
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


PCCP RSCPublishing 

PERSPECTIVE 

This journal is © The Royal Society of Chemistry 2013  J. Name., 2013, 00, 1‐3 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 
Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Nanostructured Carbon-Based Cathode Catalysts for 
Nonaqueous Lithium-Oxygen Batteries  
 
Qing Li,a Ruiguo Cao,b Jaephil Cho,b,* and Gang Wua,* 

Although lithium-ion batteries are traditionally considered to be the most promising candidate 
for electrochemical energy storage owing to their relatively long cycle life and high energy 
efficiency, their limited energy density as well as high cost are still causing a bottleneck for 
their long-term application. Alternatively, rechargeable Li-O2 batteries have the potential to 
practically provide 3-5 times the gravimetric energy density of conventional Li-ion batteries. 
However, the lack of advanced electrode design and efficient electrocatalysts for oxygen 
reduction/evolution reactions remains as one of the grand challenges before this technology 
can be commercialized. Among various catalyst formulations, nanocarbon composite materials 
have been recognized as the most promising ones for Li-O2 batteries because of its reasonable 
balance among catalytic activity, durability, and cost. In this perspective, the recent progress in 
the development of nanostructured carbon-based electrocatalysts for nonaqueous Li-O2 
batteries are discussed, including metal-free carbon catalysts, transition-metal-nitrogen-carbon 
composite catalysts, and transition metal/carbon compound catalysts. The morphology-
performance correlations for these catalysts are discussed, aiming to provide rational guidance 
for designing advanced catalysts. 
 

 

 

 

 

 

1. Introduction 

The electrification of transportation and large-scale deployment 
of renewable energy have been the indispensable strategies for 
addressing the issues with global climate change, energy 
security, and sustainability. Lithium-oxygen (Li-O2) batteries 
have been viewed as the most promising electrochemical 
energy storage technology to meet the transportation 
application in the near future, due to the highest theoretical 
energy density.1-3 Unlike traditional Li-ion batteries, Li-O2 
batteries abandon the intercalation electrodes and Li+ ions react 
directly with O2 from the air in a porous electrode. As a result, 
the unique battery chemistry and electrode architecture provide 
a greatly increased specific energy density (theoretical value of 
5200 Wh kg-1).2 Generally, Li-O2 batteries can be divided into 
four different categories based on the electrolyte used in 
batteries: nonaqueous, aqueous, hybrid, and all-solid-state 
batteries. Currently, due to the insufficient ionic conductivity of 
solid-state electrolyte,4 liquid electrolytes including nonaqueous 
and aqueous systems are extensively investigated. Their 
fundamental electrochemical reactions are compared in the 
following: 
 

Anode:  Li ↔ Li+ + e−  (1) 

 
Nonaqueous cathode:  

2Li+ + 2e− + O2 ↔ Li2O2 (E0 = 2.96 V vs. Li/ Li+)  (2) 
 
Aqueous (Alkaline) cathode:  

O2 + 2H2O + 4e− ↔ 4OH− (E0 = 3.43 V vs. Li/ Li+) (3) 
 
Aqueous (Acid) cathode:  

O2 + 4e− + 4H+ ↔ 2H2O (E0 = 4.26 V vs. Li /Li+)  (4) 
 

The use of a nonaqueous media in a Li-O2 battery proved 
to be more feasible than aqueous electrolyte to alleviate 
parasitic corrosion on Li metal at the anode.5,6.7 Furthermore, 
the theoretical energy density of a nonaqueous Li-O2 battery is 
higher than that of an aqueous battery, because water or acid 
would be involved in the reactions in the aqueous system. Thus, 
to date, the nonaqueous configuration has attracted the most 
attention worldwide compared to other electrolyte-based Li-O2 
batteries.  

Differing to aqueous systems where H2O or H2O2 are 
produced during the oxygen reduction reaction (ORR) 
associated with discharging process, however, insoluble 
lithium-oxygen species (Li2O2) are formed in nonaqueous 
media and passivate the catalysts, eventually leading to a 
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termination of the discharge process. In addition, the 
intermediates in Li-O2 electrochemical reactions, for example, 
O2

−, O2
2−, and LiO2/LiO2

−, are very reactive.8-10 They can easily 
decompose most organic solvents. This leads to Li-O2 battery 
discharge products of Li2CO3, LiOH, and lithium alkyl 
carbonates,11,12 instead of only the desired product Li2O2 which 
can make a Li-O2 battery truly rechargeable.13,14 Thus, besides 
of cathode catalysts, exploring stable electrolyte still remains a 
grand challenge for rechargeable Li-O2 batteries. During the 
charge process, the catalysts can be exposed again, 
corresponding to oxygen evolution reaction (OER), when an 
external potential is applied E > E0, accompanied by the 
decomposition of these solid-state lithium-oxygen compounds. 
Thus, an efficient OER catalyst to catalyze a fast decomposition 
is needed to recover active sites for the ORR in next discharge-
charge cycle. However, ORR and OER mechanisms in aqueous 
electrolyte are not effective in nonaqueous Li+ electrolytes 
wherein various reactants/products and reaction intermediates 
are often insoluble. The catalyst properties required for 
efficiently catalyzing oxygen reactions in nonaqueous 
electrolytes are therefore different than those in aqueous media. 

Like aqueous media, in nonaqueous Li+-O2 systems, a 
large ORR overpotential is also observed on currently used 
carbon cathode catalysts, causing significant losses in the 
battery discharge voltage (2.5 V) and low overall charge-
discharge efficiency.15 Specifically, the voltage gap between 
the charge and discharge of a Li-O2 battery is larger than 1.0 
V,16 which results in a much lower voltage efficiency of <60%, 
relative to a Li ion battery (>90%). An additional challenge for 
the cathode catalysts for nonaqueous Li-O2 batteries is that the 
catalysts should be designed to generate ORR products that can 
be efficiently decomposed during the subsequent OER for the 
rechargeable Li+-O2 system. Thus, the development of 
bifunctional ORR/OER catalysts with high activity and 
durability is desperately needed.  

Early Li-O2 experiments exhibited high overpotentials for 
the ORR and the OER during discharge (~0.5 V) and charge 
(~1.0 V) processes, respectively. These overpotentials result in 
large energy storage inefficiency. Simultaneously mitigating 
these ORR and OER overpotentials is a grand challenge to be 
overcome in the development of rechargeable Li-O2 batteries. It 
was found that the ORR overpotential in nonaqueous 
electrolyte depends on the intrinsic activity of catalysts.16,17 
From the electrocatalysis point of view, catalysts play more 
significant role in the ORR than in the OER.18 The discharge 
potentials were found greatly dependent on the cathode 
catalysts.19,20 On the other hand,  compared to pure carbon, no 
difference in catalytic activity for the OER is observed using 
the Au, Pt, or MnO2 catalysts.18 The OER during the charge 
process is greatly dependent on many non-catalysis related 
factors, such as the diffusion rate of the insoluble species 
(Li2O2), and electron transports rate on Li2O2.

21 
Hence, it is generally believed that electrocatalysts and the 

resulting electrode structures are critical to improving the 
power density, cycling capability, and round-trip energy 
efficiency of Li-O2 batteries.22,23 Especially, lowering the 
overpotential during discharge and charge is of prime 
importance in order to avoid carbon corrosion and to diminish 
electrolyte oxidation. The fundamental principles of 
electrocatalyst design for Li-O2 nonaqueous system could be 
learned from aqueous oxygen electrochemistry, especially fuel 
cells and alkaline metal-air batteries. Carbon materials with 
more defects/functional groups and larger surface areas have 
exhibited better performance in nonaqueous Li-O2 battery, 

similar to the case of ORR in aqueous solutions.16,24  On the 
other hand, electrocatalysts for nonaqueous Li-O2 batteries 
should promote the formation/decomposition of Li2O2 
exclusively and suppress the formation of other lithium 
compounds (Li2CO3, LiOH, etc.), because only Li2O2 can be 
sustainably recharged. 

