copper nanoparticles as a conductive material

was an efficient bifunctional catalyst.[34] Figure 2a and b compare

the discharge-charge voltage profiles and magnified discharge

voltage profiles of hybrid Li�O2 cells with various cathode

materials, respectively. The cell with the carbon black (Vulcan XC-

72) cathode exhibited a large voltage gap between discharge and

charge, which resulted from the sluggish kinetics with proton-

coupled four-electron transfer processes. In contrast, the cells with

Sr0.95Ce0.05CoO3�d catalysts exhibited slightly reduced discharge

overpotential, as observed in Figure 2b, and distinctly reduced

charge overpotential, similar to the performance of noble metals

(50 % Pt/C). These results indicate the bifunctional catalytic activity

of Co3+-based perovskite materials in hybrid Li�O2 batteries.

Nevertheless, the actual catalytic activity of the perovskite catalyst

during the discharge process was inferior to that of a Pt/C catalyst,

as observed in Figure 2b.

To further improve the ORR performance of perovskite

catalysts, a composite bifunctional catalyst made of a perovskite

material and N-doped carbon nanotube (NCNT), which is well

known to be an efficient ORR catalyst, was developed.[35,37] Park

et al. synthesized a La0.5Sr0.5Co0.8Fe0.2O3 perovskite nanoparticle

(LSCF-NP) by calcination; then, a NCNT was directly grown on the

surface of the LSCF-NP using chemical vapor deposition.[35] As a

result, an NCNT-wrapped LSCF-NP perovskite catalyst (op-LN) was

successfully prepared, as shown in the scanning electron micro-

scopy (SEM) images in Figure 2c. Cathodic linear sweep voltam-

metry (LSV) curves of LSCF-NP, Pt/C, NCNT, and op-LN catalysts

were presented to compare the ORR activities of these catalysts

(Figure 2d and e). It was demonstrated that the ORR activity was

greatly increased with the help of the outer NCNT (Figure 2d)

compared with the pristine LSCF-NP and was comparable to that

of a state-of-the-art Pt/C catalyst (Figure 2e). It was also found that

the OER activity of LSCF-NP could be improved with the

surrounding NCNT, resulting in superior OER activity similar to that

of a state-of-the-art Ir/C catalyst (Figure 2f). The increase in the

OER activity with the NCNT was attributed to the facilitated charge

transfer achieved owing to the conductive pathway provided by

the surrounding NCNT. LSCF-NP with the ORR-active and con-

ductive NCNT (op-LN) was accordingly tested as a bifunctional

catalyst in a hybrid Li�O2 battery. As shown in Figure 2g, the

combined op-LN displayed the lowest discharge–charge voltage

gap of 0.95 V at a current density of 0.5 mA cm�2, which confirmed

the bifunctional activity of the op-LN catalyst. At a current density

of 0.2 mAcm�2, op-LN could display impressively high bifunctional

catalytic activity, resulting in a voltage gap of ~0.5 V in Figure 2h.

Following this research, similar approaches were taken for various

perovskite catalyst composites such as Nd0.5Sr0.5CoO3–s/conductive

iodinated graphene nanoplatelets and La0.6Sr0.4Co0.2Fe0.8O3�d/palla-
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dium nanoparticles for improved ORR/OER activities in Li�O2

batteries.[36,38]

2.2. Spinel-Type Catalysts

Spinel-type catalysts have been also widely investigated as

promising bifunctional catalysts.[39–42] The general formula of a

spinel material is AB2O4, where A is the element occupying

Figure 2. a) First discharge and charge curve of Vulcan carbon, Sr0.95Ce0.05CoO3�d catalysts, and Pt/C in hybrid Li�O2 cells and b) magnified discharge curves. c)
SEM image of op-LN. ORR polarization curves of d) op-LN, LSCF-NP/Vulcan carbon, and NCNT, e) LSCF-NP/Vulcan carbon and Pt/C obtained at a rotation speed
of 900 rpm and scan rate of 10 mV s�1 in O2-saturated 0.1 M KOH solution. f) OER polarization curves of op-LN, LSCF-NP/Vulcan carbon, and NCNT obtained at
a rotation speed of 900 rpm and scan rate of 10 mV s�1 in O2-saturated 0.1 M KOH solution. g) Discharge and charge polarization curve of op-LN, LSCF-NP, and
NCNT in hybrid Li�O2 cells. h) Discharge and charge polarization curve of op-LN at various current densities. Reprinted with permission from: a), b) ref. [34]
Copyright 2012, Royal Society of Chemistry; c)–h) ref. [35] Copyright 2015, Wiley-VCH.
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tetrahedral sites normally charged to 2 + and B is the one that

