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1. Introduction

With the great demand for advanced energy storage and conver-
sion solutions for electrical vehicles with a long driving range,
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Functional and stability orientation synthesis of
materials and structures in aprotic Li—O, batteries

Peng Zhang,® Yong Zhao () *® and Xinbo Zhang () *°

The lithium—-0O, battery is one of most promising energy storage and conversion devices due to its ultrahigh
theoretical energy density and hence has broad application potential in electrical vehicles and stationary
power systems. However, the present Li—-O, battery suffers from a series of challenges for its practical
application, such as its low capacity and rate capability, poor round-trip efficiency and short cycle life.
These challenges mainly arise from the sluggish and unsustainable discharge and charge reactions at
lithium and oxygen electrodes, which determine the performance and durability of a battery. In this review,
we first provide insights on the present understanding of the discharge/charge mechanism of such a
battery and follow up with establishing a correlation between the specific materials/structures of the battery
modules and their functionality/stability within the recent progress in electrodes, electrolytes and redox
mediators. Considerable emphasis is paid to the importance of functional orientation design and the synthesis
of materials/structures towards accelerating and sustaining the electrode reactions of Li-O, batteries.
Moreover, the future directions and perspectives of rationally constructed material and surface/interface
structures, as well as their optimal combinations are proposed for enhancement of the electrode reaction
rate and sustainability, and consequently for a better performance and durability of such batteries.

the development of next-generation batteries with a high energy
density is urgent and necessary.'” The rechargeable lithium-
oxygen (Li-O,) battery (Fig. 1), sometimes called the Li-air
battery, has become one of most promising candidates that
can deliver a high electrical energy density higher than possible
in the state-of-the-art Li-ion battery.*'" In 2009, IBM Company
decided to launch the “Battery 500” project, with the great aim
of exploiting a Li-O, battery that could operate for a driving
range of 500 miles for automobiles.'” To date, four types of
Li-O, batteries, including aprotic, aqueous, hybrid and solid-
state batteries, have been reported, with the aprotic Li-O, battery
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Fig. 1 Schematic illustration of a Li—O, battery and the corresponding
reactions at the Li-metal (left side) and oxygen electrodes (right side).

the most studied one due to its high energy capacity, good
rechargeability and relatively simple construction.">™

Coupling lithium-metal at the anode and oxygen at the
cathode, together with using an organic electrolyte in aprotic
Li-O, battery, with Li,O, as the discharge product, can provide
a theoretical capacity of 3861 mA h g™ (capacity based on the
Li-anode)."® This is much higher than that of today’s Li-ion
batteries, which have a maximum capacity of 200-300 mA h g~*
(capacity based on the anodic material). In terms of the theo-
retical energy density, this could be as high as 3458 W h kg™"
(energy density based on Li-metal and oxygen), with the level
even approaching that of the present gasoline system (energy
density, 12-17 MJ kg™ '; thermal efficiency, ~30-40%).> How-
ever, the present energy density and stability of Li-O, batteries
are far away from these theoretical values.>'" The disparity
between reality and idealization mainly arises from the sluggish
and unsustainable reactions at the electrodes of the battery,"”™*°
which cause a low capacity and rate capability, a poor
round-trip efficiency and an unsatisfactory stability of practical
devices.*

The total reactions of an aprotic Li-O, battery with Li,O, as
the products can be described by the equation: 2Li + O, < Li,0,
(Eoey = 2.96 V),° while the separate discharge/charge reactions at
the anode and cathode can be described with the equations:
(i) at the lithium electrode, Li «> Li" + e~ (E, = —3.05 V vs.
standard hydrogen electrode (SHE), Li oxidation and reduction);

Xinbo Zhang obtained his PhD
from Changchun Institute of
Applied Chemistry (CIAC), Chinese
Academy of Sciences (CAS), in 2005.
After periods working as a Japan
Society for the Promotion of
Science (JSPS) postdoctoral fellow
(2005-2007) and as a research
associate at the National Institute
of Advanced Industrial Science
and Technology (2007-2009), he
became a full professor at CIAC.
His research interests mainly
focus on functional inorganic
materials for batteries, fuel cells, electrochemical water splitting
and carbon dioxide reduction.

Xinbo Zhang

2922 | Chem. Soc. Rev., 2018, 47, 2921-3004

View Article Online

Chem Soc Rev

(ii) at the oxygen electrode: O, + 2Li" +2e~ «> Li,O, (E. = —0.09 V
vs. SHE, oxygen reduction and evolution reaction), where E, and
E. are the thermodynamic open circuit voltages of the anode
and cathode, respectively, when Li,0, is the discharge product
in the overall Li-O, battery (25 °C, 1 atm)."® Limited electron
transfer and mass transport efficiency as well as unpredictable
side reactions in the discharge/charge process are the main
reasons for the sluggish and unsustainable electrochemical
reactions at the electrodes. These induce issues of low capacity,
poor round-trip efficiency, limited rate capability and poor
durability in Li-O, batteries.>" For example, the low rate cap-
ability of a cell is strongly correlated with the low rate of
discharge/charge reactions at the oxygen electrode,”® while
the poor round-trip efficiency and durability of the battery are
partially ascribed to the side reactions initiated by the active
intermediates, reactive superoxide species and highly reactive
Li-metal™ and the low cell capacity is partially due to the cathode
passivation arising from the coverage of the oxygen electrode
by insoluble/nonconductive Li,O, film and/or lithium-salt
by-products.'®

Since the pioneering work of aprotic Li-O, batteries by
Littauer and Tsai, great efforts have been devoted to solve the
existing problems of Li-O, batteries.*'®**° Previous advances
have already identified that the rate and stability of the
electrode reactions could be promoted through the rational
design of materials and structure for the electrode, electrolyte
and additives as well as by a detailed understanding of the
electrode reaction mechanism.®*°** The scope of this review is
the recent progress made in illustrating the discharge/charge
mechanism of Li-O, batteries and the construction of efficient
materials and structures for stable and fast electrode reactions
by strengthening their functionality for Li-O, batteries.**™>
Consequently, the directions and perspective will be concen-
trated on the further optimized design and combination of
materials and structures. This should be beneficial for the rapid
progress of this next-generation energy storage/conversion sys-
tem. According to these frameworks, this comprehensive paper
overviews the following topics:

(1) The present understanding of the discharge/charge reac-
tions mechanism at the Li-electrode and O,-electrode as well as
the challenges and resolved strategies for achieving a high-
performance and long-term stability of Li-O, batteries (Fig. 2).

(2) The recent advances made with lithium electrodes for
preventing dendrite formation and side reactions by using a
solid-electrolyte-interface film, inorganic/polymer membrane
or substitution of the Li-metal by a lithiated composite to
increase the Coulombic efficiency and sustainability of the
Li-metal (Fig. 2).

(3) The recent advances made with oxygen electrodes by
constructing efficient catalysts, utilizing a porous structure or
electrode surface engineering to accelerate Li,O, formation and
decomposition, promote mass transport and increased Li,O,
storage space, and to induce the growth of large quantity and
conductive Li,0, (Fig. 2).

(4) The recent advances in screening liquid, quasi-solid and
solid-state electrolytes with high Li* conductivity, stability and

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The function and stability orientation synthesis of materials and structures for the: (a) lithium electrode; (b) oxygen electrode; (c) electrolyte;

(d) redox mediator in aprotic Li—O, batteries.

good performance, as well as in modulation of the reaction
intermediates by solvents and functional additives to increase
the mass transport efficiency and electrolyte stability, achieve a
fast rate of Li,O, formation and decomposition and to promote
the growth of abundant Li,O, (Fig. 2).

(5) The recent advances made in screening soluble redox
mediators for accelerating Li,O, formation and decomposition
reactions, and for decreasing the side reactions, as well as
promoting the growth of a large quantity of Li,O, (Fig. 2).

All these aspects intend to promote the fast and reversible
charge/discharge of Li-O, cells based on an understanding of the
fundamental cell chemistry and functional materials/structure
synthesis. In the following, we summarize the current under-
standing of the mechanism occurring during charge/discharge
processes, as well as the critical challenges and the corres-
ponding resolved strategies.

2. Mechanism, challenges, and
resolved strategies

In a typical operation of aprotic Li-O, batteries, the Li-metal
anode is oxidized to Li* and releases electrons during the
discharge process, whereby consequently, O, accepts the
electrons and is reduced to Li,O, with incorporating Li* at
the cathode surfaces. In the following charging process, the
formed Li,O, is decomposed to O, and Li' at the cathode,
and Li" in the electrolyte is reduced to metallic Li at the
anode. Compared to the single-electron reaction on the anode
(Li" + e < Li), the elemental steps for the two-electron-transfer
reaction process at the cathode (2Li" + O, + 2e” < Li,0,) are
more complicated. The cathodic discharge/charge mechanisms
are still controversial, and in this section, we will mainly focus
on the proposed mechanisms for Li,O, formation and decom-
position, and the challenges for the fast and sustainable

This journal is © The Royal Society of Chemistry 2018

reactions of Li,O, formation and decomposition, as well as
their resolved strategies to solve the challenges.

2.1 Mechanism, challenges and resolved strategies at the
Li-anode

At the anode, Li-metal is oxidized to Li* and electrons in the
discharge process, and vice versa, the Li" ion is reduced by a
one-electron-transfer pathway in the charge process (Li <> Li" +¢7).
Compared to Li-metal oxidation in the discharge process, the
reduction of Li" ion to Li is more complicated in the charge
process. The easy and undesirable formation of Li dendrite in
the charge process is one of the biggest challenges to overcome,
and results in safety issues with Li-electrodes (Fig. 2).**” This
is due to the possibility that the Li dendrites could penetrate
the separator in the battery, resulting in a short-circuit and
safety problems for the battery. This has also been a persistent
problem for various kinds of lithium-metal-based batteries
over the past 40 years.”®°° Moreover, lithium-metal is a highly
reactive chemical and can easily react with some organic
solvents, electrolyte additives, and the crossover O,, CO,, N,
molecules, and so on.*"®* It also induces a low Coulombic
efficiency and energy density loss in the battery. More detailed
information about Li dendrite formation and the parasitic
reactions at the Li-anode will be discussed in the Li-anode
section.