Currently, catalysts based on such precious metals as Pt, 
Pd, Ir or Au represent the state of the art for oxygen reactions in 
both aqueous and nonaqueous electrolytes from the point of 
view of activity and durability.1,25-29 Unfortunately, the 
prohibitive cost and scarcity of precious metals have limited 
their widespread implementation. Alternatively, non-precious 
metal catalysts (NPMCs) synthesized from earth-abundant 
elements (e.g., Fe, Co, N, C) have the potential to efficiently 
catalyze these electrochemical reactions to realize the energy 
storage and conversion. The studied NPMCs include 
organometallic components, nonprecious-metal chalcogenides, 
and nitrogen-doped carbon catalysts.25,30-33 In particular, recent 
breakthroughs in the development of high-performance NPMCs 
for the ORR and OER at Los Alamos National Laboratory 
(LANL)19,20,24,27,33-42 and other research centers24,43-53 show that 
carbon-based composite catalysts possess high activity and 
stability in both aqueous and nonaqueous electrolytes. Among 
various carbon-based catalyst formulations, nanostructured 
carbon materials with or without transition metals (e.g., Co, Fe, 
Mn, Cu) have been recognized as the most promising ones for 
Li-O2 batteries because of its reasonable balance among 
catalytic activity, durability, and cost.3,54  

Especially, heteroatom (e.g., N, S, B, or P) doping can tune 
the electronic and geometric properties of carbon, providing 
more active sites and enhancing the interaction between carbon 
structure and active sites. Importantly, involvement of 
transition metals (M) appear necessary for achieving high 
catalytic activity and improved durability of heat-treated 
NPMCs by catalyzing carbonization of nitrogen/carbon 
precursors to form highly graphitized carbon nanostructures 
(e.g., tubes, onion-like carbon, multi-layered graphene) with 
more favorable nitrogen doping.19,36,38,55 However, the exact 
nature of the active sites in the metal-nitrogen-carbon (M-N-C) 
catalyst remains the subject of intense debate in the field. It is 
unknown whether the transition metals participate in the active 
sites or simply catalyze their formation. In either case, the 
nitrogen species embedded within the carbon structures are 
likely critical to the active-site performance. Most recently, a 
new class of nanocarbon/ metal oxides or sulfides hybrid 
catalysts for the ORR in alkaline media was emerged. With 
such unique configurations, a synergetic effect may rise 
between the active species in nanocarbon and these loaded 
oxides/sulfides, resulting in much improved activity. 

In this perspective, the recent efforts in the development of 
nanostructured carbon-based electrocatalysts for nonaqueous 
Li-O2 batteries are highlighted, with special focus on ORR 
catalysts. Catalyst materials discussed include metal-free 
carbon catalysts, nanostructured transition-metal-nitrogen-
carbon composite catalysts and transition metal/carbon 
compound catalysts. 

2. Nanocarbon cathode catalysts  

2.1 Metal-free carbon catalysts 

Recently, the research on exploring the use of carbon 
nanocomposites as metal-free cathode catalysts has been one of 
the major subjects for Li-O2 batteries. Due to the low cost, large 
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surface area, corrosion resistance, high electrical conductivity, 
and good ORR/OER activity, carbon materials are viewed as 
ideal candidates for metal-free cathode in Li-O2 batteries. A 
carbon-based air electrode was first studied in a nonaqueous Li-
O2 battery by Abraham and coworkers.56 Based on a polymer 
electrolyte and a 0.3 mm thick air electrode, a specific capacity 
of 1600 mAh g-1 carbon was obtained. It was found that the 
specific capacity of Li-O2 batteries decreases with decreasing 
surface area of the carbon cathode. The performance of Li-O2 
batteries is influenced by several other factors, including carbon 
types,57 carbon loading,56 oxygen partial pressure,58 and 
electrolyte selection.58-60 These factors are directly related to 
the oxygen diffusion process in the air electrode. On the other 
hand, the ORR associated with the discharging process at the 
air electrode primarily produces insoluble Li2O2 particles in a 
nonaqueous Li-O2 cell, which accumulates at the active sites of 
the air electrode, potentially clogging the pores and thus 
increasing the resistance of gas transport through the pores. In 
addition, the catalytic activity of the electrode will also be 
deactivated by the poor conductivity of the insulating Li2O2.

61 
Therefore, the structure of carbon used in the air electrode is a 
critical factor that affects the performance of Li-O2 batteries. 

Several works have reported that the specific energy of Li-
O2 batteries increased with increasing mesopore volume of 
carbon catalysts used in their air electrodes.57,62 The reasons, 
which the real capacity of a Li-O2 battery does not correspond 
to the theoretical capacity of metallic lithium, result from the 
insolubility of discharge products (Li2O2 and Li2O) in 
nonaqueous organic electrolytes.63 Instead, the real capacity 
that a Li-O2 battery can achieve is determined by the carbon-
based air electrode, especially with respect to the pore volume 
available for the deposition of discharge products, rather than 
the lithium anode. Different commercial carbon materials, such 
as BP2000 (Cabot Corp.), Calgon (Calgon Carbon Corp.), 
Denka (Denka Corp., Japan), Ketjenblack (KB) (Akzo Nobel 
Corp.), and Ballmilled KB were investigated for their 
applications in air electrodes of Li- O2 batteries,57 which the 
effects of pore size distribution and pore volume in different 
carbon sources were determined. Among the studied carbon 
materials, KB has both relatively uniform pore size (3-10 nm) 
and high pore volume, whereas the other commercial carbon 
materials show less uniform pore size and low pore volume. In 
the Li-O2 battery test, KB, which has the highest mesopore 
volume among all of the carbon sources tested in this work, 
demonstrated the highest specific capacity when operated in a 
dry air environment where the oxygen partial pressure is 0.21 
atm. After soaking in the electrolyte, the KB-based electrode 
expanded significantly (>100%) and absorbed much more 
electrolyte than electrodes made of other types of carbons. The 
large volume expansion in the KB-based electrode led to extra 
triphase regions to facilitate the Li-O2 reaction in the electrode 
and extra volume to accommodate the reaction product 
(Li2O/Li2O2). Consequently, the Li-O2 cells using KB-based air 
electrode exhibited the highest specific capacity among all 
samples. With optimized electrode porosity/thickness and 
electrolyte amount, a high capacity of 1756 mAh g-carbon

−1 
corresponding to an area-specific capacity of 26.5 mAh cm−2 
was obtained for a Li-air battery operated in a dry air 
environment. 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

Fig.  1.  (a)  Cross‐sectional  SEM  image  of  the  AAO  filter  after 
nanofiber growth. Inset: schematic representation of the electrode 
after catalyzed growth of carbon nanofibers. (b) First‐discharge rate 
capability  of  CNF  electrodes  with  galvanostatic  currents 
corresponding to 43, 261, 578, and 1000 mA gcat

‐1. (c) SEM image of 
CNF electrode after discharge to a capacity of 350 mAh gcat

‐1 at 68 
mA gcat

‐1.  (d) SEM  image of CNF electrode after  full discharge  to a 
capacity  of  7200  mAh  gcat

‐1  at  63  mA  gcat
‐1.  Reproduced  with 

permission  from  Ref.  15  Copyright  (2011)  Royal  Society  of 
Chemistry. 