takes up octahedral sites charged to 3 + . The most intensively

studied spinel-type catalysts include Co3O4 as bifunctional

catalyst with the high activity.[43] As Co exists in both 2 + and

3 + states, studies on the role of each state have been

conducted. It was claimed that Co3 + at the octahedral sites are

catalytically active for the OER.[44,45] The catalytic role of Co3 + in

the OER was determined in the comparative study of Co3O4

with ZnCo2O4, considering that Zn2 + in the tetrahedral sites in

ZnCo2O4 is catalytically inactive while Co3 + being in the

octahedral sites.[44,45] By comparing their catalytic activities, it

was found that Co3O4 and ZnCo2O4 exhibited similar OER

activities, suggesting that Co3 + at the octahedral site acts as

the active site for the OER.[44,45] It was also proposed that the

high OER activity of Co3 + results from the intermediate spin

Co3 + (eg1) formed on the surface under OER conditions instead

of the low-spin Co3 + (eg0) configuration.[45] Similar to the

discussions made for perovskite materials,[28] the eg orbital filled

with a single electron was believed to provide a desirable

adsorption and desorption of OER intermediates, offering the

high OER activity. However, for ORR, there are alternative views

about the active site in spinel Co3O4. Wei et al. proposed

octahedral Co3 + as the active site for ORR based on single

electron-filled eg orbital interpretation, similar to the case of

perovskite materials.[46] On the other hand, Xiao et al. reported

Co2 + as the active site for ORR since they found a correlation

between higher Co2 + density and the improved ORR activity.[47]

They argued that when O2 molecules are adsorbed on the

active sites, the surface Co2 + (3d54 s2) sites prefer to transfer

electrons to the adsorbed O2 molecules to weaken and break

the O=O bond while leaving themselves oxidized to Co3 +.

These studies indicate that the bifunctionality of spinel Co3O4 is

attributed to the synergetic effect of Co3 + and Co2 +, but further

study is needed to reveal their precise role.

The bifunctional catalytic activities of Co3O4/carbon compo-

sites were examined in aqueous Li�O2 batteries.[48–50] Sun et al.

reported that the graphene-Co3O4 nanocomposite (Figure 3a)

exhibited an onset potential of �0.11 V vs. the standard calomel

electrode (SCE), which was 0.2- and 0.1-V higher than those of

the commercial Co3O4 and pristine graphene, respectively

(Figure 3b).[48] In addition, the half-wave potential was greater

than those of graphene and Co3O4, indicating the enhanced

ORR activity of the nanocomposite. At a current density of

1.5 mA cm�2, the graphene-Co3O4 nanocomposite exhibited a

potential of 0.65 V (vs. SCE) in the anodic LSV curves, further

demonstrating the high OER activity (Figure 3c). These high

bifunctional catalytic effects on the ORR/OER of the graphene-

Co3O4 nanocomposite resulted not only from the intrinsic

activity of the Co3O4 but also from the graphene, which

compensated for the relatively low electrical conductivity of

Co3O4.
[51] Accordingly, the hybrid Li�O2 cell employing the

graphene-Co3O4 catalysts demonstrated a low polarization

between the discharge and charge voltages (DV), which was

substantially smaller than those for commercial carbon black or

the pristine Co3O4 (Figure 3d). Because of the reduced ORR/OER

overpotential, the aqueous Li�O2 cell with the graphene-Co3O4

nanocomposite operated stably for over 50 cycles. Similarly,

CoMn2O4 nanoparticles, which could show high activity for the

ORR and OER,[43] were grown on the surface of graphene sheets

(CMOG), as shown in Figure 3e.[50] The highly active bifunctional

catalyst combined with conductive graphene sheets was then

applied as the cathode material in a hybrid Li�O2 cell, resulting

in only a 0.3 V gap between the discharge and charge potential

at a current density of 0.025 mA cm�2, as shown in Figure 3f. In

addition to carbon materials, copper nanoparticles have also

been used as conducting materials to achieve high catalytic

activity of flower-like Co3O4 microspheres.[49]

2.3. Non-Oxide Catalysts

Bifunctional catalysts for both ORR and OER can be categorized

into two group: metal oxide-based catalysts such as perovskite

and spinel, as discussed in the previous section, and non-oxide

catalysts. Non-oxide catalysts are composed of carbon-based

catalysts, metal hydroxide, metal sulfide, and so on.[52–59] Among

them, carbon based materials have been recently investigated as

versatile and inexpensive alternatives for ORR or OER catalysts in

the Li�O2 batteries.[54,60–64] Specifically, Fe�N-doped carbon

(Fe�N�C) catalysts have been extensively studied and reported to

be efficient ORR catalysts.[65–68] Singh et al. proposed that the N-

coordinated iron structure of FeNx (2< � <4) is associated with

the ORR reaction,[66] whereas Strickland et al. reported that the N-

doped carbon surface exhibits ORR activity and the Fe/FexC

particulate stabilizes the peroxide intermediate on the active

site.[67] For OER, oxygen-functional-group-containing carbon mate-

rials have been observed to be efficient OER catalysts. The altered

electronic structure of the adjacent carbon atoms was believed to

result in facilitated adsorption of OER intermediates.[69] Ji et al.