One of the attempts to solve the above-mentioned issues
involves the construction of a stable solid-electrolyte-interface
(SEI) layer on the Li-metal, composed of inorganic lithium compo-
nents, such as Li,COs, Li,O and LiF.*® However, dendrite formation
and the side reactions on Li-metal cannot be completely prevented.
For instance, Li,O is reactive to some electrolytes (such as DMSO).%*
Another strategy to solve these issues is to use a Li'-conductive
polymer/inorganic membrane between the anode and cathode;®
for example, a NASICON-type Li;_,Al(TiGe), ,Si,P;-yO;, ceramic
membrane. This can preclude the negative effect of lithium

Chem. Soc. Rev., 2018, 47, 2921-3004 | 2923
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dendrites and terminate some of the side reactions. However,
some of the metal cations in the membrane, for example Ti**
and Ge*", can be reduced by lithium-metal, with the ceramic
membrane suffering damage through these facile reactions.®*
The third strategy for Li-anode optimization is substitution of
the Li-metal with a lithiated composite or alloy.®®> These com-
posite materials do not lead to dendrite formation to a large
extent. One of the limitations for lithiated-composite-based
batteries may be their low energy density in comparison to that
of lithium-metal. Furthermore, the lithiated electrode suffers
from a risk of collapse due to the volumetric changes during
cell cycling.®® One of recent reviews regarding the side reactions
at the Li-anode in Li-metal-based batteries described this in
detail.®® In the following Li-anode section, we briefly discuss
the recent progress made for the protection and substitution of
lithium anodes, typically in Li-O, batteries, which are mainly
based on utility promotion and the use of substituted candidates
of the highly reactive lithium-metal for achieving sustainable
reactions at the Li-electrode.

2.2 Mechanism, challenges, and resolved strategies for
reactions at the O,-electrode

At the O, electrode, the discharge/charge reactions of an aprotic
Li-O, battery with Li,O, as the product can be described as
2Li" + 2e” + 0, <> Li,0,. O, is reduced to O, in the primary
state, followed by combination with Li" and electrons to form the
LiO, intermediate and Li,O, products in the discharge process.
Vice versa, Li,O, is oxidized to Li" and O,. Compared to the
reactions at the Li-electrode, the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) with two-electron-
transfer pathways at the O, electrode are more complicated.>>**¢7~73
This is due to the fact that ORR and OER are evolved at
the triple-phase contact interface between the electrolyte
(liquid phase), the oxygen electrode (solid phase), and an
oxygen molecule (gas phase). The efficiency of electron transfer
and mass transport need to be high enough to achieve the fast
ORR and OER rates, but the present ORR and OER processes
are still sluggish due to several remaining challenges (Fig. 2).
First, the mass transport of Li" ions and O, gas through the
electrolyte and cathode pore is a key factor influencing the rates
of the discharge/charge reactions, especially at the region of
sufficient overpotentials.”* Second, aprotic ORR and OER are
step-by-step reactions, and some intermediates can evolve,
such as 0,7, solvated Li*-O,” and adsorbed LiO,* species.’
The complicated reaction pathway and intermediates are diffi-
cult to modulate, resulting in the slow electrochemical kinetics
of overall ORR and OER.® Third, the slow reaction kinetics of
ORR for Li,O, formation and OER for Li,O, decomposition
induces a deviation in the discharge/charge profiles of Li-O,
batteries, leading to a low round-trip efficiency.>"”® Fourth,
the solid by-products (such as Li,CO;, LiOH and alkyl
Li-salts) produced from the corrosion of the electrode and
electrolyte materials are difficult to decompose in the charging
process.”® The generation of these by-products is one of the
reasons for cathode passivation and pore clog blocking of
the oxygen electrode, limiting the cell discharge capacity and
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compromising rechargeability.”” The above-mentioned issues
are proposed could be partially solved by rational design of the
solid catalysts, which can accelerate the rates of OER and ORR
and inhibit the generation of by-products.”® Furthermore, the
construction of a suitable pore structure of the oxygen electrode
is one of the most effective protocols to enhance the rate and
stability of Li,O, formation/decomposition reactions, based on
the increased mass transport efficiency.”

Another critical point to note is that the electrochemically
deposited Li,O, product is an insulator with a calculated band
gap of 4-5 eV (electrical conductivity, 10~ >-10"" S ecm™ ),
which also has a low solubility in most organic solvents at room
temperature.® The insufficient electron transfer and ionic
transport properties of solid Li,O, are key bottlenecks for
achieving high ORR and OER rates. The tuneable formation of
Li,0, crystal with enhanced conductivity by surface engineering
and element doping may have an impact on the performance of
Li-O, batteries.®® Except for their low conductivity, the quantity
of discharge Li,O, products has a direct correlation with the cell
capacity, while the morphology of formed Li,O, is one of the
most important factors to control the quantity of Li,O, on the
cathode.'® The designed cathodes with a large surface area and
pore volumes for the storage of large Li,O, clusters make a
positive contribution to the high capacity of Li-O, batteries.®*
In this section, we focus on the discharge/charge reaction
mechanism, followed by the proposed functionality of the cathode
catalyst/structure for enhanced reaction characteristics,*” such as
Li,0, formation in a large quantity,®® tuneable Li,O, conductivity®
and improved mass transport efficiency.** Additionally, the degra-
dation mechanism of cathode materials and electrolyte compo-
nent attack initiated by the cathode are illustrated, and discussed
with regard to delaying the sudden death of a cell.

2.2.1 Mechanism for the discharge reaction. As discussed
previously, the cathodic discharge reaction is complicated due
to its elemental steps with a two-electron-transfer-reaction
process (2Li* + O, + 2e~ «> Li,0,). The elemental steps involve
several intermediate species and final insulating products, so
confirming these species with in situ and ex situ techniques
should be highly important to illustrate the discharge mechanism.
Establishing the mechanism will be beneficial for the design and
synthesis of functional materials for high-performance Li-O,
batteries.

2.2.1.1 Initial elemental reaction in Li,O, formation. The first
step in the discharge process is generally recognized as O,
adsorption on the active sites of the electrode, followed by the
initial elemental reaction step for O, reduction. Many researchers
have made great efforts to identify the first discharge intermediate
product in the aprotic Li-O, system. The ORR was primarily
investigated in an aprotic medium by Abraham et al., with
tetrabutylammonium (TBA") used as a soft acid to combine
with the soft base O, through forming stable TBA"™-0O,~ based
on Pearson’s hard-soft acid-base (HSAB) theory.®® As shown in
Fig. 3a, after feeding oxygen, anodic (Ep, = 2.40 V) and cathodic
(Epe = 2.34 V) peaks appear and the charge area ratio (Q./Q.)
under the peaks is close to unity, indicating an reversible ORR

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Cyclic voltammograms (CVs) for the ORR in 0.1 M TBAPFg (red, iR corrected) and Ar background (dotted) in DMSO; (b) CVs (iR uncorrected) for ORR
in 0.1 M TBAPFs/CH3CN (black) and TBAPF¢/DME (blue); (c) Randles—Sevcik plot of peak current vs. square root of the scan rate in 0.1 M TBAPFs/DMSQ; 8¢
(d) CVs in O,-saturated 0.1 M n-BusNClO4/CHsCN with different LiClO4 concentrations; (e) in situ SERS during O, reduction and re-oxidation on Au in
O,-saturated 0.1 M LiClO4/CH3CN (spectra collected at a series of times and at the reducing potential of 2.2 V vs. Li/Li*, followed by other spectra at the
oxidation potentials; the peaks were assigned as follows: (1) C—C stretch of CHsCN at 918 cm™, (2) O-0O stretch of LiO, at 1137 cm™, (3) O-0O stretch of
LiO, at 808 cm™ and (4) Cl-0O stretch of ClO4~* at 931 cm™3).8” Reprinted with permission from ref. 86 and 87. Copyright 2010 and 2011 American

Chemical Society and Wiley-VCH Verlag GmbH & Co. KGaA.

in this system (0.1 M TBAPF, in DMSO).*® Simultaneously,
similar behaviours were also observed in the electrolytes of
TBAPF/CH;CN and TBAPF/1,2-dimethoxyethane (DME) (Fig. 3b),
suggesting the close mechanism of O, reduction in organic
solutions. To confirm the exact electron transfer number during
the ORR, the authors portrayed the date in a Randles-Sevcik
curve for the reaction process (Fig. 3c) based on the equation:
Ipa = (2.69 x 1.0°) x n*”” x A x D' x V** x C, in which O,
concentration C, electrode area A, the number of transferred
electrons n and the diffusion coefficient D were constant
parameters. The obtained n was in close agreement with the
n =1 in a theoretical plot, indicating that the ORR was a one-
electron-reduction process.

The aprotic ORR process was further studied in a Li'-
containing medium to illustrate the effect of Li" on the ORR
process, which was demonstrated by Abraham et al.®® and Peng
et al.®’” As shown in Fig. 3d, when the LiClO, concentration was
increased in n-Bu,;NClO,-CH;CN solution (organic ammonium
ions can also form ion pairs with O,, like TBA'), a new
reduction peak appeared at the higher potentials (~2.3 V) in
comparison with the original O, reduction peak.®” The magni-
tude of the new peak was strengthened with the increased Li*
concentration, which was due to a chemical step following the
electrochemical reduction. This chemical reaction could severely
deplete the O, concentration and shift the reduction potential
in a positive direction. When the Li* concentration exceeded that
of 0,, all the O, was consumed by reacting with Li". As a result,
the reduction peak at low potential disappeared, and only one
reduction peak at high potential then remained. This indicated
that O, was unstable in the Li‘-containing electrolyte, as it
combined with Li" to form a more stable LiO, complex.