Recently, a new approach to fabricating porous carbon air 
electrode was demonstrated by Shao-Horn’s group.15 Vertically 
aligned arrays of hollow carbon nanofibers (CNFs) with 
diameters on the order of 30 nm were fabricated using 
atmospheric pressure chemical vapor deposition (CVD) on 
porous anodized aluminium oxide (AAO) substrates coated 
with thin layers of Ta and Fe (Figure 1a). The Li-O2 cells 
based on the CNFs air electrode discharged at an average 
voltage of 2.61 V over the entire discharging process and 
achieved a gravimetric discharge capacity of 4720 mAh gcat

-1 at 
low rates (Figure 1b). The gravimetric energy densities was 
measured up to ∼2500 Wh kgdischarged

-1 at power densities up to 
∼100 W kgdischarged

-1, which translated to an 4-times energy 
enhancement that for the state-of-the-art lithium intercalation 
compounds such as LiCoO2 (∼600 Wh kg-1). The good 
electrochemical performance was attributed to the more porous 
structure than other carbon materials, which enhanced 
utilization efficiency of the available carbon mass and void 
space for Li2O2 deposition during discharge. Additionally, the 
electrodes demonstrated reasonable reversibility over the first 
10 cycles at a moderate rate (300 mA gcat

-1). The observations 
of Li2O2 formation and morphological evolution during 
discharge were also conducted. Cross-sectional ex-situ SEM 
imaging of the electrode revealed that Li2O2 appeared to first 
form as discrete spherical particles on the CNF sidewalls. Li2O2 
structures were found to evolve from spherical particles, with 
an average diameter of ~100 nm at 350 mA h gcat

-1 (Figure 1c), 
to toroidal-shaped particles, with an average diameter of ~400 
nm at 1880 mAh gcat

-1. These particles were observed to grow 
as large as ~1 μm diameter with increasing depth-of-discharge, 
before eventually merging into a monolithic mass (Figure 1d). 
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Fig.  2.  (a)  Schematic  structure  of  a  functionalized  graphene 
sheet  (upper  image) with  an  ideal  bimodal  porous  structure 
(lower  image)  which  is  highly  desirable  for  Li‐O2  battery 
operation.  (b) SEM  images of as‐prepared FGS  (C/O = 14).  (c) 
The discharge curve of a Li‐O2 cell using FGS(C/O =14) as  the 
air electrode (PO2 = 2 atm). Reprinted with permission from ref. 
24 Copyright (2011) American Chemical Society. 
 

Generally, among different allotropes of carbon, carbon 
materials with ordered graphitic structure are expected to 
facilitate the electron transfer rate and exhibit good 
electrochemical stability. Particularly, graphene, a one-atom 
thick sheet of sp2-bonded carbon, is of particular interest in 
developing advanced energy materials due to its unique 
physical and chemical properties, such as high surface area 
(theoretical value: ∼2630 m2 g−1), high chemical stability, 
excellent conductivity, unique graphitic basal plane structure, 
and the easiness of functionalization.64,65 Importantly, graphene 
nanosheets (GNSs) have been successfully established in air 
electrode for both nonaqueous66,67 and hybrid electrolyte68 Li-
O2 batteries. In a nonaqueous Li-air battery, the air electrode 
based on GNSs yielded a high discharge capacity of ∼8700 
mAh g-1 at a current density of 75 mA g-1, compared to ∼1900 
mAh g-1 for BP-2000 and ∼1050 mAh g-1 for Vulcan XC-72, 
respectively. The dominant discharge product was Li2CO3 and 
a small amount of Li2O2. This result indicated that GNSs can be 
used as an ideal candidate for Li-air batteries. Recently, Xiao 
and coworkers used a colloidal microemulsion approach and 
demonstrated the construction of hierarchically porous air 
electrodes with functionalized graphene sheets (FGSs) that 
contain lattice defects and hydroxyl, epoxy, and carboxyl 
groups. Figure 2a shows the schematic structure of 
functionalized graphene with an ideal bimodal porous structure 
which is highly desirable for Li-O2 battery operation. Unlike 
conventional two-dimensional (2D) layered graphene sheets 
that hinder the rapid gas diffusion that is essential for the 
efficient operation of Li-air batteries, the three-dimensional 
(3D) air electrodes developed in this work via the thermal 
expansion and simultaneous reduction of graphite oxide consist 
of interconnected pore channels on both the micro- and 
nanometer length scales (Figure 2b), is ideally suited for air 
electrodes since the pores on different length scale may 
facilitate oxygen diffusion, avoiding pore blockage due to 
Li2O2 deposition during discharge in nonaqueous Li-O2 
batteries. Density functional theory (DFT) calculation and 

electron microscopy characterization suggest that the functional 
groups and lattice defects play a critical role in improving the 
battery performance by forming small particle size of discharge 
products. In particular, the C/O = 14 graphene electrode, 
containing more functional groups, resulting in better 
performance and smaller Li2O2 particles, when compared to 
those of C/O = 100 with less functional groups. Importantly, in 
the unique hierarchical structures, large tunnels constructed by 
the macro-pores facilitate oxygen transfer into the air electrode, 
and small “pores” is able to provide ideal multi-phase regions 
for the ORR. Thus, the combination of the abundance of 
functional groups and the hierarchical pore structures leads to 
an exceptionally high capacity of 15000 mAh g-1 during the 
discharge process (Figure 2c). 

Apart from pristine carbon materials, it is well known that 
chemical doping with heteroatoms (e.g., N, B, P, or S) into 
carbon lattice can tune the electronic and geometric 
properties,69 thereby providing more active sites, and enhancing 
the interactions between carbon structure and oxygen molecules 
toward the ORR in aqueous solution. Among various 
heteroatoms, nitrogen doping plays a critical role in modifying 
carbon materials due to comparable atomic size of nitrogen and 
carbon, as well as the presence of five valence electrons in the 
nitrogen atoms available to form strong covalent bonds with 
carbon atoms. It was experimentally proved that the nitrogen-
doped carbon materials turn out to be more compartmentalized 
and disordered than undoped analogues.70 Those defects may 
serve as active sites and result in much stronger adsorption of 
oxygen molecule. These experimental observations are in good 
agreement with theoretical studies that nitrogen can be viewed 
as an n-type carbon dopant, donating electrons to carbon, and 
facilitating the ORR.71 Various nitrogen doping into carbon via 
heat treatment at high temperatures (800°C-1000°C) can be 
identified by different XPS binding energies associated with 
pyridinic (398.6 ± 0.3 eV) and graphitic nitrogen 
(401.3 ± 0.3 eV).69 Specifically, pyridinic nitrogen is obtained 
by doping at the edge of the graphene layer, contributing one pπ 
electron to the graphitic π system. Graphitic nitrogen is the 
result of in-plane doping and contributes two pπ electrons. 
Recently, it was reported that nitrogen-doped carbon nanotubes 
(N-CNTs) exhibited a specific discharge capacity of 866 mAh 
g-1 in a nonaqueous Li-O2 battery, which was about 1.5 times 
higher than pristine CNTs (590 mAh g-1).72 This example 
demonstrates that, like in aqueous solution, nitrogen doping to 
carbon materials is also able to efficiently enhance the ORR 
activity in nonaqueous electrolyte. 