exploited the Fe�N�C structure and O-doped carbon structure in

a hierarchical 3D porous structure of a carbon fiber film with Fe, N,

and O doping and surrounding CNT (FeNO�CNT�CNFF) to achieve

bifunctional catalytic activity in an aqueous Li�O2 battery, as

shown in Figure 4a.[54] The synthesized FeNO�CNT�CNFF con-

tained fibers of ~600-nm diameter covered by peapod-like CNTs

(Figure 4b). This structure not only contained sufficient reaction

sites on the external peapod-like CNTs but also provided efficient

mass transport through the 3D hierarchical architecture. The

catalytic activities of the Fe�N�C structure for the ORR and of the

O-doped CNT for the OER in FeNO�CNT�CNFF were found to be

better than those of Pt/C and Ir/C, respectively, in the LSV curve

(Figure 4c). Figure 4d shows the high activity of the

FeNO�CNT�CNFF catalyst used in a hybrid Li�O2 cell. The cell

exhibited a remarkably low voltage gap of 0.15 V between

discharge and charge at a current density of 0.03 mA cm�2, which

was much lower than that of the Pt/C+ Ir/C cathode (DV=

0.43 V).
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3. Bifunctional Catalysts for Non-Aqueous
Li�O2 Batteries

In the early stage of the development of non-aqueous Li�O2

batteries, catalysts were most extensively searched among noble-

metal- or metal-oxide-based solid catalysts derived from well-

established fields such as the fuel-cell and water-splitting systems.

For example, various noble metals[70–74] including Pt, Pd, Ru and

Au, and metal oxides[75–77] such as MnO2, RuO2, and Co3O4, which

had successfully worked in aqueous systems, were introduced as

catalysts for non-aqueous Li�O2 batteries. Although enhanced

electrochemical performance has been reported using these noble

metals and metal oxides, controversies still remain regarding their

working mechanism and the reversibility of the catalyst-assisted

discharge/charge reaction.[70–72,78]

Considering the distinct nature of the ORR (or OER) in aqueous

and non-aqueous environments, the role of catalysts in non-

aqueous Li�O2 batteries is understood to be different from those

in aqueous media. As discussed in the previous section, the ORR

and OER are accompanied by bond breakage and formation

between two oxygen atoms, respectively, in aqueous media,

which are associated with sluggish electron transfer kinetics.

However, the ORR and OER in non-aqueous systems do not

necessarily involve bond breaking of oxygen molecules. Accord-

ingly, the electrocatalysts used in the aqueous system for the ORR

and OER may not work for the non-aqueous Li�O2 batteries;[79]

moreover, the conventional platform for measurement of the

catalytic activity such as LSV in aqueous media is not sufficient to

explain the enhanced electrochemical performance achieved with

the use of a catalyst in a non-aqueous Li�O2 battery.[80–86]

Nevertheless, the use of some solid catalysts has been reported to

be advantageous for improving the electrochemical performance

of non-aqueous Li�O2 batteries, and their role can be elaborated

based on an understanding of the different origin of the

Figure 3. a) SEM images of as-prepared graphene-Co3O4. b) ORR polarization curves of graphene-Co3O4 composite, commercial Co3O4, and pristine graphene
at a scan rate of 10 mV s�1 and rotation speed of 1600 rpm in O2-saturated 0.1 M KOH solution. c) Oxygen evolution currents of the different catalysts
measured in Ar-saturated 0.1 M KOH solution at a scan rate of 10 mV s�1. d) Comparison of first discharge and charge curves of the hybrid Li�O2 batteries
prepared with various catalysts at a current density of 80 mA g�1. e) TEM image of CMOG. f) Voltage profiles at different current density of hybrid Li�O2 cell
with CMOG. Reprinted with permission from: a)–d) ref. [48] Copyright 2014, Royal Society of Chemistry; e), f) ref. [50] Copyright 2011, The Electrochemical
Society.
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overpotential. The theoretical voltage of Li2O2 formation from

elemental lithium and oxygen gas (Reaction 5) is 2.96 V (vs. Li/Li+);

thus, a deviation of the discharge/charge voltage from 2.96 V is

considered the overpotential. During discharge, the electrochem-

ical reaction that determines the output voltage is either Reaction

(10) or Reaction (11), the voltage of which is approximately 2.5–

2.7 V (vs. Li/Li+).[87–89] It suggests that the overpotential during

discharge may result not only from the sluggish kinetics but from

the distinct electrochemical reduction path.