This journal is © The Royal Society of Chemistry 2018

The above-mentioned points indicated that the initial ORR
step is O, adsorption, and a subsequent O, reduction occurred
on the electrode. For example, with carbon material possessing
intrinsic defects,’"°> noble metals®**°*°® and many metal oxides
catalysts,”* %% O, was preferentially adsorbed on the electrode
surface due to the thermodynamics being favourable. In contrast,
the first discharge step was also supposed to be initial Li"
adsorption on some of specific catalyst electrodes. For example,
heteroatom-doped carbon materials showed a preferable
Li'-absorption property. Five possible N configurations, namely
graphitic N (graphN1), double graphitic N (graphN2), tri-N
pyridinic (pyriN3), pyrrolic-like N (pyrroN3) and in-plane tetra-
N pyridinic (pyriN4), were presented on a graphene surface
in N-doped carbon in one study.?® Density functional theory
(DFT) calculations indicated that the O, adsorption step was
endothermic, while the two Li-containing steps had downhill
profiles in the free energy profiles. This indicated spontaneous
Li" adsorption in the open circuit condition (Fig. 4a). In the
equilibrium condition (Fig. 4b), all the intermediary steps of
the initial nucleation of Li,O, became endothermic for the
graphN1, graphN2 and pyrroN3 sites. In contrast, step 1 was
downbhill while steps 2 and 3 were uphill for pyriN3 and pyriN4.
The results indicated that the nucleated process favoured the
reaction paths of ‘Li" — Li — LiO, — Li,0, — Liz0, — Li;0, —
Li,O,’ on the active sites, which was due to the strong electron-
withdrawing capability of pyridinic-N, especially pyriN4. This
surface-nucleated mode prohibited the formation of dissolved
LiO,, and probably resulted in Li,O, formation through a
surface-growth path with the feature of small Li,O, clusters or
Li,O, film. As shown in Fig. 4c-f, Li,O, film was confirmed
to have been deposited on the surface of nitrogen-doped

Chem. Soc. Rev., 2018, 47, 2921-3004 | 2925
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Fig. 4 Calculated energetic profiles of the initial nucleation of Li,O, on
the surface of pristine and different N-doped graphenes at (a) U = 0 V and
(b) U = 2.92 V;®8 (c) TEM and (d) HR-TEM images of an N-doped graphene/
carbon nanotube composite cathode after the 10th discharge (inset in (c):
corresponding SAED of the NGC cathode after the 10th discharge
(1000 mA h gc™Y); white circles were simulated Li,O,[001] axis patterns,
which were superimposed over the experimental diffraction pattern);®°
SEM images of (e) the pristine vertically aligned N-doped coral-like carbon
nanofibre and (f) the discharged fibre (4000 mA h gc™4.°° Reprinted with
permission from ref. 88—90. Copyright 2014 and 2015 Wiley-VCH Verlag
GmbH & Co. KGaA and American Chemical Society.

graphene/carbon nanotube composite after discharge to
1000 mA h g¢ '.*° Similarly, even after discharge to
4000 mA h g, small Li,O, particles and Li,O, film were still
found to be produced on nitrogen-doped coral-like carbon
nanofibres.”® It should be noted that Li,O, with a small size
is not an inevitable result at the N-doped cathode, as it was also
affected by the density of pyridinic-N.

In addition to N-doped carbon, the o-MnO, material was
also found to prefer Li" adsorption instead of O, adsorption. As
seen in Fig. 5a, during the discharge process, the a/b (tetragonal
unit cell, lattice parameter a = b) lattice parameter of o-MnO, is
increased significantly from 9.8280 to 10.4340 A with a minimal
change to ¢ (2.85), corresponding to about 12.5% expansion
of the volume.”" After cell recharge, the lattice parameter was
decreased to 10.0233 A, indicating the insertion and extraction
of Li" or LiO, during the discharge and charge process. In
Fig. 5b, it can be seen that the tendency of the O, content was
identical with that of Li*, while the quantity of decreased or
increased atom ratio of Li* was two times larger than for O,.
This indicated the insertion/extraction of Li* and Li,O into
o-MnO, during the cycle of a Li-O, cell. Trahey et al. reported
the insertion voltage (vs. Li'/Li) for Li" and Li,O, through DFT
calculations (Fig. 5¢). During discharge, Li" was first inserted in
to 2 X 2 MnOg tunnels to obtain an oxygen and subsequently
another Li* and oxygen.’”> Furthermore, Jiao et al. compared
the oxidation state of Mn in pure a-MnO, and K'-containing
a-MnO, via environmental in situ X-ray absorption spectro-
scopy.'®® They found that K could suppress the change of
Mn oxidation state to Mn>" during discharge, restricting the
insertion of Li* and Li,O to some extent. However, during in situ
XRD tests, Chan et al. also did not collect crystalline Li,O,
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Fig. 5 (a) Three cycles of a Li/a-MnO,—-0O, cell (top) during which the
lattice parameters of the a-MnO, electrode/electrocatalyst were deter-
mined by in situ synchrotron XRD (bottom); (b) changes in Li (green) and
O (red) contents during cycling as deduced from the XRD tests and
DFT-based model;®* (c) atomic configurations and calculated equilibrium
potentials vs. Li/Li* at a standard pO; for various Li—O; reaction products
with a-MnO, (the largest (green) sphere was Li, the smallest (red) sphere
was O, and Mn was shown inside (purple) the octahedral; the formation of
various Li—-O; species (I-V), including Li,O-doped a-MnO, (I-I1l) occurring
at potentials bracketed by those of the two stages of Li-insertion (I and VI),
and in close proximity to the potentials for Li,O, and Li,O formation);?
(d) SEM image of a-MnO, nanorod arrays grown on a carbon paper
electrode and (e) discharged to 2 V at 104 mA g% Reprinted with
permission from ref. 91-93. Copyright 2013, 2015 and 2017 Wiley-VCH
Verlag GmbH & Co. KGaA and Royal Society of Chemistry.

peaks through the XRD patterns after discharge to 2.0 V,
indicating the formation of amorphous Li,0,.°" Recently, the
discharge product on pure o-MnO, arrays was investigated.
As shown in Fig. 5d and e, even at a low current density of
104 mA g™, there were only tiny Li,O, particles and Li,O, film
formed after discharge to 2 V, just as with the morphology on
N-doped carbon materials.

The nucleation process on Li" preferential materials is prob-
ably faster than that for O, preferential ones due to all the steps
proceeding on the electrode surface without any solution
process. For example, a-MnO,-based materials exhibited better
ORR activity than the other types of Mn,O, (Mn,0;, Mn;Oy,
B-MnO,, y-MnO, and A-MnO,).'** Similarly, many N-doped
carbon materials have shown good battery performance.®*%105108
It seems that the Li" preferential materials are superior electrode
materials for aprotic Li-O, cells, although this viewpoint is still
controversial. The detailed discussion of specific metal oxides
with Li*-adsorption capability is presented in the O,-electrode
section.

2.2.1.2 Second and third elemental reactions in Li,O, formation.
After the adsorbed O, molecule was reduced to O, , the sub-
sequent elemental reaction proceeds to generate the following
species. In Peng’s reports, the signals of LiO, and O,  species
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were both detected on a Au electrode surface with an in situ
SERS technique.’® As shown in Fig. 3e, they directly identified
the formation of LiO, on the electrode surface at a discharge
potential of 2.2 V (peak marked ‘2’) via in situ SERS.” With the
passage of time, the LiO, peak diminished after 8 minutes,
whereas the Li,O, peak increased from 2 min to 8 min. The
unchanged spectrum from 8 min to 16 min indicated that no
further electrochemical reaction occurred. Otherwise, the LiO,
peak would still exist due to a one-electron ORR. In situ SERS
provided the direct spectroscopic evidence that LiO, was an
intermediate on the electrode surface during the ORR in an
aprotic Li-O, battery, where it disproportionated to the stable
Li,O, (2Li0, — Li,0, + O,).

The O, /LiO, species probably existed not only in its
adsorbed state (O, *, LiO,*, where “*’ represents adsorbed
species) but also in its dissolved state (O,gqis, LiOsqis, Where
‘dis’ represents dissolved species), as suggested by Shao-Horn
et al.”’ To get direct evidence for the existence of intermediates
in the electrolyte, Herranz et al. used rotating ring disc electrode
(RRDE) voltammetry to compare the disc current (current for
0O, formation) and ring current (current for O,  oxidation) in
the O,-saturated solution of tetrabutylammonium bis(trifluoro-
methylsulfonyl)imide (TBATFSI) in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (Pyr;,TFSI) and propylene
carbonate (PC) solvents.'*® As presented in Fig. 6a, the potential
at the ring electrode was set at 2.85 V vs. Li/Li" to the oxide O, .
The increased current density at the Ptring electrode con-
firmed the existence of the O,  intermediate in the electrolyte.
The diffusion efficiency of O, in the ionic liquid was lower than
that in PC, resulting in the uncompleted diffusion of O, from
the disc, particularly at the lower rotation speed. This further led
to the shift in oxidation peak in the disc voltammograms as well
as the delayed ring current. Furthermore, Zhang et al. introduced
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Fig. 6 (a) Capacitively, non-ohmically corrected disc and ring currents
recorded at 50 mV st in O,-saturated 0.2 M TBATFSI in PC (left) or
O,-saturated Pyri4TFSI (right), at rotation rates of between 300 and 2700 rpm
and continuously holding the Au ring at 2.85 V|; (dotted and solid lines
correspond to the currents recorded in negative-going and positive-going
scans, respectively, as indicated by the arrows on the right-hand panel);°°
(b) EPR spectra of KO, and Li,O, in DMSO; (c) EPR spectra of the dis-
charged electrolytes at the air-electrode side, measured at different discharge
times.™® Reprinted with permission from ref. 109 and 110. Copyright
2012 and 2014 American Chemical Society and Wiley-VCH Verlag
GmbH & Co. KGaA.
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5,5-dimethyl-pyrroline N-oxide (DMPO) as a probe to capture the
formed O,  and to generate new, stable electron paramagnetic
resonance (EPR) signals.''® As presented in Fig. 6¢, six pairs of
strong and clear EPR signals could be detected after the
discharge time of 90 min. The peak shapes and positions were
identical to the standard EPR signal from KO, (Fig. 6b). The
signals at the initial discharge stage were attributed to the
species from O, reacting with moisture in the electrolyte and
with the binder on the electrode. Additionally, Ye et al. also
directly observed soluble LiO, (LiO,s,) in the Li'-containing
DMSO electrolyte and the formation of Li,O, on a Au electrode
surface in a Au/Li/Li system (metallic Li as the reference and
counter electrodes) by using in situ UV-vis absorption spectro-
scopy and in situ SERS.*™! Based on these findings, the elemental
discharge mechanism was proposed as follows:

O,+e” - 0, 1)

0, +Li" - LiO, 2

LiOy* + Li' + €7 — Li0,; 2LI0* — Li,0,+0, (3)
2Li0,gis — Liy0, + O, 4)

2.2.2 Challenge and resolved strategies for Li,O, formation

2.2.2.1 Modulation of mass transport. As mentioned previously,
the discharge reaction at the O,-electrode evolves at the triple-
phase contact interface between the electrolyte (liquid phase), the
oxygen electrode (solid phase) and the oxygen molecule (gas
phase). The rate of mass transport needs to be high enough to
achieve the fast ORR rates, especially at the region of high current
density.”® In general, the mass transport could be divided into
two parts: diffusion in the electrolyte and diffusion in the pores of
the electrode. The mass transport ability for Li" ions and O, in
the electrolytes is partly controlled by their phase states, and
those are the liquid-state, quasi-solid-state and solid-state media.
Many properties, such as the polarity, viscosity, volatility and
ionic conductivity of the solvents should be well evaluated to
meet the demand for fast Li* ion and O, transport rates.”*">**?
Except for modulation of the electrolyte composition, the mass
transport ability for Li' ions and O, is correlated with the pore
structure of the O,-electrode, since Li,O, was finally deposited on
the surface and in the pores of the cathode. The mass transport
properties of Li-O, batteries are discussed in the following
O,-electrode and electrolyte sections in detail.