Later, the nitrogen-doped graphene nanosheets (N-GNSs) 
as cathode materials exhibit excellent electrocatalytic activity 
for Li-O2 batteries.73 From rotating disk electrode (RDE) 
measurements, the N-GNSs prepared by post heating the GNSs 
under high purity ammonia mixed with Ar at 900°C for 5 min 
exhibited positively shifted onset potential of ORR relative to 
that of GNSs in O2-saturated 0.1 M LiPF6 in tetraethylene 
glycol dimethyl ether (TEGDME) solution (Figure 3a). 
Noteworthy, there is no well-defined diffusion limiting current 
plateau for both samples, probably due to the coverage of active 
sites by in-situ formed insoluble Li2O2 thereby making the 
ORR in nonaqueous electrolyte kinetically sluggish. 
Furthermore, the numbers of electron transferred in the ORR 
estimated from Tafel-slops are 0.99 for N-GNSs and 0.80 for 
GNSs, respectively, suggesting that N-GNSs have higher 
catalytic activity in a nonaqueous solution. In Li-O2 battery 
testing, the initial discharge capacity of GNSs electrode is 8530 
mAh g-1 at a current density of 75 mA g-1, while 11,660 mAh g-
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1 was measured with the N-GNSs, about 40% higher than that 
of GNSs (Figure 3b). The morphologies of discharge products 
(discharged for 1 h) for GNSs and N-GNSs electrodes are 
shown in Figure 3c and 3d, respectively. It can be seen that the 
morphologies of the products on the two surfaces are 
significantly different. On GNSs, the product particle size is 
distributed from 20 to 45 nm, whereas on N-GNSs, a smaller 
size from 5 to 20 nm was observed. Moreover, the distribution 
of the product is more uniform on N-GNSs, while the product 
particles aggregated into large clusters on GNSs and some 
surfaces are free of coverage. These observations suggest that 
the presence of the homogeneously distributed nitrogen species 
resulting in more active sites (defects and functional groups) of 
N-GNSs provides more nucleation sites and thus promotes a 
more uniform dispersion of discharging products. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  3.  (a)  rotating‐disk  electrode  voltamograms  recorded  for 
GNSs  and N‐GNSs  electrodes  for ORR  at  a  rotating  speed  of 
100 rpm  in O2‐saturated 0.1 M LiPF6  in TEGDME solution at a 
scan  rate  of  5 mV  s

‐1.  (b) Discharge  profiles  of GNSs  and N‐
GNSs electrodes at various current densities. (c, d) SEM images 
of the GNSs (c) and N‐GNSs (d) electrodes discharged for 1 h. 
Reprinted  with  permission  from  ref. 

73  Copyright  (2012) 
Elsevier. 

2.2 Nanostructured Metal-Nitrogen-Carbon Catalysts  

2.2.1 Catalyst synthesis strategies  
Although catalysts with respectable ORR activity can be 
prepared without any detectable metal content,43,46,74 so far the 
presence of Fe and/or Co can yield catalysts with much enhance 
activity and better durability compared to metal-free 
catalysts.25,31 This is most likely due to either promotional role 
of transition metal to accelerate nitrogen doping into carbon 
matrix, or directly participate into active site constitution with 
improved intrinsic activity toward the ORR.75 Pioneered by 
Jasinski 76 and Yeager 77 who developed the metal-nitrogen-
carbon (M-N-C, M: Co/Fe)) type of NPMCs by pyrolyzing 
transition-metal macrocycles at temperatures exceeding 700°C 
for the first time and demonstrated significantly enhanced ORR 
activity and stability of the resulting catalysts relative to the 
performance of un-heated macrocycles. In an effort to explore 
this kind of pyrolyzed catalysts, different catalysts have been 
prepared in a similar manner, using a wide variety of N-

containing chemicals as the starting materials, many of which 
are no longer macrocyclic. Because these metallo-porphyrins 
and metallo-phthalocyanines are considered to be extremely 
hard to synthesize due to a number of steps required, resulting 
in high manufacturing prices and outweighing the benefit of the 
low initial materials cost. To date, the M-N-C types of non-
precious metal catalysts (NPMC) have been widely recognized 
as the-state-of-the-art catalyst formulation toward ORR in both 
acid34,78 and alkaline79 electrolytes. Much enhanced stability 
(700 hours at 0.4V)34 and volumetric activity (230 A cm-3)80 of 
M-N-C catalysts have been demonstrated in low-temperature 
proton exchange membrane (PEM) fuel cell operations.  

In general, the formation mechanism of active site on such-
fabricated catalysts has not been unambiguously determined. 
Dodelet et al. has indicated that the ORR active site in M-N-C 
catalysts involves MNx/C-type species (M: Co and Fe).78 Later, 
the possible Fe-Nx coordination in polyaniline (PANI)-Fe-C 
catalysts through high-temperature treatments has been verified 
by X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) 
spectroscopies, which enable the measurement of atomic 
structure, bonding characteristics, and oxidation state with 
elemental specificity in the catalysts.24,81,82 Such Fe-Nx 
coordinations (e.g., pyridinic Fe-N2+2+2, pyrrolic Fe-N4, and 
porphyrazin Fe-N4) are able to be survived after heat treatments 
and has been clearly correlated with the ORR activity.81 
Although it is generally accepted that heat-treatment steps are 
indispensable to activity and stability improvements, the 
enhanced performance of the catalysts remains strongly 
dependent on the synthetic methods including carbon support 
used, source of metal and nitrogen, thermal treatment 
conditions, and supporting templates.27 The type of transition 
metals in the precursors has been proven to play a critical role 
in the M-N-C catalysts and can be tied to activity enhancement 
after the heat treatment.83,84 In one type of catalyst derived from 
polyacrylonitrile, metal, and carbon, Fe and Co lead to the 
formation of the active centers with higher activity towards the 
ORR in alkaline solution, when compared to other transition 
metals (e.g., Zn, Ni, Mn, Cu, Cr).83 Nitrogen precursors used in 
the synthesis were found to be of great significance to the ORR 
activity and durability. Generally, three different groups of 
nitrogen precursors have been employed to develop M-N-C 
catalysts in alkaline media: (1) CN-based non-aromatic 
precursors, like cyanamide79,85 and dicyanamide;86 (2) C-N-
based non-aromatic amine precursors, like ethylenediamine 
(EDA);87 (3) aromatic precursors, like aniline and 
melamine.34,88 

Like in aqueous electrolyte, such-synthesized M-N-C 
catalysts also exhibit high catalytic activity for the ORR in the 
nonaqueous solution for Li-O2 battery cathodes.16,54 The 
catalytic performance of an M-N-C composite was evaluated 
for the first time in connection with rechargeable Li-O2 battery 
application by Liu and coworkers. The studied Fe-N-C catalysts 
were synthesized via the pyrolysis of iron acetate, 1,10-
phenanthroline, and carbon black (Black Pearls 2000) at 
1050°C for 0.3 h, following by acid leaching and second heat-
treatment which are typical approaches for developing such 
kind of M-N-C catalysts (Figure 4a).51 In particular, the 
majority of the Fe centers in these samples were present in non-
square planar configurations through an axial ligation as 
verified by X-ray absorption spectroscopic techniques, which 
was consistent with an average ligation number higher than 4 
derived from the EXAFS analysis. In the Li-O2 battery tests, the 
developed catalyst produced lower charge-discharge 
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overpotentials, when compared to the well-studied α-
MnO2/XC-72 (Figure 4b) and carbon only counterparts. 
Effluent gas analysis by gas chromatography (GC) at the end of 
controlled discharge-charge cycles demonstrated no CO2 
formation for cathode made of the Fe-N-C catalyst (Figure 4c), 
suggesting it selectively promoted the decomposition of Li2O2, 
rather than the electrolyte. In the contrast, both α-MnO2/XC-72 
and carbon black revealed significant CO2 production during 
the charging process, indicative of electrolyte decomposition. 
Such improved selectivity led to an enhanced battery lifespan 
under controlled cycling, with 50 discharge-charge cycles 
achieved as shown in Figure 4d. Such improved cyclability 
measured in M-N-C can be primarily attributed to the highly 
graphitized carbon structures formed in high-temperature 
treatments, which are strongly tolerant to carbon corrosion, 
especially at high potentials. This pioneering study 
demonstrates that the M-N-C types of catalysts derived from 
earth-abundant elements could not only activate the ORR but 
also promote the OER, holding great promise as efficient 
bifunctional electrocatalysts for rechargeable nonaqueous Li-O2 
battery application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4.  (a)  TEM  image  of  the  developed  Fe‐N‐C  catalysts.  (b) 
Discharge/charge  voltage  profiles  of  Li‐O2  cells  using  α‐
MnO2/XC‐72  and  Fe/N/C  as  cathode  catalysts.  (c) 
Representative GC  signals as a  function of  retention  time  for 
the  gas  effluents  collected  at  the  end  of  the  charging 
processes.  (d)  Cycling  performance  of  cells  with  catalysts 
Fe/N/C and carbon black (BP) as cathode catalysts, current was 
0.05 mA with duration of 5 h. Reprinted with permission from 
ref. 