LiþðsolÞ þ e� þ O2 ! LiO2ðsolÞ ð10Þ

LiþðsolÞ þ e� þ LiO2ðabÞ ! Li2O2 ð11Þ

During charge, the electrochemical reaction determining

the output charge voltage is the reverse reaction of Reaction 5.

While the overpotential of the charge may come from the

sluggish reaction of intrinsic OER,[16] the low electrical con-

ductivity of Li2O2 discharge product can also simply cause the

IR drop resulting in the high polarization.[90] It implies that the

modification of the electrical properties of discharge products

would contribute to reducing the overpotential. Based on

these, it is clear that the term “catalyst” must be redefined

more widely because the catalysts in this circumstance can

reduce the overpotential in the ways other than how the

conventional electrocatalyst could aid in the OER or ORR

reactions. Generally, any material that enhances the electro-

chemical performance (e. g., polarization) is termed a catalyst in

the non-aqueous Li�O2 battery field. In the following, the

catalysts for non-aqueous Li�O2 batteries are categorized into

two groups depending on the phase of the material (i. e., solid-

type and soluble-type bifunctional catalysts): metal- or metal-

oxide-based solid catalysts, which are usually embedded in an

air electrode as nanoparticles, and organic or halide-based

soluble catalysts dissolved in an electrolyte.

3.1. Solid-Type Bifunctional Catalysts for Non-Aqueous Li�O2

Batteries

Noble metals and their oxides have been most conventionally

studied as catalysts in the early research of non-aqueous Li�O2

batteries, focusing on the atomistic binding nature of the

catalysts. It was reported that the oxygen binding energy on

noble metal surfaces forms volcano-type trends with the ORR

activity (i. e., discharge voltage), which is similar to the behavior

observed in the aqueous case. Based on this observation, Pd

and Pt were shown to exhibit the highest ORR catalytic activity

owing to the adequate oxygen binding energy.[74,91] However,

the bifunctional catalytic activity in the non-aqueous systems

was often demonstrated by regulating the property of the

intermediate species, LiO2, thus the subsequent charge and

discharge kinetics are influenced. In this case, the catalyst does

not decrease the discharge or charge overpotential directly but

rather modifies the property of the final discharge product,

thereby reducing the subsequent charging overpotential. For

example, Yilmaz et al. and Yang et al. reported that metal oxides

such as RuO2 and CeO2 are capable of inducing the formation

of film-like Li2O2 during discharge (Figure 5a). It was claimed

that it is due to the increased affinity of the metal oxide surface

Figure 4. a) Schematic illustration of the fabrication process of FeNO�CNT�CNFFs. b) SEM images of FeNO�CNT�CNFF, scale bar: 1 mm. c) LSV curve of
FeNO�CNT�CNFF, Pt/C, and Ir/C in 1 M LiOH at 1600 rpm. d) Comparison of voltage gap between discharge-charge voltage plateaus of hybrid Li-air batteries
with FeNO�CNT�CNFF and Pt/C + Ir/C catalysts. Reprinted with permission from: a)–d) ref. [54] Copyright 2017 American Chemical Society.
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toward intermediate species (Figure 5b).[92,93] The intermediate

species, LiO2 [Reaction (10)], were speculated to be present as

an adsorbed form on the surface of the catalyst long enough to

undergo further electrochemical reduction [Reaction (11)],

which results in the formation of film-like Li2O2.[87] The formation

of film-like Li2O2 is advantageous in the subsequent charge

process because of the increased electrical conductivity result-

ing from its amorphous property, as shown in Figure 5c.[94]

Thus, the charge overpotential could be substantially reduced

with the aid of the catalyst working in the discharge process.

Some catalysts are more directly involved in the charge

process. Wang et al. showed that Ru can catalyze the electro-

chemical formation of Li vacancies via solid-solid interaction at

the Ru/Li2O2 interface, which is followed by the facile electro-

chemical decomposition of Li2�xO2 (Figure 5d and e).[95] It was

found that generating Li vacancies in the Li2O2 structure via the

formation of Li2�xO2 could lead to the increase in the charge

transport kinetics in the discharge product. Li vacancies in Li2O2

can also be generated by introducing dopants such as Co, Ni,

and Si.[96,97] Radin et al. demonstrated that Co-doped lithium

peroxide, Li2–2xCoxO2, exhibited remarkably enhanced charge-

transport properties and could be decomposed at lower

potential compared with Li2O2.[96] They reported that when

Co3O4 nanoparticles were used as a catalyst, Co2 + ions dissolved

from cobalt oxide were impregnated into Li2O2 to form Li2–2xCox

O2. This idea was supported by subsequent research papers

reporting the enhanced electrochemical performance of Co3O4-

embedded Li�O2 batteries.[98–101] The conversion of Li2O2 with

metal- and metal-oxide-based catalysts has also been sug-

gested to increase the oxidation kinetics of Li2O2. Yao et al.