2.2.2.2 Modulation of LiO,* formation. As LiO,* at the
O,-electrode and LiO,g4;s in the electrolyte play dominant roles
in the discharge process of Li-O, batteries, their relationship
was investigated by Bruce’s group.''* They pointed out that a
LiO, adsorption-desorption equilibrium existed at the electrode/
electrolyte, which was denoted by LiO,* «> Ligis' + Opqis + LiOsgis
In this work, they proved that high donor number (DN, Lewis
basicity) solvents could promote the strong solvation of Li* and
result in the shift to the right direction of this equilibrium.
Thus, Li,O, was mainly produced via the disproportionation of
dissolved LiO,gqs in the electrolyte, significantly delaying the passi-
vation of the electrode surface and yielding large Li,O, aggregation.
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As a result, the large Li,O, aggregation via a solution-growth
pathway presented a high battery capacity. Oppositely, the low
DN solvent induced the equilibrium to the left direction,
resulting in the generation of adsorbed LiO,* to produce the
film-like Li,O,. This discharge route is known as the surface-
growth pathway and it usually exhibits a low cell capacity.
Except for the high DN electrolyte (including the solvent and Li
salt®), additives with a high acceptor number (AN, Lewis acidity)
could also stabilize the O,  in the electrolyte. The above-
mentioned equilibrium was also shifted to the right side in this
case.'®™5 121 The discussion about the solvent, Li-salt and
additives in the electrolyte on the cell discharge characteristics
is presented in the following electrolyte section.

Except for the effect of the solvents and general additives,
soluble redox mediators (SRMs) are another type of special
electrolyte additives for facilitating enhanced reaction kinetics
of Li,O, formation. In this case, the electrochemical reduction
of O, or Li" in the first step can be partly transformed by
chemical reduction with SRMs (redox potential <2.96 V vs. Li*/Li).
The reduced form of SRMs could reduce O, chemically in bulk
electrolyte, which shifted the discharge process from the solid-
growth to solution-growth pathway, which delayed the passivation
of the cathode and improved the battery capacity. Compared to
the limited contact interface between Li,O, and cathode catalysts,
SRMs with tuneable midpoint potentials can act as “liquid
catalysts” everywhere in the electrolyte, and so the electron
transfer between SRMs and cathode/O, becomes flexible.'*?
Moreover, some specific SRMs could reduce O, and conse-
quently bind the formed superoxide, greatly enhancing the
cyclic stability of Li-O, batteries.”” The detailed discussion of
this is presented in the following SRM section in detail.

In addition to the role of the electrolyte, the discharge
current densities (current rates) are also one of the most critical
factors to influence the LiO,* <> LiO,gis equilibrium.123_126 Ata
high current rate, the high density of electrons transferred from
the electrode surface can prompt the depletion of LiO,* through
secondary electrochemical reduction or surface disproportiona-
tion (eqn (3)). In this case, only a small quantity of LiO,q;s could
be formed in solution through the solution-growth pathway.
Here, the Li,O, usually presents a film-like morphology with a
low cell capacity at the high current density. Oppositely, at a low
current density, the one-electron ORR dominates at the electrode
surface, providing the chance for O, and LiO, to exist in the
electrolyte. This resulted in the generation of Li,O, through a
solution-growth pathway, exhibiting a typical toroid morphology
and high discharge capacity of batteries. The current density
passage on the electrode surface can be modulated by the
electrode structure (specific surface area and pore structure),
and this is shown in the following O,-electrode section.

2.2.3 Mechanism for the charge reaction at the O,-electrode.
The charging process of Li-O, batteries usually presents a high
overpotential even larger than 1 V. The properties of the discharge
product Li,O,, for example, the purity and surface defects of
Li,0,, strongly influence the origin of the overpotential.">”~**>°
Rational design of the reaction interface, such as the Li,O,/
cathode and Li,O,/electrolyte, is highly important to accelerate
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the charge reactions, resulting in the high energy efficiency of
Li-0, batteries."*® Moreover, the superoxide is supposed to be
an intermediate product during discharge, and the modula-
tion of the superoxide might have an impact on the charge
characteristics.

2.2.3.1 Li,0, decomposition with a one-electron-transfer path.
In the OER process, superoxide (LiO,) is supposed to be a
reaction intermediate when Li,O, is decomposed to Li" and O,.
Wang et al. used environmental transmission electron micro-
scopy to show the formation of LiO, or not during the charging
step.”® As shown in Fig. 7, when the cell was charged after 48 s,
two diffraction spots assigned to LiO, were found to represent
an intermediate phase during Li,O, decomposition. This
indicated the possible decomposition of Li,O, through a one-
electron route (Li,0, — Li" + LiO, + €7, 2Li0, — Li,0, + O,).

In the real operation of Li-O, batteries, some experimental
evidence also supports the possible single-electron Li,O, decom-
position with LiO, as an intermediate. Wang et al. found that
when the content of N-butyl-N-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide (PYR,,TFSI) in DME electrolyte was
improved, the cell charge overpotential was remarkably decreased
(Fig. 8a-d)."*" After five cycles of cells with 100% PYR,,TFSI, the
average charge overpotential was as low as ~0.2 V. This was
attributed to the transformation of two-electron Li,O, oxidation
to a one-electron pathway with the addition of PYR;,TFSI
(Fig. 8e). To prove this hypothesis, the superoxide was labelled
in the electrolyte by nitrotetrazolium blue chloride. As a result,
18.7% of the discharge products were found to be dissolved
(or dispersed) in PYR;,TFSI. Simultaneously, Sun et al. also
built a Li-O, battery with PYR,,TFSI as the solvent and it also
exhibited a low OER overpotential of about 0.2 V (Fig. 8f). Except
for the role of the electrolyte solvent, the cathode material was
also suggested to induce the one-electron pathway for Li,O,
oxidation. As shown in Fig. 8g, a RuO,/carbon nanotube (CNT)
cathode was found to achieve a low OER overpotential of about
0.2 V, while the reaction pathway was suggested by analysis with

Fig. 7 (a) Time-resolved SAED patterns illustrating the case of charging,
in which Li,O, decomposes, leading to the collapse of the hollow spherical
particles, as schematically illustrated in (b); the dashed arrows indicate the
mass and charge-transfer direction.*® Reprinted with permission from ref. 43.
Copyright 2017 Nature Publishing Group.
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Fig. 8 (a—d) Discharge/recharge behaviours of three-dimensionally
ordered mesoporous carbon in PYR4TFSI/DME electrolytes during the
first five cycles (the electrolyte compositions were (a) 100% PYR.4TFSI;
(b) 50% PYR14TFSI, 50% DME; (c) 25% PYRy4TFSI, 75% DME and (d) 100%
DME); ! (e) schematic illustration of the decomposition pathways of LiO»
when PYR14TFSI was present. The key hypothesis was that the solvation
effect by PYRy4TFSI promoted the single-electron pathway (the upward
branch in the illustration) that featured low recharge overpotentials;
(f) voltage profiles of the Li/PYR14TFSI-LiTFSI/O, battery cycled applying
a specific current of 50 mA g~ limiting the capacity to 500 mA h g™ (the
inset shows the cycling trend); (g) the recharge curves of Li-O, cells with
CNT or RuO,/CNT at a current density of 200 mA g~* and a charge of
2000 mA h g 582 (h) CV of the discharged CNT cathode and the
discharged RuO,/CNT cathode in Li-O, cells at a constant scan rate of
0.1 mV 57183 Reprinted with permission from ref. 83, 131 and 132. Copyright
2014, 2015 and 2016 Wiley-VCH Verlag GmbH & Co. KGaA and American
Chemical Society.

CV tests for the assembled Li-O, cell (Fig. 8h). The peak
Epq (3.35 V) and Ey, (3.72 V) represented the oxidation of LiO,-
like species and some Li,O, through a one-electron pathway for
the RuO,/CNT cathode. In contrast, only one oxidation peak
ranked above 4 V was observed for the pristine-CNT cathode.

2.2.3.2 Li,O0, decomposition with a two-electron-transfer path.
In contrast to single-electron Li,O, decomposition, most
research has suggested direct Li,O, decomposition with a
two-electron-transfer pathway. For example, Peng’s, Zhang’s
and Lu’s groups tried to use in situ SERS, EPR and RRDE
techniques to illustrate the existence of a superoxide or not
during the OER process.?”"'**7'*> All of these studies approved
the direct decomposition of Li,O, through a two-electron path-
way (Li,O, — 2Li" + O, + 2e”) without any superoxide species
after the delithiation process. Based on these conclusions, the
rate of Li,O, decomposition would be strongly dependent on
the properties of the discharged products on the cathode, such
as the size, morphologies, defects and crystalline structure
of Li,O,.

Shao-Horn et al. analyzed the relationship between the
crystal grain size of Li,O, and the OER overpotentials.'** Two
characteristic Li,O, morphologies were produced on CNT elec-
trodes at different current densities: discs/toroids (50-200 nm,
Fig. 9a) at low rates/overpotentials (10 mA gc " or E > 2.7 V vs.
Li*/Li), or small particles (<20 nm, Fig. 9b) at higher rates/
overpotentials (i > 100 mA gc ' or E < 2.7 V vs. Li'/Li).
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Fig. 9 TEM images of potentiostatically discharged CNT electrodes (a) at
E > 274V 10 2000 mA h g1 (PITT discharge), (b) 2.6 V to 5000 mAh g%
(c) the crystal size determined from XRD as a function of average discharge
current for CNT electrodes discharged to 1000 mA h g~ under galvano-
static or potentiostatic conditions, and comparison with commercial
Li,O,; (d) charging profile comparison for electrodes discharged to
1000 mA h gt over a range of potentiostatic conditions and charged
at 100 mA g 120 Reprinted with permission from ref. 130. Copyright
2013 Royal Society of Chemistry.