51. Copyright (2012) American Chemical Society. 
 
2.2.2 Promotional role of graphene morphology 
In our recent effort in developing carbon-based ORR M-N-C 
catalysts (M: Fe or Co), in situ formation of various carbon 
nanostructures with nitrogen doping can be realized by 
catalyzing the decomposition of the nitrogen/carbon precursor 
at high temperatures (800-1000°C),33,36 exhibiting high activity 
for the ORR. Importantly, we can control the formation of 
different nanostructures (e.g., carbon nanotube, onion-like 
carbon, graphene) during the catalyst synthesis through 
optimizing the transition metals, nitrogen/carbon precursors, 
and templates.33,36 Apart from the obvious advantages of high 

electronic conductivity and enhanced corrosion resistance, 
these highly graphitized carbon nanostructures present in the 
M-N-C may serve as a matrix for hosting nitrogen and metal 
moieties.25 As shown in our previous nonprecious metal 
catalyst research, the presence of graphitized carbon appears to 
enhance stability of the ORR catalysts.36 Targeting the 
application in nonaqueous Li-O2 battery cathodes, a nitrogen-
doped graphene-sheet-rich Co-N-C catalyst derived from 
PANI, cobalt, and multi-walled carbon nanotubes (MWNTs) 
was developed.19  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  5.  (a)  Scheme  of  the  formation  for  nitrogen‐doped 
graphene  sheets  derived  from  polyaniline  and  Co  precursors 
using  MWNTs  as  a  template.  (b,  c)  HR‐TEM  images  of  the 
graphene‐rich  nanocomposites  observed  in  Co‐N‐MWNT 
catalysts. (d) RDE testing results for the ORR at 25°C in oxygen‐
saturated 0.1 M LiPF6  in 1,2‐dimethoxyethane electrolyte at a 
rotating  speed  of  900  rpm  on  various  catalyst  samples.  (e) 
Initial discharge performance for various catalysts at a current 
density  of  50 mA  gcat

‐1  in  Li‐O2  battery  tests.  Reprinted with 
permission  from  ref. 19. Copyright  (2012) American Chemical 
Society. 

A synthesis scheme for the nitrogen-doped graphene 
composites is shown in Figure 5a.19 As a both nitrogen and 
carbon source, the heteroatom polymer, PANI, was graphitized 
at elevated temperature with the catalysis of a Co species. Due 
to their structural similarities, the aromatic in PANI may 
facilitate the graphitization process and form nitrogen-doped 
graphene-sheet-like structures (Figure 5b and 5c).19 In the 
RDE test (Figure 5d),19 as discussed above, no saturated 
plateau at low potential range is achieved for ORR in the 
nonaqueous electrolyte.89 Instead, a broad peak was observed at 
the low potential range. This is due to the formation of 
insoluble lithium-oxygen compounds that cover the catalyst 
surface, ultimately resulting in a degradation of catalyst 
activity. It is worth noting that the resulting Co-based catalysts 
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exhibit superior performance compared to Pt catalysts and other 
controls, reflected by a positive difference in the ORR half-
wave potential, E1/2 (2.42 V for Pt vs. 2.77 V for Co-N-
MWNTs) and, to a lesser degree, by a difference in the onset 
potential (3.0 V for Pt vs. 3.1 V for Co-N-MWNTs). In 
nonaqueous Li-O2 battery tests, the Co-N-MWNT catalysts also 
deliver the highest initial discharge capacity (∼3700 mAh gcat

-1) 
among the studied catalysts (Figure 5e). Furthermore, the cell 
showed very good cycling stability up to 20 cycles without 
significant capacity loss; further cycling to 30 and 50 cycles 
results in capacity losses of 8.4 and 20.4%, respectively. 
MWNTs proved to be an effective supporting template for the 
formation of graphene, as compared to traditional carbon black 
supports. As the MWNTs still obviously present in the catalysts 
after heating treatment, the graphene-like sheets are likely not 
derived from the carbon nanotubes. Importantly, optimized 
heating temperatures lead to a maximum in the yield of 
graphene structures in the final catalyst. The graphene-sheet-
like structures grown over the solid particles are only observed 
when the heat-treatment temperature reaches 900°C, which are 
in good agreement with the highest BET surface areas (278 m2 
g-1) and maximum ORR activity in nonaqueous electrolyte 
measured with the samples synthesized at 900°C. On the other 
hand, properly selecting the transition metal in synthesis is also 
a key to controlling the graphene morphology and doped 
nitrogen structure. 

 
2.2.3 Role of transition metals 
Here, when PANI was used as nitrogen-carbon precursors, the 
effect of transition metals used during the synthesis on ORR 
activity in both aqueous and nonaqueous was discussed. 
Although these results are not universally valid for other 
nitrogen-carbon precursor-derived catalysts, the finding may 
provide some insights into the optimal active sites for the ORR 
in nonaqueous electrolyte.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6.  Catalytic  activity  for  the  ORR  in  (a)  aqueous  and  (b) 
nonaqueous  electrolytes,  and  (c)  catalyst  morphologies  and 
structures  for  PANI‐Fe‐C  and  PANI‐Co‐C  catalysts.  Reprinted 
from ref. 41 with permission of The Royal Society of Chemistry. 
Reprinted  with  permission  from  ref.  19.  Copyright  (2012) 
American Chemical Society. 

As shown in Figure 6a and 6b, the PANI-Fe-C catalysts 
usually exhibit higher activity for ORR in traditional aqueous 
electrolyte; however, in nonaqueous Li electrolyte, the PANI-
Co-C catalysts show better activity for the ORR.19,41 These 

results suggest that the optimal active site structures for the 
ORR in both aqueous and nonaqueous media are different. It 
will be very interesting to further understand why these two 
kinds of catalysts perform so differently in aqueous and 
nonaqueous electrolytes. At first, in order to determine the role 
of Co and Fe in catalyst synthesis, especially during the 
graphitization of PANI, nanostructure and morphology of 
PANI-Fe-C and PANI-Co-C catalysts were compared using 
electron microscopy (Figure 6c). It was found that graphene-
sheet structures abundantly exist in the PANI-Co-C catalyst, 
but not in the PANI-Fe-C catalyst. This significant difference in 
catalyst nanostructures implies that Co probably is more 
effective to catalyze PANI decomposition to the atomic level, 
and then these carbon and nitrogen atoms re-arrange and 
coalesce together, forming highly graphitic N-doped graphene 
structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  7.  XPS  (a)  and  XAS  (b)  for  PANI‐Fe‐C  and  PANI‐Co‐C 
catalysts.  Reprinted  with  permission  from  ref.  41  Copyright 
(2011) Royal Society of Chemistry. 