reported that various metals (Cr, Mo, and Ru) and their oxides

enhanced the charge kinetics of a Li�O2 battery by converting

Li2O2 into the intermediate LixMyOz phase, which has faster

kinetics of de-lithiation than Li2O2 (Figure 5f).[102]

Figure 5. a) Schematic illustration of Li2O2 formation process in CNT and RuO2/CNT cathodes. b) Schematic illustration showing CeO2-assisted formation of film-
like Li2O2. c) Discharge/recharge profiles of Li�O2 cells with RuO2/CNT (red) and CNT (blue) cathodes. d) Schematic illustration of Ru-catalyzed decomposition
of Li2O2 by catalytic effect at solid interface between Ru and Li2O2. e) Charge profile of Li2O2-filled (left) carbon electrode and (right) Ru/carbon electrode. f)
Current behavior of Li2O2/metal/carbon composite electrode normalized by mass of metal. Reprinted with permission from: a) and c) ref. [92] Copyright 2013
American Chemical Society; b) ref. [93] Copyright 2016, American Chemical Society; d)–e) ref. [95] Copyright 2016 American Chemical Society; f) ref. [102]
Copyright 2015 Royal Society of Chemistry.
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The distinct role of the catalyst in non-aqueous systems

proposes that the definition of a bifunctional catalyst for non-

aqueous Li�O2 batteries must be different from that for the

aqueous case, where catalysts that reduce the activation energy of

both the forward (i. e., oxygen reduction) and backward (i. e.,

oxygen evolution) electrochemical reaction are considered “bi-

functional”. In a non-aqueous system, catalysts that result in

reduced polarization by functioning in the ways elaborated above

during discharge and charge can be regarded as bifunctional. In

this respect, Ru-based catalysts (Ru and RuO2) are the most

representative case of bifunctional catalysts for non-aqueous

Li�O2 batteries, as they induce the formation of film-like Li2O2

during discharge[92] and promote the generation of Li2�xO2 during

charge.[95] It is noteworthy that not only a reduction in polar-

ization, but also a reversibility of catalyzed reactions needs to be

investigated for more precise evaluation on the catalytic activity.

For example, a quantitative analysis such as discharge product

titration and gas evolution measurement during charge process

can be an indicator for a true activity of catalysts.

While solid catalysts have been demonstrated to be beneficial

in improving the electrochemical performance in many studies,

the intrinsic interfacial nature between the solid catalyst and solid

product of Li2O2 still presents a great hurdle. The principal reaction

of non-aqueous Li�O2 batteries is gas-to-solid phase transforma-

tion, which inevitably results in a solid-solid interface between the

catalyst and discharge product, whereas the catalysts for an

aqueous system can conserve the solid-to-liquid interface because

of the soluble nature of all the reactants, intermediate and

products. During the initial stage of discharge of non-aqueous

Li�O2 batteries, the exposed catalytic surfaces are capable of

efficiently promoting the reduction reaction of the gas phase or

dissolved oxygen; nevertheless, the deposition of solid products

gradually covers the surfaces of the active catalysts as discharge

continues until, finally, all the active surfaces of the solid catalysts

are passivated by insulating discharge products.[103–106] Once

passivated, the catalysts are expected to lose their functionality for

further discharge reactions, which is similar to the “deactivation”

or “poisoning” phenomena observed in various catalyst applica-

tion fields.[107–110] Analogously, bifunctional catalysts can facilitate

the OER for Li2O2 in direct contact with the catalyst during the

charge process; however, the OER functionality for Li2O2 not in a

direct contact with the catalyst remains doubtful and controversial

because of the inefficiency of the solid-solid interface.

3.2. Soluble-Type Bifunctional Catalyst for Non-Aqueous
Li�O2 Batteries

Because of the intrinsic limitation of solid catalysts regarding

the reaction interface, recent studies have focused on the

evolution of soluble and mobile catalysts to catalyze the solid

discharge products in conventional non-aqueous Li�O2 bat-

teries. The concept of soluble catalysts is that a species that is

dissolved in an electrolyte and thus freely moves around drives

the catalytic reaction sites into the electrolyte solution rather

than to the surface of the electrode or solid catalysts. Many

different types of soluble catalysts have been proposed,

including organic redox-active species (e. g., organosulfur,[111–114]

nitroxyradical,[115–121] phenazine,[122–124] quinone[125–130] and halide

(e. g., iodide[131–142], bromide[143,144]) as well as organometallic

compounds (e. g., phthalocyanine,[145,146] protoporphyrin[147]).