Correspondingly, the cell charge potential with disc Li,O, was
also larger than that with small particles (Fig. 9d).

Ceder et al. further found an alternative reaction pathway based
on a top tactic of delithiation of Li,O, to form off-stoichiometric
Li, ,O, with small OER overpotentials of ~0.3-0.4 V through
DFT calculation.' With these basics, Nazar et al. established
an OER mechanism using in operando X-ray diffraction.*®
In this work, the authors found the different charge profiles
between the electrochemically generated Li,O, (E-Li,O,) and
commercial Li,O, (C-Li,0,) (Fig. 10). For E-Li,0,, the initial low
charge voltage (2.8-3.4 V) originated from the oxidation of
amorphous Li,O, (Fig. 10a). Then, the second step was the
decomposition of the Li, ,O, transformed from Li,O, platelets
through delithiation. Simultaneously, from the XRD data, they
found that the smallest and thinnest platelet crystallites were
oxidized preferentially, leaving the largest platelets at the end of
charge. Also, the continuous increase in charge voltage may be
also influenced by the side products, such as lithium hydrate
and lithium formate, which can be decomposed around 3.8 V
vs. Li'/Li. For C-Li,0,, owing to its high chemical purity and
large size, its OER voltage was started from ~ 3.6 V through the
oxidation of delithiated Li, ,O, (Fig. 10c). Liu also used an
in operando synchrotron XRD technique to investigate Li,O,
decomposition on the CNT cathode. The quantitative tracking
of Li,O, during the electrochemical operation of Li-O, batteries
was provided by using in situ synchrotron radiation XRD."*” The
charging process was divided into two parts. The initial part
was the decomposition of small Li,O, particles, followed by the
more dominant oxidation through the [100] direction of the
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Fig. 10 Illustration showing the mechanism of (a) electrochemically
formed Li>O, (E-Li>O,) and (c) commercial Li>O, (C-Li,O,) oxidation
during the charge process as determined from X-ray diffraction; SEMs
recorded at different stages of the oxidation of E-Li,O, and C-Li,O, are
depicted in panels (b) and (d), respectively.**® Reprinted with permission
from ref. 136. Copyright 2014 American Chemical Society.

Li,O, nanocrystals. For the second part, Li* was stripped from
the interlayer to form an off-stoichiometric intermediate with a
higher oxidation rate. It was found that some of the current
during the initial charge process did not originate from Li,O,,
indicating that the impurities on the Li,O, surface were related
to parasitic products formed during discharge.

2.2.4 Challenge and resolved strategies for Li,O, decomposition

2.2.4.1 Solid catalyst innovation for Li,O, decomposition. The
electrically deposited Li,O, is an insulating material and insolu-
ble in most aprotic solvents under general conditions, resulting
in the slow kinetics of charge reactions.’*® In most cases of
Li-O, batteries, the initial charge potential of the battery increased
quickly in the charge profiles.’*® The charge reaction, also called
Li,O, decomposition, occurred at the interface of the cathode/
Li,O, interface or Li,O,/electrolyte. When Li,O, decomposition
takes place at the cathode/Li,O, interface, it is classed as a
catalysis-effective process with a direct electron-transfer pathway.
The O, release and subsequent electrical contact between the
electrode and Li,O, should be well studied. When the reaction
occurs at the Li,O,/electrolyte interface, the electron transfer
between the electrolyte components, Li,O,, and electrode is the
critical factor for the charging process.

To confirm the cathode/Li,O, interface, Gu et al. investigated
the real-time decomposition of Li,O, using in situ environmental
scanning electron microscopy in a CNT/Li,O/Li system.'® As
shown in Fig. 11, the decomposition of the Li,O, particle was
initiated locally at the Li,O, surface without CNT, followed with
proceeding into the Li,O, bulk along a certain direction. The
electronic and ionic conductivities of Li,O, were suggested to be
important for sustaining Li,O, oxidation. Also, in Zhu’s report,"*’
they found that the parasitic products formed on Li,O, surfaces
were oxidized primarily at the initial charging state. These results
indicated that the initial charge reaction could take place at the
Li,O,/electrolyte interface.
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Fig. 11 SEM images captured at 0, 900, 1800 and 3200 s showing the
decomposition process of the spherical Li,O, particle (red arrows indicate
the position where the particle is decomposed).**° Reprinted with permis-
sion from ref. 140. Copyright 2014 American Chemical Society.

Some other works also reported that the cathode/Li,O, inter-
face could be the initial reaction sites.”®"*>'*! Shao-Horn et al.
checked the decomposition process of produced Li,O, in an
ex situ Li-O, cell,**! while it was assembled with the structure
of a discharged-multi-walled CNT (MWCNT)/LiAlSiO, solid-
electrolyte/Si nanowire for adapting to vacuum. It was found
that the Li,O, located at the cathode/Li,O, interface was first
oxidized during the charge process (Fig. 12a-d). Peng et al
further illustrated the initial reaction interface by using the
isotope labelling of Li,0,,”® in which Au/Li,"®0,/Li,"®0, double
interface layers were used as a model system. During the
charging process, the vanishing of the Li,'°0, peak before the
Li,"®0, peak indicated the oxidation of Li,O, film initially at
the electrode/Li,0, interface (Fig. 12e and f). Lu et al built a
Li/solid-state lithium-ion conductive glass-ceramics membrane
(LICGC)/carbon + Ru battery, primarily filled with Li,O,. It was
proved that the Ru catalyst could decompose Li,O, effectively,
resulting in a decrease in the OER overpotential and an increase
in the cell cycling stability."* Based on the evidence of the
solid-solid contact of the catalyst and Li,O,, it was hypothe-
sized that Li extraction started at the Li,O,/catalyst interface
and generated Li vacancies in the initial OER step. The key role
of the catalyst was emphasized in stabilizing the interface
between the catalyst and Li,O,. With regard to this matter, we
discuss the functional design of cathodic catalysts towards
improving their catalytic activity and stability for Li,O, decom-
position in the O,-cathode section.

2.2.4.2 Electrolyte innovation for Li,O, decomposition. Compared
to the electrode/Li,O, interface, the contact area of the electrolyte/
Li,O, interface is substantially increased because the Li,O,
surface is surrounded by an electrolyte composed of solvent
and additives."**'** This could potentially accelerate Li,O,

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 (a) SEM image of a disc particle aligned orthogonal to the electron
beam connected to two sets of MWCNTS (at the middle and bottom of the
particle) and also contacted by a solid—electrolyte-coated Si NW (applica-
tion of a 10 V potential between the MWCNT/Li,O, positive electrode and
the Si NW negative electrode initiates the oxidation process); (b—d) SEM
images captured at 230, 971 and 1963 s, respectively, showing preferential
rapid oxidation occurring at the Li,O,/MWCNT interfaces with more
gradual oxidation occurring at the top of the particle (during the oxidation
process, with no change occurring in the two reference particles
(indicated by yellow arrows), excluding the possibility of beam irradiation
effects);'** (e) in situ SERS spectra collected during a linear potential scan
from 2.8 to 4.0 V vs. Li/Li* on a Au electrode passivated by a mixed film
of Li,*®0, and Li*®0O, (numbers 1-8 in Fig. 12e and f are the same);
(f) current—potential curve of the linear potential scan (scan rate is
2 mV 57328 Reprinted with permission from ref. 28 and 141. Copyright 2013,
2016 Wiley-VCH Verlag GmbH & Co. KGaA and American Chemical Society.

decomposition in charge processes (namely OER)."** Two types
of capabilities for the electrolyte were proposed towards Li,O,
decomposition, namely the dissolution of solid Li,O, and the
chemical oxidation of Li,O, with SRMs.>'®'%° In the case of the
dissolving solid-phase Li,O, into the solution phase, some
specific polar solvents, for example, hexamethylphosphoramide
(HMPA) and ionic liquids, showed a capability to dissolve Li,O,
in the electrolyte. The dissolved Li,O, would then be diffused
and decomposed at the O,-electrode. The effect of the solvent
solubility on Li,0, and the accelerated Li,O, decomposition are
discussed in the following electrolyte section.

Except for the solvent effect, some specific additives,
i.e. SRMs, could potentially sustain the solution-mediated OER
process and provide a route to the chemical oxidation of Li,O,.
SRMs with a redox potential higher than 2.96 V vs. Li'/Li can
accelerate the OER reaction rate, resulting in a decrease of the
charge overpotentials. Moreover, the reduced cell charge poten-
tials will decline the production yield of reactive species (for
example, singlet oxygen species).'*>"*® This is also beneficial for
the sustainability of cathode reactions. In this case, the initial
reaction is the extraction of an electron from Li,O, to the
oxidized SRMs, followed by electron transfer from the reduced
SRMs to the oxygen electrode. In the section on SRM, we focus
on the functions of SRMs for accelerating the Li,O, decomposi-
tion reactions, resulting in a decrease in the charge potentials
and an increase in cell durability.

To date, the mechanism for Li,O, decomposition is still
controversial due to the complicated reaction process and inter-
face. For example, the LiO,-like species are sometime found on
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Fig. 13 (a) Raman spectra of the toroids on the surface of the discharged
AC cathode at the same discharge capacity of 1000 mA h g~ with different
current densities of 0.05 mA cm™ (insets show the morphology of Li,O»
and a schematic of LiO, clusters on the carbon surface);**” (b) Raman
spectrum at ambient temperature of the discharged AC cathode surface
(the separator side) showing the graphite D band, weak Li,O, band and
LiO, band (red trace) (commercial Li>O, (blue trace) is also shown for
comparison; a small amount of Li,COz impurity is also marked on the blue
trace due to the reaction of the commercial Li,O, with CO, from air).148
Reprinted with permission from ref. 147 and 148. Copyright 2013, 2014
Royal Society of Chemistry and American Chemical Society.

the discharge cathode.”™**° As shown in Fig. 13, a LiO,-like
component was identified at about 1125 cm™ "' in the Raman
spectra of a carbon surface. The decomposition of LiO, products
occurs more easily than those of Li,O, in the cell discharge
process. Moreover, the evolved electron transfer, Li" diffusion,
O, release and the electrochemical intermediates at the possible
interfaces are difficult to illustrate comprehensively. The initial
reaction pathway and interface are probably different with
different electrode catalysts and electrolyte components. Thus,
it is still necessary to make the great endeavours to reveal a clear
description for Li,O, decomposition.