In the meantime, as the nitrogen functional structures had been 
believed to be important for active sites, the effect of transition 
metals on nitrogen doping was further studied using XPS 
(Figure 7a). It was found that the addition of Co leads to a 
relatively higher pyridinic nitrogen, capable of catalyzing 
nitrogen doping at the edge of graphene planes. On the other 
hand, Fe may play a promotional role to increase graphitic 
nitrogen and catalyze nitrogen doping at the center of graphene. 
In order to get more detailed bonding structure information for 
these transition metals in catalysts, ex-situ X-ray absorption 
was used to analyze these PANI-Fe-C and PANI-Co-C catalysts 
(Figure 7b). In the case of PANI-Co-C catalysts, similar to 
standard cobalt metal (hcp), dominant peak in PANI-derived 
Co catalyst is around 2 Å, belonging to Co-Co shell. This result 
indicates that the principal Co species in catalyst is highly 
metallic and no Co-N coordination was found. Importantly, 
similar results had been found in another Co catalyst derived 
from EDA, a different nitrogen-carbon precursor.44 When 
pyrolysis temperature is above 800oC, Co-N bonds formed in 
the room temperature were completely broken and metallic Co-
Co bonds newly formed.44 In the case of PANI-Fe-C catalysts, 
the spectroscopy shows a dominant peak around 1.63 Å that is 
very close to a typical Fe-N4 structures found in macrocyclic 
compounds. Thus, the Fe-Nx coordination structures are very 
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possible in the PANI-Fe-C catalyst. At this point, as Co-based 
catalyst has higher activity for the ORR in nonaqueous media, 
the metal-free pyridinic N dominant in PANI-Co-C catalysts 
seem to be important to ORR in nonaqueous media. However, 
the possible Fe-Nx coordination structures in PANI-Fe-C 
catalyst may directly participate into the active sites with higher 
intrinsic activity for the ORR in the traditional aqueous, 
compared to the metal-free nitrogen-doped carbon structures. 
 
2.2.4 Unique templating role of MOFs 
Another example demonstrating M-N-C catalysts for Li-O2 
battery cathode is graphene/graphene tube nanocomposites 
derived from dicyanamide, iron, and cage-containing metal-
organic frameworks (MOFs).20 MOF is expected to offer 
unique opportunities in synthesizing efficient ORR catalysts 
due to the accessibility of metal-cation centers, the variety of 
building blocks, and the high micropore surface area.90 
However, most studied MOFs as precursors for ORR catalyst 
synthesis are limited to commercially available microporous 
ones.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) Schematic illustration of the formation of N‐Fe‐MOF 
nanostructures  at different heating  temperatures.  (b,  c)  SEM 
and TEM images of N‐Fe‐MOF catalyst heat‐treated at 1000°C. 
(d)  initial  discharge  performance  for  various  catalysts  at  a 
current density of 50 mA gcat

‐1 in Li‐O2 battery tests, (e) cycling 
test of N‐Fe‐MOF catalyst at a current density of 400 mA gcat

‐1 
with  voltage  cutoff  at  2.5  V  (discharge)  and  4.1  V  (charge). 
Reprinted with permission from ref. 20. Copyright 2014 WILEY‐
VCH. 
 

In that work, a newly-developed Co containing MOF material 
with giant polyhedral cages (cage size ~1.8 nm) was employed 
as a template in preparation of M-N-C ORR catalysts for 
nonaqueous Li-O2 battery cathodes. Such MOF materials with 
large pores may be beneficial for synthesizing efficient ORR 
catalysts by well dispersing nitrogen/carbon precursors 
(dicyanamide), thereby significantly increasing the active-site 
density. The synthesis procedures of the MOF templating 
nitrogen-iron catalysts (N-Fe-MOF) are schematically 
illustrated in Figure 8a. Importantly, graphene/graphene tube 
structures can be only catalytically prepared by in-situ formed 
Fe3C at heating temperature of 1000°C (Figure 8b and 8c). 

Other temperatures result in onion-like Fe/Fe3C species 
(800°C and 1100°C) or only N-doped carbon nanotubes 
(900°C). Interestingly, the total nitrogen content for the N-Fe-
MOF sample consistently decreases from 4.07 at.% to 2.07 
at.% with increasing heating temperature from 800°C to 
1100°C, without leading to a commensurate drop in ORR 
activity. The relative amount of graphitic nitrogen goes up as 
the heating temperature is increased, along with a 
commensurate enhancement in ORR activity, reaching 
maximum at 1000°C. Notably, an extremely high temperature 
(1100°C) results in significant reduction in pyridinic nitrogen 
on the prepared catalysts and is accompanied with a drop in 
ORR activity. The doped nitrogen atoms at the edge of the 
graphitic layers (pyridinic) are generally believed to be 
connected with ORR activity.36,39 Importantly, the newly 
presenting results indicate that graphitic nitrogen and the 
optimal C-Nx configuration reflected by the ratio of the two of 
nitrogen functionalities may be as important as the pyridinic 
nitrogen toward the ORR activity enhancement in nonaqueous 
electrolyte. Due to the use of cage-containing MOF, the well-
distributed nitrogen species into graphene/graphene tube 
nanocomposite was obtained from the optimized synthesis 
conditions, providing increased disorders and defects as 
nucleation sites for discharge products. As a result, in Li-O2 
battery tests, the N-Fe-MOF catalysts also deliver the highest 
initial discharge capacity (∼5300 mAh gcat

-1) among all the 
cathodes studied in that work (Figure 8d). In the meantime, the 
catalyst also exhibits enhanced OER activity and recharging 
capability in Li-O2 battery tests. The cell revealed good cycling 
stability up to 16 cycles without significant capacity loss; 
further cycling to 50 cycles results in capacity losses of about 
27% (Figure 8e). In fact, the cyclic durability of Li-O2 batteries 
is one of the grand technical obstacles to commercialization of 
the advanced battery technology.91 The accumulated insoluble 
solid particles remained in the charged products may block the 
catalyst sites and O2 transfer channels in the electrodes, thereby 
leading to the observed degradation. In addition, the gradual 
loss of electrolyte due to possible evaporation is likely another 
reason for the observed performance degradation. 

2.3 Carbon composites with metal oxides/nitrides catalysts 

Apart from the nitrogen-doped carbon composite catalysts 
discussed above, transition-metal oxides (TMOs), transition-
metal nitrides (TMNs) and mixed transition-metal oxides 
(MTMOs) with stoichiometric and even non-stoichiometric 
compositions have attracted increasing interests for the 
applications in nonaqueous Li-O2 batteries.3,49,54,81,92-99 TMOs, 
TMNs and MTMOs have several advantages such as low cost, 
controllable synthesis, tunable nanostructure, and relatively 
high ORR/OER activity. Importantly, unlike carbon-based 
catalysts prone to corrosion in nonaqueous Li-O2 batteries,100,101 
TMOs, TMNs and MTMOs are stable over the operating 
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voltage of the cathode (typically 2-4 V vs. Li+/Li) and able to 
bear the nucleophilic attack by O2

- and O2
2-. However, one of 

major drawbacks of TMOs, TMNs and MTMOs stems from 
their heavy molecular weight and low electrical conductivity, 
which likely lead to low energy density and power density of 
batteries. To address the problems caused by these unfavorable 
properties, conductive substrates are usually incorporated into 
the composites of TMOs, TMNs or MTMOs to improve the 
conductivity and utilize their catalytic activity to the greatest 
extent possible.102 For example, a variety of carbon supports, 
such as porous carbon, carbon nanotubes, and reduced graphene 
oxide, have been used to improve electrical conductivity of 
TMOs or MTMOs and consequently enhance the capacity and 
cycling stability of Li-O2 batteries.37,103,104  
 