Such soluble catalysts can be categorized into an oxygen

species carrier and a redox mediator depending on what the

catalysts mediate. Oxygen-carrier molecules have been pro-

posed to facilitate both the ORR and OER by shuttling oxygen

species between the electrode and reaction products. The key

property of oxygen-carrying catalysts is the effective adsorption

of oxygen species (oxygen molecule, superoxide or peroxide)

on the central metal ions of organometallic compounds. Iron

phthalocyanine (FePc) was first suggested as a bifunctional

soluble catalyst for non-aqueous Li�O2 batteries, as shown in

Figure 6a and b.[146] The coordination of oxygen species with

iron ions was evidenced by the red shift of the characteristic

absorption bands of organometallic compounds using UV-vis

spectroscopy (Figure 6c). During discharge, the strong interac-

tions of the oxygen molecules with metal ions form [FePc�O2]

complexes, which subsequently combine with lithium ions after

reduction, leading to the formation of [FePc�LiOOLi] com-

plexes. It was suggested that the [FePc�LiOOLi] complexes

diffuse to the Li2O2 nucleated sites, and then, the dissociated

Li2O2 is incorporated into the crystal lattice with the recovery of

the FePc soluble catalyst. Such solution-phase formation of

Li2O2 was speculated to prevent the early passivation or

clogging of the active surface, as confirmed by the current

increase in cyclic voltammetry measurements and morphology

examinations after discharge. For the recharge process, it was

found that oxidized catalysts bind with any available reduced

oxygen species from LiO2 or Li2O2 in the solution phase and

decompose it into a lithium ion and oxygen, as depicted in

Figure 6b. The bifunctional catalytic activity of FePc was

confirmed by the markedly reduced polarization for both

discharge and charge of Li�O2 cells, which resulted in the

enhanced cycle stability up to 130 times compared with that of

only 20 cycles without catalysts (Figure 6d). Similarly, a family of

phthalocyanine compounds containing cobalt metal ions

(tertbutyl cobalt phthalocyanine) has also been suggested to

be an efficient soluble catalyst for non-aqueous Li�O2 bat-

teries.[145] The reaction mechanisms of FePc during the ORR and

OER are summarized by Reactions (12)–(17).

ORR:

ðFePc�O2Þ þ e� ! ðFePc�O2Þ� ð12Þ

ðFePc�O2Þ� þ 2Liþ þ e� ! ðFePc�LiOOLiÞ ð13Þ

ðFePc�LiOOLiÞ ! FePcþ Li2O2 ð14Þ

OER:

FePc! ðFePcÞþ þ e� ð15Þ

ðFePcÞþ þ Li2O2 ! ðFePc�O2Þ� þ 2Liþ ð16Þ

ðFePc�O2Þ� ! FePcþ O2 þ e� ð17Þ
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Ryu et al. exploited the bio-inspired organometallic biomo-

lecule, an iron protoporphyrin (heme), as a bifunctional catalyst

from the widely applied oxygen-shuttling properties of heme

molecules.[147] The coordination between the iron ion and

superoxide moiety was supported by the red shifts of the

characteristic absorption band of the heme molecule, as shown

in Figure 6e. The reversibility of the oxygen shuttling behavior

for the entire ORR and OER could be confirmed by in-situ

spectro-electrochemical examinations. The efficient and rever-

sible oxygen shuttling property of heme catalysts could lead to

a significantly enhanced energy efficiency and cycling stability

of Li�O2 batteries (Figure 6f).

The working principle of a redox mediator, another type of

soluble catalyst, is that the redox-active species electrochemically

reacts before oxygen (for discharge) or Li2O2 (for charge)

participates in the electrochemical reaction, and then, the reduced

or oxidized species spontaneously reacts with oxygen (for

discharge) or Li2O2 (for charge) based on the chemical driving

force. Thus, it can ensure the efficient chemical conversion of

oxygen into Li2O2 in electrolyte solution and vice versa without

going through the direct electrochemical reaction of Li2O2. The

key merit is that the redox mediator can deliver electrons or holes

to reaction sites far from the electrode, which is the reason this

material is termed a redox mediator, and thus, the operation

voltage of Li�O2 batteries is determined by the redox potential of

the mediator. In addition, the use of a redox mediator makes

direct electron conduction through the insulating Li2O2 unneces-

sary, thus remarkably reducing the polarizations of Li�O2 batteries,

particularly for the charge process. The reaction mechanisms of

the redox mediator during the ORR and OER are described by

Reactions (18)–(22).