2.3 Mechanism of sudden death in aprotic Li-O, cells

The death of aprotic Li-O, batteries can commonly occur
during discharge processes, and is a big challenge for obtaining
long-term cell operation. Exploring and understanding the
reason for battery death will provide insights to optimize the
battery component, which is beneficial for improving the cell
performance and stability. According to the cell operation
conditions, the type of battery death can be divided into two
situations: one is sudden death during a full discharge and the
other is failure during the cycling test. The accumulation of
insulating Li,O, and by-product film on the O,-cathode, as well
as undesirable parasitic side products on the Li-anode, can
result in a substantial increase in cell electrochemical resistance.
This can result in sudden death in the full discharge process and
during the discharge cycles."”*">!

2.3.1 Sudden death in the full discharge process. When the
persistent discharge voltage plateau of the curve turns down
sharply, it means that the discharge process is finished, this is
the point of so-called battery death. The electrical conductivity of
Li,O, has been estimated to be in the range of 10" >~10" " Scm "
(at room temperature),*>>*'>* indicating that a thin Li,O, film
with a thickness of no more than 10 nm on a porous electrode
would block the electron flow.*”'>® The sudden death during
the full discharge is mainly caused by the deposition of this
Li,O, film, which fully covers the cathode surface. To achieve a
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cell capacity as high as possible, the inhibition of Li,O, film
formation to delay the battery sudden death in full discharge is
therefore a critical issue.'>**>"13

As discussed previously, the conductivity of Li,O, film plays
a key role in this phenomenon. Merkle et al. studied the major
ionic and charge carriers in Li,0,."° It was found that the bulk
ionic conductivity in Li,0, (107'°-107° S em ™" at 100 °C),
similar to that of LiFePO, (typical cathode materials in a
Li-ion battery, 10°"'-107"° S em ™" at 100 °C), could be
enhanced by donor doping. Moreover, the electronic conduc-
tivity of Li,O, (107">-10""" S em™ " at 100 °C), which is much
lower than that of LiFePO, (10~7-10"% S em ™" at 100 °C), could
be improved by increasing the electron holes. Through first-
principles calculations, Monroe et al. suggested that doping
Co element at equilibrium levels (tens of ppm) can enhance
the rate of charge transport by shifting the balance of Li-ion
vacancies and hole polarons.™” Nevertheless, the realization of
heteroatom-doping into Li,O, is difficult in the cell operation
for a battery process. The related experimental works to delay
cell death (which may also decrease OER overpotential) are
expected in the future.

In most cases of cell operation conditions, the surface-
growth and solution-growth pathways of Li,O, coexist during
the discharge process. Fig. 14 presents two examples. After
discharging a CNT electrode at a relative low current density
(90 mA g™ ), both Li,0O, toroid and Li,O, film were produced
(Fig. 14a and b)."> Similarly, when the freestanding Co50,
sheets were discharged to 2 V at 102 mA g~ ', Li,O, sheets and
Li,0, film were formed (Fig. 14c and d).”® The cell sudden
death in the full-discharge process was mainly correlated with
the formation of a thin Li,O, film, which resulted from the
surface-growth pathway. It was inferred that the current density

Fig. 14 (a) SEM and (b) TEM micrographs of an electrode discharged at
90 mA g~'to 13000 mA h g, disc particles and a thin coating of discharge
product present on the sidewalls of the CNTs (insets: higher magnification
TEM images of CNT sidewalls, indicated by a dashed yellow line);*>® (c) SEM
images of CozO4 nanosheets grown on carbon paper; (d) SEM images of
Co30, nanosheets electrodes discharged to 2 V at 102 mA g~*.2% Reprinted
with permission from ref. 93 and 155. Copyright 2013, 2017 Wiley-VCH
Verlag GmbH & Co. KGaA and American Chemical Society.
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was one of the critical factors to influence the pathway of Li,0,
growth, while a high current density was beneficial for the
surface-growth pathway. In order to decrease the current density,
the electrode structure, including the specific surface area and
pore structure, should be elaborately designed. An electrode with
a large specific surface area can effectively decrease the surface
current density to produce large Li,O, aggregation through a
solution-growth pathway. Moreover, an electrode with a suitable
pore structure can provide sufficient space to store large Li,O,
aggregations.

It should be noted that the surface-growth mode cannot
be excluded entirely just with modulation of the O, electrode
architecture. In the Li-O, battery, the electrode surface is
passivated step-by-step with the growth of discharged Li,O,,
particularly by the rapidly increased thickness of Li,O, film at
the late stage of cell discharge. Moreover, with the coverage of
the electrode surface by Li,0,, the solution-growth mode can
transform to the surface-growth mode, resulting in the growth
of a thick Li,O, film. This indicates that both large Li,O, aggre-
gations and Li,O, films will be formed on the electrode surface.
As discussed previously, modulation of the electrolyte solvent and
additives with a high DN value can greatly boost the solution-
phase growth of Li,O,. Here, delaying the sudden death of the
battery is consistent with prompting Li,O, cluster forma-
tion through the solution-growth pathway by using specific
electrolyte/additives and designing a specific cathode micro-
structure for large-sized Li,O, storage. The functional design of
the electrolyte and electrode towards delaying the sudden death
of battery is discussed in the sections on the O,-electrode,
electrolyte and soluble redox mediator.

Another point related to sudden death in the full-discharge
process is the generation of side products at the cathode/
electrolyte and Li,O,/electrolyte interfaces. Although the quan-
tity of by-product is much lower than that of Li,O, in one of the
cell cycles, their accumulation can greatly influence the next
discharge cycles. Considering their significant effect on the
cyclic stability of Li-O, cells, we discuss the parasitic chemistry
of Li—O, batteries in the next section.

2.3.2 Cell death during cell cycling. Different from cell
death during full discharge, the continuous accumulation of
side products will block electron transfer and passivate the
entire electrode. The parasitic reactions occurring on the sur-
face of both the Li-anode and O,-cathode are the reason for the
generation of side by-products, which can ultimately induce cell
death during cell cycling.

2.3.2.1 Cell death from Li-metal corrosion. Due to the highly
reactive activity of metallic Li towards the electrolyte compo-
nents and the crossover O,, the side reactions at the lithium
anode/electrolyte interface can accelerate the battery failure.
Among all the by-products, LiOH is widely regarded as one of the
main components in the anode of Li-O, cells, and its quantity
is increased with the battery life.** Cho et al. compared the
morphologies of a metal Li-anode before and after cycling with a
Au/Ni electrode and a 1.3 M (lithium bis(trifluoromethane-
sulfonyl)imide) (LiTFSI, LiN(CF;S0,),) in tetraethylene glycol

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 The morphology change of (a) fresh Li-metal, (b) Li-metal after
110th cycles; (c) the summation cycle graph of the pristine and rebuilt cells
(500 mMA ga, ™ (the rebuilt cell was using the used Au/Ni electrode but
with new Li-metal, a new separator, and fresh electrolyte);'*® (d) SEM
images of the pristine TiO, nanoarrays/carbon textile (NAs/CT) cathode
(scale bar, 5 mm; the inset was the corresponding X-ray diffraction
pattern); (e) the variation of the terminal discharge voltage of the pristine
TiO, NAs/CT cathode with a current density of 100 mA g~ (f) SEM images
of the first-recovered TiO, NAs/CT cathode (scale bar, 5 mm); the inset
was the corresponding X-ray diffraction pattern; (g) the variation of the
terminal discharge voltage of the first-recovered TiO, NAs/CT cathode
with a current density of 100 mA g~* (the recovered TiO, NAs/CT cathode
was rinsed with 2 M HCl to remove the residual carbonates).**® Reprinted
with permission from ref. 158 and 159. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA and Nature Publishing Group.

dimethyl ether (TEGDME) electrolyte (Fig. 15a and b)."*® It was
clearly seen that a vividly developed black layer was formed
after 110 cycles. After rebuilding the battery with the used Au/Ni
electrode and a new Li-anode, new separator and fresh electro-
lyte, another 100 cycles could be performed (Fig. 15c). This
indicated that the rapid capacity fading at the late stage of the
battery cycle was not due to the Au/Ni electrode but rather due
to the corrosion of the Li-anode. This confirmed the passivation
of metallic Li towards battery failure, and that the inhibition
of LiOH by-product generation should be the key protocol to
enhance the sustainability of Li-anodes. Except for LiOH, other
Li"-Based by-products (lithium alkylcarbonates, Li,COj;, etc.)
were also generated, and their influences on the cell performance
are discussed in the Li-anode section. Whatever by-products
they are, it was concluded that the corrosion of the Li-anode
could significantly restrict the long-term cyclic stability of
Li-O, cells.

2.3.2.2 Cell death from Oj-electrode passivation. Parasitic
reactions at the O,-cathode widely exist, resulting in the
deposition of insulating and insoluble Li‘-based by-products.
Zhang et al. restored a disabled TiO, nanoarrays/carbon textile
(NAs/CT) with 2 M HCI to remove the residual carbonates.'>®
Following this, the recovered battery exhibited a superior cyclic
stability to the original one (Fig. 15d and e). It was suggested
that the existence of the residual carbonates (originating from
CT/electrolyte decomposition) on the cathode surface caused
the failure of the battery.