2.3.1 Mono metal oxide catalysts 
Among different TMOs, MnOx with different chemical 
composition and physical nanostructure is the most extensively 
studied catalyst in nonaqueous Li-O2 batteries.37,86,103,105-109 The 
surface properties of MnOx related to electronic structure of 
active centers and the concentration level of the defects and 
vacancies play a critical role in the oxygen-involved 
electrochemical reaction in both aqueous and nonaqueous 
electrolyte.94,110-112 The intrinsic catalytic activity of MnOx in 
Li-O2 batteries is dominated by electronic structures of active 
centers, on which the oxygen molecule is absorbed in the first 
step of ORR and then is reduced to superoxide radical ion in 
aprotic electrolyte.93 The vacancy and defect on the surface of 
MnOx catalysts greatly affect the electronic structure of 
manganese ion center and consequently change the binding 
energy of the oxygen molecules on catalyst surface. Like other 
oxides, the major disadvantage of MnOx as a cathode catalyst in 
a Li-O2 battery suffers from its inherently low electrical 
conductivity, yielding a high overpotential for ORR/OER in the 
nonaqueous electrolyte To effectively promote its catalytic 
activity in Li-O2 batteries, many researchers tried to use 
conductive carbon materials incorporated with MnOx to form 
composites, which are able to greatly enhance the electrical 
conductivity, and thus the battery performance.37,105 In addition, 
the combination between TMOs and carbon substrate could 
also significantly affect the catalytic activity of TMOs. It was 
reported that suitable functional groups, which enable the 
strong covalent bonding between catalysts and carbon 
substrates, are important for the synergistic effect leading to the 
activity of hybrid materials.113,114 Graphene that has two-
dimensional flat structure with super-high theoretical surface 
area and very good electrical conductivity was found to be an 
ideal candidate to prepare such type of composite catalysts. 

Recently, a method for one-step synthesis of Mn3O4/reduced 
graphene oxide (RGO) nanocomposites for non-aqueous Li-O2 
batteries has been developed by a LANL group,37 as shown in 
Figure 9a. After 24 h of solvothermal reaction, monodispersed 
Mn3O4 nanoparticles were formed and uniformly bonded on the 
surface of RGO (Figure 9b). The Mn3O4 nanoparticles with 
diameters of ca. 4-6 nm are well crystallized (Figure 9c). 
Because the monodispersed Mn3O4 nanoparticles have smaller 
particle size compared to previously reported MnOx-based 
composite, it may have a stronger interaction bonding between 
MnOx and RGO, thereby leading to higher catalytic activity due 
to a possible synergistic effect.102 To investigate the cathode 
catalyst performance, the composite was evaluated by the 
steady-state RDE polarization and Li-O2 cell tests in a Li-O2 
battery with 1.0 M LiPF6 in TEGDME as an electrolyte (Figure 
9d and Figure 9e). Compared to other ratios of Mn3O4 and 

RGO, the Mn3O4/RGO (4:1) catalyst exhibited highest ORR 
activity in both half-cell and full-cell test, exhibiting an initial 
discharge capacity as high as 16 000 mA h g−1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  9.  (a)  Schematic  illustration  of  the  one‐step  synthesis  of 
Mn3O4/RGO  nanocomposites  for  oxygen  reduction  in  Li‐O2 
batteries.  (b,  c)  SEM  and  TEM  images  of  the  as‐prepared 
Mn3O4/RGO nanocomposites with an RGO to Mn3O4 mass ratio 
of 4:1. (d) ORR steady‐state RDE polarization curves for various 
catalysts  in O2‐saturated  0.1 M  LiPF6  in  the DME  electrolyte. 
Rotating  speed:  900  rpm;  room  temperature;  (e)  initial 
discharge performance of various catalysts at a current density 
of 50 mA g

−1  in Li‐O2 battery tests. Reprinted with permission 
from Ref. 37 Copyright (2013) Royal Society of Chemistry. 
 

 
 
 
 
 
 
 
 
 
 

Fig.  10.  (a)  Schematic  drawing  of  the  growth  of  α‐
MnO2 nanorods on GNs and the schematic structure of the α‐
MnO2/GN hybrid.  (b)   Discharging and charging profiles of Li–
O2 batteries  based  on  three  different catalysts,  α‐MnO2/GN 
hybrid, NW‐α‐MnO2/GN mixture and NR‐α‐MnO2/GN mixture. 
The current density and capacities were based on the mass of 
GNs.  Reprinted  with  permission  from  Ref.  115  Copyright 
(2012) Royal Society of Chemistry. 

Meanwhile, an α-MnO2/RGO hybrid material has been 
also synthesized and employed as the catalyst for nonaqueous 
Li-O2 batteries, which exhibited excellent catalytic 
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properties.115 Taking advantage of the oxygen functional 
groups, the manganese ions were absorbed on the surface of 
graphene nanosheets and in-situ nucleated to grow nanorods 
(Figure 10a). This in-situ growth approach resulted in a strong 
covalent bonding between MnO2 and RGO, leading to an 
excellent performance in Li-O2 batteries (Figure 10a).  

Despite of the extensive study on MnOx-based cathode 
catalyst, many other transition metal oxides, such as CoOx, 
FeOx, and CuO, have been investigated in nonaqueous Li-O2 
batteries.116-118. Among the reported transition metal oxides, 
most of them exhibited relatively high catalytic ORR activity in 
nonaqueous Li-O2 batteries (typically E1/2=2.6 V versus Li+/Li), 
compared to carbon-based cathode, while the OER catalytic 
activity vary largely between them. Ruthenium-based 
electrocatalysts were reported to possess relatively high 
catalytic activity toward OER, which is typically lower than ~4 
V versus Li+/Li, however, the high cost hampers their wide 
implementation in practical applications.117,118 The alternatives 
for low cost but high efficiency catalysts have been actively 
pursued. Most recently, a ORR/OER bifunctional composite 
catalyst using Co3O4 nanofibers immobilized on oxidized 
graphene nanoflakes has been developed and showed highly 
catalytic activity for ORR/OER in a nonaqueous Li-O2 
battery.119 The hybrid material delivered a very high initial 
discharge capacity of 10,500 mAh g-1 and a high coulombic 
efficiency of 88.5%. In addition, the hybrid material exhibited 
very good cycling stability, which stably maintained a limited 
capacity of 1000 mAh g-1 for 80 cycles without any distinctive 
capacity loss. The superior catalytic performance should be 
attributed to improved catalytic activity of 1D Co3O4 nanofibers 
with large surface area, facile electron transport via 
interconnected grahene nanoflakes, and fast oxygen diffusion 
through the highly porous matrix. 

The heavy molecular weight of TMOs is another dominant 
factor to limit its ability to deliver higher energy density in Li-
O2 batteries. Considering this aspect on density and the concern 
of the accommodation of solid discharge product, porous 
structures with well-defined microstructure are necessary for 
the cathode design in Li-O2 batteries. In doing so, mesoporous 
cobalt oxides (Co3O4) with different porosities mixed with 
carbon blacks were employed as the cathode catalysts in Li-O2 
batteries and demonstrated significantly improved round-trip 
efficiency and specific capacity over the bulk catalyst.120 It was 
indicated that the highly open and continuous three-
dimensional cubic mesoporous structure are imperative for the 
high catalytic activity. 
 