ORR redox mediation:

RMþ Liþ þ e� ! RM�Li ð18Þ

RM�Liþ O2 ! RM�Li�O2 ð19Þ

Figure 6. Schematic illustration of working mechanism of FePc soluble catalyst for a) discharge and b) charge reaction of Li�O2 battery. c) Red shift of
absorbance band of FePc in UV�vis spectra. d) Discharge/charge profiles of Li�O2 battery with FePc catalysts. e) Red shift of absorbance band of heme in UV-
vis spectra. f) Discharge/charge profile of Li�O2 battery with heme catalysts. Reprinted with permission from: a)–d) ref. [146] Copyright 2014, American
Chemical Society; e),f) ref. [147] Copyright 2016, Nature Publishing Group.
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RM�Li�O2 þ RM�Li�O2 ! 2RMþ Li2O2 þ O2 ð20Þ

OER redox mediation:

RM! RMþ þ e� ð21Þ

2RMþ þ Li2O2 ! 2RMþ 2Liþ þ O2 ð22Þ

Most redox mediators so far have been designed based on

the thermodynamic potential difference, as depicted in Fig-

ure 7a and b,[122,125,148] thus could be active for only one reaction,

either the ORR or OER, rather than serving as a bifunctional

catalyst. Although a few redox mediators, such as 2,6-di-tert-

butyl-hydroxytoluene (BHT)[149] and 2-phenyl-4,4,5,5-tetramethy-

limidazoline-1-oxyl-3-oxide (PTIO),[119] have been reported as

bifunctional soluble catalysts, the origin of the dual function-

ality as well as the detailed working mechanism are still not

fully understood, which has to be further studied with precise

examinations of efficacy for both the ORR and OER. On the

other hand, dual functionality can be imparted simply by

implementing two different catalysts dissolved in non-aqueous

Li�O2 batteries. Gao et al. reported a Li�O2 battery containing

both ORR and OER redox mediators, 2,5-di-tert-butyl-1,4-

benzoquinone (DBBQ) and 2,2,6,6-tetramethyl-1-piperidinyloxy

(TEMPO), respectively, as shown in Figure 7c.[128] In the dual-

mediator Li�O2 battery, for which the surface electrochemistry

only involves electron transfer between mediating molecules,

the formation and decomposition of Li2O2 occur in electrolyte

solutions rather than on the electrode surface, which greatly

improves the cell capacity and reversibility, as shown in

Figure 7d. The solution phase reaction has been demonstrated

to prevent intimate contact of the carbon electrodes with Li2O2,

which is also beneficial for mitigating the degradation of the

carbon cathode by parasitic reactions, one of the major causes

of cycle deterioration for Li�O2 batteries. This strategy can also

provide design flexibility for cell systems such as redox-flow

Li�O2 batteries that use dual mediators, as shown in Fig-

ure 7e.[150,151] More recently, Lee et al. proposed RuBr3 as a

hybrid bifunctional catalyst for Li�O2 battery (Figure 7f).[152] In

the dissolved state of RuBr3 catalyst, ruthenium ions function as

an oxygen-carrying catalyst for the ORR, whereas bromide ions

serve as typical halide OER redox mediator, resulting in

significantly improved energy efficiency for both charge and

discharge reactions.

Soluble catalysts are now regarded as a key to solving

several intrinsic problems associated with conventional non-

aqueous Li�O2 batteries by offering a highly efficient solid–

liquid interface. However, the diffusible nature of soluble

catalysts inevitably results in shuttling phenomena or crossover

between the anode and cathode, which share the same

electrolyte in a non-aqueous Li�O2 battery. Such shuttle

behavior can significantly reduce the efficacy of soluble

catalysts and even result in the continuous loss of catalysts

owing to undesirable parasitic reactions with the lithium anode.

The detrimental effects of shuttle phenomena have been

demonstrated in several model studies in which interlayers

such as inorganic solid electrolyte[118] and advanced separa-

tor[114,123] were introduced between the anode and cathode to

selectively permit the penetration of mobile species. The

introduction of protection layers on the lithium anode has also

been proposed as a potential solution to prevent shuttle

reactions.[121,138] One of the recent promising strategies is

controlling the mobility of redox mediators including precipitat-

ing redox mediators such as modified tetrathiafulvalene and

polymerization of redox mediators (polyantraquinone).[153,154]

Nevertheless, as research on soluble catalysts remains in the

early stage, it is believed that further community efforts are

Figure 7. Graphical illustrations of thermodynamic potential relationship for a) ORR redox mediator and b) OER redox mediator. c) Schematics of a dual-
mediating Li�O2 battery. d) Discharge/charge profiles of Li�O2 battery with dual mediators. e) Schematic illustrations of Li�O2 redox-flow battery. f) Discharge/
charge profiles of Li�O2 battery with RuBr3 soluble catalyst with graphical description of mechanism. Reprinted with permission from: a) ref. [125] Copyright
2016, Nature Publishing Group; b) ref. [148] Copyright 2015, Wiley-VCH Verlag GmbH & Co; c)–d) ref. [128] Copyright 2017, Nature Publishing Group; e) ref.
[151] Copyright 2016, American Chemical Society; f) ref. [152] Copyright 2017, Royal Society of Chemistry.
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needed for the efficient use of soluble catalysts in non-aqueous

Li�O2 batteries.