Many works have focused on clarifying the generation process
for parasitic by-products by applying in situ and ex situ techni-
ques. As shown in Fig. 16a and b, Liu et al. investigated the
discharge process on a carbon cathode by using a spatially

This journal is © The Royal Society of Chemistry 2018
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Fig. 16 (a) Voltage profile of a prolonged discharge of a Li-O, cell (the
markers on the axis indicate the times when the diffraction patterns were
recorded); (b) increase in the diffraction intensities of the three strongest
Li,O, peaks recorded at the same relative position in the cathode (the
vertical arrow indicates the progress of the discharge depth); (c) XRD
pattern recorded on the cathode region of an operating Li-O, cell after
24 h discharge at a current density of 160 mA g~%¢° (d) electrochemical
data collected during the first charge of a Li-O, cell with the corres-
ponding surface plot of the XRD data (lines corresponding to the Bragg
reflections (. = 0.6161 A) are indexed and the discharge/charge rate is
0.07 mA);*** (e) TXM images of carbon-coated Au TEM grid after being fully
discharged at 100 mA gc~tin a Li-O; cell (the images are the result of
overlapping three colour maps with intensities proportional to the amounts
of Li superoxide (cyan), Li peroxide (green) and carbonate (red));'®?
(f) discharged and (g) recharged in situ atomic force microscopy images
of a highly oriented pyrolytic graphite (HOPG) electrode during the 5-cycle;
(h) XPS O (left) and Li (right) 1s binding energy regions of 5-cycled ORR
(5-ORR) and 5-cycled OER (5-OER).!®® Reprinted with permission from
ref. 160-163. Copyright 2013, 2014 and 2015 Wiley-VCH Verlag GmbH &
Co. KGaA, Royal Society of Chemistry and American Chemical Society.

resolved, real-time synchrotron XRD technique.'® It was found
that the intensities of Li,O, peaks progressed linearly with the
increased discharge depth (Super-P/LiCF;SO; in TEGDME).
Combined with the results of the pure Li,O, peaks in the full
spectrum after discharge (Fig. 16c¢), it was seen that the dis-
charge capacity was strongly correlated with the nucleation and
grain growth of Li,O, during the first discharge. Ingram et al.
further found that when the cell was first charged (porous
carbon/LiCF;SO; in TEGDME), the discharge products were
transformed from Li,O, to LiOH (Fig. 16d)."®* This indicated
that the electrolyte could be oxidized, and a proton and sub-
sequently H,O were generated in the electrolyte during the
charge process.

In addition to LiOH, Li*-based carbonate is one of the
common by-products. Tonti et al. observed that the discharge
products grew directly on carbon-coated TEM grids by oxidation-
state-sensitive full-field transmission soft X-ray microscopy (TXM).'*>
As seen in Fig. 16e, although peroxide (green colour) was the
main discharge product, the carbonate (red colour) scattered in
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many places in the TXM image. Byon et al. also investigated the
side products of Li-O, cells (highly oriented pyrolytic graphite
(HOPG)/LiTFSI in TEGDME) by using in situ electrochemical
atomic force microscopy (EC-AFM).'®* Although no by-products
were observed after the first reduction and oxidation reactions
by performing X-ray photoelectron spectroscopy (XPS) measure-
ments, the unintended products were produced in further
cell cycles. As indicated in Fig. 16f, the granular products were
formed after 5-cycled ORR, while their morphologies were
somewhat different from others. XPS results in Fig. 16h revealed
O 1s peak (left) at ~531.8 eV arising from the combination of
Li,O, and Li,CO; (~532 V). At the 5-cycled OER electrode,
many nanoparticulate products were still not decomposed
(Fig. 16g). It also exhibited the further shifted O 1s (~533.2 eV)
and Li 1s (~55.4 eV) peaks, involving the generation of Li,CO3
and lithium acetate by-products (~533.7 eV for the O 1s peak).
These by-products may be related to the oxidation of HOPG
and/or electrolyte. Besides, it was well known that carbon was
unstable towards Li,O, at high voltage (>3.5 V vs. Li/Li") with a
result of Li,CO;, especially for hydrophobic carbon. Carbon
could also promote the electrolyte decomposition during dis-
charge and charging, giving the increased amounts of Li,CO;
and Li carboxylates.>®'¢>16°

To exclude the source of by-products from carbon electrode,
Byon et al. further investigated the surface chemistry of Li-O,
cell with nanoporous gold (NPG) as cathode by synchrotron
X-ray photoelectron spectra.'®* Fig. 17a displayed a decrease and
increase of Au 4f,,, (84 eV), 4f5,, (88 eV) and Ag 3ds,, (368 eV),
3ds,, peaks (374 eV) upon the ORR and OER, which embodied
the deposition and decomposition of discharge products on the
NPG electrodes, respectively. The O 1s peak at 532.4 eV (Fig. 17c)
and Li 1s peaks at 56.3 eV (Fig. 17d) on ORR-2.4 V and ORR-2.0 V
correspond to the Li,O, formation after discharge. After the cell
was charged, carboxylate and carbonate peaks (C 1s, 289.1 eV
and 291.6 eV, Fig. 17b) relative to sp> carbon still remained with
the long tail from Li,CO; (O 1s, over 533.5 eV), respectively.
The authors pointed out that the small tails over 533.5 eV
in asymmetric O 1s peaks existed on the ORR from O peak
(533.6 eV) in Li,CO;. With these findings, it can be concluded
that carbon-based cathode and electrolyte was both unstable
during discharge and charge reaction, especially at high charge
potential region.

The electrolyte decomposition was reported to be related
with high reactive activity of superoxide (O, , LiO,) and Li,0,
via nucleophilic substitution and H* abstraction.®’*®° In
addition to those of O,/LiO, intermediates, singlet oxygen
(*0,), a strong oxidizing agent, was also detected during battery
operation.'*®'”® Wandt et al. first reported the formation of 'O,
during the charging voltage between 3.55 V and 3.75 V in Li-O,
batteries."””® They used 4-oxo-2,2,6,6-tetramethyl-4-piperidone
(4-0x0-TEMP) to trap 'O, to form a stable 4-oxo-TEMPO, which
was then detected by in operando EPR spectroscopy. The existence
of 10, can well explain the oxidization of carbon above 3.5 V,
different from the previous studies that carbon was oxidized by
Li,0,. Subsequently, Freunberger et al. further elucidated the
process of 'O, generation by in operando fluorescence detection
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Fig. 17 Synchrotron X-ray photoelectron spectra (photon energy E is
about 650 eV) of NPG electrodes with different ORR and OER states via
CV at a sweeping rate of 1 mV s ™. Spectra in (a) survey, (b) C 1s, (c) O 1s and
(d) Li 1s BE region with ORR at 2.4 V (ORR-2.4 V, bottom orange), 2.0 V
(ORR-2.0 V, middle green) and OER at 4.5 V (OER-4.5 V, top blue).1*
Reprinted with permission from ref. 164. Copyright 2014 Royal Society of
Chemistry.

with 9,10-dimethylanthracene as an 'O, probe.**® It was found
that 'O, was generated not only during the discharg process,
but also at the initial and high charging voltages. The 'O,
quantity at charging process was much higher than that in
discharge process. It was confirmed by observing the more
serious deviation of O,/electron ratio at charging process. They
further suggested that the formation of 'O, was promoted by
proton, identifying the increased quantity of by-products with
protic additives. It was proposed that 'O, is probably the dominant
source for parasitic reactions in aprotic Li-O, batteries."”"'”?
However, this view is new and highly unexpected, and so more
evidence should be provided to confirm the origin to the
parasitic chemistry.

Except for the superoxide and 'O, in common electrolytes,
proton sources, redox chemicals, HOO®*, HOO ™ and HO® appear
with electrolyte additives, and are also reactive to electrolyte
components.*”**7173 As a result, LIOH instead of Li,O, is
produced as the main discharge product in some cases.'®'8174
It should be noted that the decomposed voltages of Li,CO; and
LiOH are about 4.4-4.6 V (vs. Li'/Li) and 3.8 V (vs. Li'/Li),
respectively,’””>'’® while their oxidation voltages are much
higher than those of Li,O,. Moreover, the high charge voltage
can induce the decomposition of the electrolyte, giving rise to
the continuous accumulation of these products during the cyclic
test. In order to inhibit the generation of Li'-based by-products,
the functional design of the O, electrode and optimization of the
electrolyte and additives are strongly recommended for attaining
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a long-term stability of the Li-O, battery. This will be discussed
in the later sections.

3. Lithium electrode

As an anode material for energy storage/conversion devices,
Li-metal has several advantages in terms of its low molar mass
(6.94 g mol™"), small ionic radius (0.76 A) and ultralow redox
potential (—3.05 V vs. SHE). Due to these merits, Li-metal-based
batteries usually perform with a high mass capacity, fast anion
diffusion rate and high discharge voltage. As seen from Table 1,
Li-metal-based batteries can perform with higher specific capa-
cities and voltages than those of other metal-based batteries.
However, these properties may have their own limitations.
First, the ultralow redox potential of Li-metal implies its’ high
reduction activity. This means that Li-metal can reduce some of
the electrolyte components to generate solid products that
cannot withstand mechanical deformation and continuous
breaks and repairs during the cyclic tests.®'”” Goodenough
et al. proposed the relationship between the electrochemical
potentials of the anode (u,) and the lowest unoccupied molecular
orbital (LUMO) of electrolytes (Erumo), whereby if pa > Epumo,
electrons on the anode tend to transfer to the LUMO of
the electrolyte, inducing intrinsic reduction reactions of the
electrolyte. Due to the more negative nature of Li-metal, the
redox reactions between Li and the electrolyte could not be
avoided.®®'”® Second, the dissolved oxygen crossover from the
cathode can also react with metallic Li, and change the ingre-
dients of the SEI in the Li-O, battery.””®"*®" The acceleration of
Li-metal and electrolyte consumption induces the formation
of a thick SEI layer with a high electrical resistance.®™®> As a
result, metallic Li has a low Coulombic efficiency and sustain-
ability. Third, the electrodeposition of Li-metal during battery
recharge is physically unstable towards the formation of rough/
dendritic structures on the anode, which are controlled by the
surface energy and Li'-migration energy of solid products on
the Li-metal surface.®® The undesirable Li dendrites ultimately
result in safety and stability problems during the operation of
Li-based batteries.’®* In this part, we focus on the instability
and unsustainability of the Li-metal and related strategies in
aprotic Li-O, batteries.

3.1 Instability nature of Li-metal in Li-O, batteries

The chemical stability of Li-metal towards polar and nonpolar
solvents should be primary considered for the operation of a
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Fig. 18 (a) SEM image of Li-metal immersed in an oxygenated DMSO
electrolyte for 30 days; (b) FT-IR spectra of Li-metal stored in a non-
oxygenated (top) and an oxygenated DMSO electrolyte (down); (c—e) illustra-
tion of the degradation mechanism of the Li surface in an oxygenated DMSO
electrolyte ((c) adsorption of TFSI-anions and O, molecules diffusing into the
native layer of Li-metal, (d) the formation of LiO, and nucleophilic attack on
the surrounding DMSO solvent and TFSI-anions, (e) precipitation of decom-
posed compounds forming a moss-like morphology and continuous Li*
dissolution and oxidative reactions).%! Reprinted with permission from ref. 61.
Copyright 2014 Elsevier.

stable Li-O, battery. Lee et al. observed that Li-metal main-
tained its original flat and clean surface after prolonged storage
in polar dimethylsulfoxide (DMSO)-based electrolyte without
dissolved O,. In contrast, rugged and moss-like prolonged deposits
were formed on the surface of Li-metal after prolonged storage
in an oxygenated electrolyte (Fig. 18).°" A chemical degradation
mechanism was proposed to explain this whereby DMSO was
attacked by superoxide species formed through the reaction
between Li and O,, yielding a passivation layer composed of
methlysulfinyl carbanion (CH3SOCH, ) and LiOH. Marinaro et al.
also found that the existence of O, can induce the formation of
LiOH on the Li-metal surface in DMSO due to the acid-base
reaction between a-hydrogen of DMSO and lithium oxide.®® The
formation of a large amount of LiOH led to rapid mass loss and
surface passivation of the Li-metal.