2.3.2 Mixed metal oxide catalysts 
A family of MTMOs such as perovskite LaNiO3-δ and 
pyrochlore Pb2Ru2O7-δ, have been employed as ORR/OER 
catalysts in aqueous Zn-air battery systems.121,122 Taking 
advantage of the knowledge learned from aqueous electrolyte, 
such MTMOs have attracted rising interests in the applications 
for nonaqueous Li-O2 batteries.54,81,96,97,102,123-126 In mixed 
transition metal oxides, some metal ion positions are substituted 
by other metal ions, which results in a tunable electronic 
structure of ORR/OER active site center and an enhanced 
catalytic activity.93,109 In addition, the covalent coupling 
between the oxide nanoparticles and carbon substrate like 
carbon nanotubes and graphene usually leads to drastically 
improved catalytic activity. Based on these theories, a 
covalently coupled MnCo2O4-graphene hybrid as an oxygen 
cathode catalyst has been successfully developed by Dai’s 
group at Stanford University (Figure 11).49 The hybrid with 

controlled morphology and particle size was synthesized by 
direct nucleation and growth of MnCo2O4 nanoparticles on 
reduced graphene oxide and result in very strong covalent 
coupling between the oxide particles and the graphene 
substrate. The tuned electronic structure of active center on the 
oxide nanoparticles lead to a better catalytic activity than free 
oxide particles physically mixed with conductive carbon 
substrate, indicating the importance of the covalent bonding 
between MnCo2O4 and graphene substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. MnCo2O4–graphene hybrid as a cathode catalyst for Li‐
O2 batteries. (a) Schematic structure of the Li‐O2 cell catalyzed 
by  the MnCo2O4–graphene hybrid.  (b) Schematic  structure of 
the  MnCo2O4–graphene  hybrid  material  comprised  of 
MnCo2O4  nanoparticles  covalently  bonded  to  NGO  sheets 
through  carbon–oxygen–metal  and  carbon–nitrogen–metal 
bonds. (c) An SEM image of the MnCo2O4–graphene hybrid. (d) 
A  TEM  image  of  the  MnCo2O4–graphene  hybrid.  Reprinted 
with permission from Ref. 49 Copyright (2012) Royal Society of 
Chemistry. 
 
2.3.3 Metal nitride catalysts 
Owing to their higher electronic conductivity than that of metal 
oxides, metal nitrides have attracted considerable interests in 
the development of ORR/OER catalysts and have been shown 
to possess very good catalytic capability in both aqueous and 
nonaqueous electrolyte.98,99,127-129 To further improve their 
activity, metal nitrides also need to be incorporated with 
conductive carbon substrates, such as activated carbon, CNT or 
graphene. For example, a hybrid material of molybdenum 
nitride and N-doped carbon nanospheres (MoN/N-C) has been 
synthesized by hydrothermal method followed by ammonia 
annealing and exhibited higher ORR activity in a nonaqueous 
electrolyte than that of molybdenum nitride itself and the 
physical mixture of molybdenum nitride and N-doped carbon 
nanospheres.98 Another example is that a Li-O2 battery with 
TiN nanoparticles supported on Vulcan XC-72, as the cathode 
catalyst presented an onset potential for the OER at 2.9 V 
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versus Li+/Li, which is lower than that with a mixture of micro-
sized TiN and VC, and VC itself, both at 3.1 V versus Li+/Li.128 
The enhanced performance can be ascribed to the high catalytic 
activity of TiN nanoparticles and the promotion of electronic 
conductivity by carbon combination. A similar composite of 
mesoporous TiN and carbon has been reported to show stable 
capability in catalyzing ORR/OER in Li-O2 batteries.130 It was 
found that the architectures of the bimodal porous composite 
were appropriate for the accommodation of a large amount of 
Li2O2 and for the efficient mass transfer of the electrolyte. 
Additionally, it was demonstrated that the catalyst was stable 
against O2

•- and Li2O2 and efficient for ORR/OER comparable 
to Pt/C. 

3. Current Challenges and Solutions 

Li–O2 batteries hold promise to be the next generation battery 
technology owing to their high specific energy. To realize the 
potential, it is vital to find highly active catalysts with good 
stability for both oxygen reduction and evolution reactions in 
Li–O2 batteries. However, the lack of efficient catalysts and 
rational design of electrode structures still hampers the 
commercialization of this technology. Advanced ORR/OER 
catalysts made from earth-abundant elements with sufficient 
activity and stability in nonaqueous media are highly desired. 
Carbon composite catalysts, especially metal-free carbon 
catalysts, nanostructured M-N-C catalysts, and transition 
metal/carbon compound catalysts have received considerable 
attention recently as the most promising cathode catalysts in Li-
O2 batteries and have been highlighted in this review. 
Heteroatom doping into carbon, especially nitrogen doping with 
different nitrogen functionalities (pyridinic, graphitic, etc.), 
have been demonstrated to be capable of inducing ORR activity 
via structural and electronic modification of the carbon, even in 
Li-O2 batteries cathodes. However, the current researches are 
primarily focusing on the development of ORR catalysts for Li-
O2 batteries and little has been done in exploring the OER 
catalysts. Therefore non-precious bifunctional electrocatalysts 
with low overpotential for both ORR and OER are urgently 
required for Li-O2 batteries. 
 
 
 
 
 
 
 
 
 
 
 
Fig.  12.  Illustration  of  the  decomposition  process  of  carbon 
electrodes  during  discharge  and  charge  in  nonaqueous  Li‐O2 
batteries.  Reprinted  with  permission  from.  Reprinted  with 
permission  from Ref.135 Copyright  (2013) American Chemical 
Society. 
 

On the other hand, the lack of stable electrolyte in 
nonaqueous Li-O2 batteries is among the biggest challenge to 
be overcome. A large variety of electrolytes, including 
propylene carbonate (PC),49 dimethoxyethane (DME),12 
tetraethylene glycol dimethyl ether (TEGDME),19,86 
dimethylformamide (DMF),131 dimethylsulfoxide (DMSO),1,132, 
tetramethylene sulfone,133 etc. However, most of the studied 

electrolytes still suffer from rapid degradation with cycling. 
Recently, liquid electrolyte was replaced with a solid Li-ion 
conductor to circumvent the decomposition problem of liquid 
electrolytes, which may provide an alternative approach.134 
Besides the electrolyte, the stability of the cathode material is 
also a serious issue in the application of Li-O2 batteries. So far 
most of the published results are obtained with carbon or 
carbon based cathodes. However, similar to carbon corrosion in 
fuel cells, carbon materials also undergo corrosion challenges at 
the high operation potentials, especially for the charging 
process and high oxygen circumstances in Li-O2 batteries. 
Recently, it has been demonstrated that carbon is unstable on 
charging above 3.5 V in the presence of Li2O2, undergoing 
oxidative decomposition to form Li2CO3 (Figure 12).135 
Superoxide radicals generated at the cathode during discharge 
has also been proven to react with carbon that contains 
activated double bonds or aromatics to form epoxy groups and 
carbonates, which limits the rechargeable capability of Li-O2 
cells.100 

Based on our current understanding of the existing 
catalysts, we believe that the following research directions are 
important to the development of highly-efficient carbon based 
catalysts for Li-O2 batteries: (1) to design the catalysts with 
optimal distribution of macropores, mesopores, and micropores 
enabling efficient decomposition of discharging products; (2) to 
improve the catalyst stability by exploring new support 
materials and synthesis strategies; (3) to fundamentally 
understand the ORR/OER mechanisms in Li-O2 batteries and 
their relationship with various catalyst active sites using both 
theoretical calculations (molecular/electronic level) and 
experimental methods. 
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