4. Summary

In this article, various bifunctional catalysts were reviewed,

which have been employed in Li�O2 batteries either in aqueous

or non-aqueous systems. In aqueous systems, the ORR and OER

are primarily limited in the proton-coupled four-electron trans-

fer processes including O=O bond breakage and formation.

Therefore, the use of bifunctional catalysts to reduce the

activation barriers of the ORR and OER has been indispensable

for the efficient operation of aqueous Li�O2 batteries. Since the

adsorption energy of the intermediate species is a critical factor

determining the activation barrier of each reaction, a catalyst

that offers an appropriate adsorption energy was important.

Perovskite-type, spinel-type and non-oxide materials have been

extensively used as bifunctional catalysts in aqueous Li�O2

batteries because of their suitable electronic structure such as

eg1 and the adequate adsorption energy of the intermediate

species. In addition, rapid mass and electron transport around

active sites of the catalysts were required for facile electro-

chemical reactions on catalyst materials. As a result, composite

materials of catalysts and conducting materials with a porous

structure have been widely developed to enhance the mass

and electron transport and further increase the ORR and OER

activity. The performances of bifunctional catalysts in aqueous

Li�O2 batteries are summarized in Table 1. In non-aqueous

Li�O2 batteries, solid-type catalysts were typically designed to

induce the formation of conductive amorphous Li2O2 during

discharge and promote the facile decomposition of Li2O2 by

enhancing the charge-transport properties. Solid-type catalysts

could also aid in generating Li vacancies or converting Li2O2

into lithium metal oxide, thereby the decomposition reaction is

kinetically enhanced. Soluble catalysts including two groups of

oxygen-carriers and redox mediators have been recently

introduced and shown to alter the surface electrochemistry of

non-aqueous Li�O2 batteries to solution-dominant electro-

chemistry. The solution-phase reaction has resulted in great

enhancements of the energy efficiency and cycle reversibility of

non-aqueous Li�O2 batteries by circumventing the inefficient

solid/solid interface issue; however, several issues originating

from the diffusible nature of soluble catalysts remain unre-

solved, which prevent the realization of high-energy and

efficient energy storage of Li�O2 batteries. The summary on

catalysis mechanisms of catalysts dealt in this paper for non-

aqueous Li�O2 batteries is presented in Table 2.

Table 1. Summary on the performance of bifunctional catalysts in aqueous Li�O2 batteries.

Catalyst Current Density Discharge/Charge
voltage difference
(DV)

Round-trip
efficiency

Reference
No.

Vulcan XC-72 0.05 mA cm�2 1.51 V 58.8 % [34]
Sr0.95Ce0.05CoO3�d 0.05 mA cm�2 1.11 V 72.3 % [34]
Sr0.95Ce0.05CoO3�d�Cu 0.05 mA cm�2 0.98 V 75.2 % [34]
50 % Pt/C 0.05 mA cm�2 0.65 V 83.0 % [34]
op-LN 0.2 mA cm�2 0.5 V – [35]
Graphene-Co3O4 80 mA g�1

(0.025 mA cm�2)
0.97 V 76.5 % [48]

Graphene-CoMn2O4 0.025 mA cm�2 0.3 V – [50]
FeNO�CNT�CNFF 0.03 mA cm�2 0.15 V – [54]
20 % Pt/C + 20 % Ir/C 0.03 mA cm�2 0.43 V – [54]

Table 2. Summary on catalysis mechanisms of various catalysts for non-aqueous Li–O2 batteries.

Catalyst
type

Catalyzing
reaction

Catalysis mechanism Representative
Catalysts

Reference
No.

Solid type ORR Adjusting oxygen binding energy Pd [74]
Pt [74]

Tuning the morphology of Li2O2 into amorphous phase RuO2 [92]
CeO2 [93]

OER Catalyzing the electrochemical formation of Li2�xO2 phase Ru [95]
Generating Li vacancy by doping Co3O4 [96]
Converting Li2O2 into LixMyOz phase Cr, Cr2O3 [102]

Mo, MoO3 [102]
Ru, RuO2 [102]

Soluble type ORR Carrying oxygen species from electrode to Li2O2 FePc [146]
Heme [147]

Redox mediation (electron transfer to O2) DBBQ [125]
Vitamin K2 [130]

OER Carrying oxygen species from Li2O2 to electrode FePc [146]
Heme [147]

Redox mediation (hole transfer to Li2O2) TTF [111]
LiI [131]
TEMPO [115]
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