The stability of Li-metal in TEGDME, a nonpolar solvent,
based electrolyte was analyzed by Curtiss et al. with a combi-
nation of experiments and density functional theory (DFT)
calculations.®® Based on the analysis of the Li-anode surface,

Table 1 Theoretical energy density for several batteries based on their cell reactions

Specific capacity Theoretical energy

Battery Cell reactions Cell voltage (V) (mAhg™) density (W h kg )
Li-Ion battery 0.5C¢Li + Liy5C00, = 3C + LiCoO, 3.80 102 387
Li-S battery 2Li + S = Li,S 2.24 2615 2615
Na-S battery 2Na + S = Na,S 1.85 687 1273
Li-0, battery 2Li + O, = Li,0, 2.96 1168 3456
Na-O, battery 2Na + O, = Na,0, 2.33 689 1602
Zn-0, battery Zn + 1/20, = ZnO 1.65 658 1086

This journal is © The Royal Society of Chemistry 2018
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Fig. 19 (a) Possible sources of electrolyte decomposition at the Li-anode
in a Li-O; battery with an ether-based electrolyte; (b) in situ XRD patterns
of the Li-anode and LiOH formation during operation; (c) ex situ FT-IR
spectra of the Li-anode after 10 cycles; (d) high-energy XRD patterns of
the Li-anode after 1 and 10 cycles.®? Reprinted with permission from
ref. 62. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

the main products were LiOH and Li,COj3, which were generated
through reduction and oxygen corrosion reactions in compar-
ison to those of CH;OLi, CH;Li and the polymeric Li-salt layers
through the direct reaction of ether and Li-metal. The possible
reaction paths were also proposed in order to understand the
complex reactions between ether-based electrolytes (for example,
1,2-dimethoxyethane (DME) and TEGDME) and the Li-anode
under an O, environment. As shown in Fig. 19, the reaction
between O, and TEGDME was proved to be no apparent barrier,
inducing the cleavage of the C-O bond of the ethers to form
various alkyl radicals, an hydroxide ion and aldehydes. Among
these fragments, the hydroxide subsequently reacted with Li* to
form LiOH, while other fragments resulted in the generation of
lithium alkylcarbonates or Li,CO;.

The electrochemical reversibility of the Li-anode in aprotic
Li-O, batteries was also investigated through spatially and
temporally resolved synchrotron X-ray diffraction, as well
as by three-dimensional (3D) micro-tomography techniques
(Fig. 20).° It was found that a LiOH layer was formed on the
Li-anode, and its thickness increased steadily during the dis-
charge and charge processes. This resulted in a limited rever-
sibility of the Li-anode. Nevertheless, the porous channels in
the LiOH layer could maintain the transport of Li" until the
metallic lithium was completely consumed. The consumption
of the lithium and electrolyte accelerate the premature death of
Li-O, batteries.'®184

3.2 Protection strategies for Li-metal electrodes

To overcome the problems of side reactions between reactive
Li-metal and electrolyte components, as well as Li self-dendrite
formation (Fig. 21a), several strategies have been proposed.'®
The first one was modification of the SEI layer on the Li-metal,
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Fig. 20 (a) The experimental set-up for in operando p-XRD study of a
Li-O, battery under cycling conditions; (b) discharge—charge voltage
profile of the in operando Li-O, cell as a function of cycling time (the
stages at which the XRD pattern sets were collected are marked as i, i, iii. . .
on the curve); (c) the overall change in the amount of LiOH and Li-metal
contents at the anode-separator interfacial region as a function of cycling
time, individually normalized to the highest points of the respective
components (the data collection positions during cycling are the same
as those marked in (b)); (d—f) three representative XRD sets taken at the
cycling stage i, iii and ix.° Reprinted with permission from ref. 9. Copyright
2013 Nature Publishing Group.
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Fig. 21 Schematic illustrations of the remained issues and resolved
strategies for sustainable use of Li-electrodes. (a) The dendrite formation
and side reaction at Li-electrode; (b) the formation of solid—electrolyte-
interface (SEI) layer; (c) insertion of artificial membrane; (d) construction of
lithiated composite electrode.

aiming to prohibit Li-dendrite formation and the side reaction
between Li-metal and electrolyte during cell cycling (Fig. 21b).'*°
The second one was the preparation of an artificially protective
film on the Li-metal, which was used to inhibit the side reaction
and penetration of Li dendrites across the separator (Fig. 21c).'8"'5
The third one was the use of a lithiated composite or alloy
anode that could avoid the formation of Li dendrite (Fig. 21d).
The last one was the construction of a solid-state or quasi-solid-
state electrolyte, and this part will be discussed in the electro-

lyte section.

This journal is © The Royal Society of Chemistry 2018
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3.2.1 Protection of Li-metal by a solid-electrolyte-interface
layer. As aforementioned, Li-metal is thermodynamically unstable
towards most organic solvents, functional additives, crossover O,,
CO,, N, and so on. This leads to side reactions and the formation
of an SEI layer at the Li-electrode/electrolyte interface, and induces
the low Coulombic efficiency of Li-metal. As the formed SEI
layer (such as Li alkyl carbonate and Li alkyl species) may not be
strong enough to tolerate the rapid morphology changes of
the Li-electrode, the formed Li dendrites breakthrough the
SEI layer. It is therefore necessary to decrease the electrolyte
reactivity or change the ingredient of the SEI layer to improve
the Coulombic efficiency of Li-anode.

Having a high concentration of Li-salt in the electrolyte was
proved to be an effective strategy to modify the SEI layer for
improving the cyclic performance of Li-anodes.'®® Jeong et al.
found that the high concentration of LiBETI (lithium bis(per-
fluoroethysulfonyl)imide, LiN(SO,C,Fs),) in the electrolyte
(3.27 mol kg™" LiBETI in polycarbonate (PC)) could lead to
the formation of a thick SEI layer more than that formed in a
low-concentration medium (1.28 mol kg~ ' LiBETI in PC),
suppressing Li dendritic formation to some extent. With regard
to the solvents, DME was found to be less reactive than other
esters and alkyl carbonates. Zhang et al. used 4 M LiFSI
(lithium bis(fluorosulfonyl)imide, LiNF,(SO,),) in DME as an
electrolyte.’® As a result, a Cu|Li cell could be cycled at
4 mA cm™? for more than 1000 cycles with a Coulombic effici-
ency of 98.4%. The electrolyte stability was improved and the
conciliatory Li dendrite was realized due to the formation of a
highly compact and stable SEI layer. Through DFT calculations,
high stability of the electrolyte was indicated by the reduced
availability of reactive solvent in highly concentrated Li-salt
solution, while the Li dendrite growth was due to the increase
in Li" concentration during the fast Li plating and stripping.
Osaka et al. compared the Coulombic efficiency of a Li-anode
covered by organic compounds and inorganic compounds
(tested in Ar).”® It was found that the SEI layer with inorganic
compounds, such as Li,CO;, Li,O and LiF, could induce a
robust protection against side reactions from DMSO electrolyte
solutions in comparison to those of an organic Li-salts-based
SEI layer.

To form an inorganic SEI layer, LINO; was thought to be an
effective source to produce a stable SEI layer for lithium-based
batteries (according to the equation: 2Li + LINO; — Li,O + LiNO,).
LiNO; was first used as an electrolyte additive in Li-S batteries,
which was taken act as an inhibitor for blocking electron
transport from the Li-anode to the soluble polysulfides released
from the sulfur cathode.'®®'°' For Li-O, batteries, several
research groups also tried to use LiNOj; for suppressing the
rapid and continuous side reactions between the electrolyte
and Li-metal."®*'®® Walker et al. pretreated a Li-anode in a
solution of LiNO3/DMA (N,N-dimethylacetamide) to form a
stable SEI film, and it was found that 1 M LiNO; was needed
to eliminate any sign of the reaction between DMA and the
Li-anode.”® As a result, a Li-O, battery with this electrolyte
performed more than 80 cycles (2000 h) with only a little increase
in overpotential (Fig. 22). Subsequently, J. Uddin, a co-author in
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Fig. 22 (a) Linear sweep voltammograms on carbon paper electrodes
(the inset was galvanostatic cycling at 0.1 mA cm™2 of a Li-O, cell with
0.5 M LiTFSI/DMA electrolyte); (b) galvanostatic cycling of three-electrode
cells utilizing Super-P carbon (Cs,) cathode, Li-anode, Li reference
electrode, and 1 M LiNO3/DMA electrolyte (the cell was cycled at a current
density of 0.1 mA cm~2 under 1 atm O,, with a dwell at open-circuit-
voltage between each half cycle); (c) voltage profiles of a Li/1 M LiNOs-
DMA/C;, cell for cycles 1, 20, 40, 60, and 80 operated at 0.1 mA cm~2 (the
inset was plot of charge/discharge capacity by cycle numbers); (d) gas
profile of a Li/1 M LINO3 DMA (150 pL)/Cs, cell cycled at 0.1 mA cm~2 at
room temperature.*® Reprinted with permission from ref. 38. Copyright
2013 American Chemical Society.

the above work, found that LiNO; in the electrolyte could be
regenerated through the following reactions in a succinct pattern:
(1) 2Li + LINO; — LiNO, + Li,O; (2) 2LiNO, + O, — 2LiNO;."**
When the charging potential was beyond 3.6 V vs. Li'/Li, the
regeneration of LiNO; was thermodynamic favoured. This
demonstration explained the superior cyclic performance of
the LiNO3;/DMA-based Li-O, system.

LiNO; was also identified as being effective for improving the
cyclic stability of the Li-O, cell with a DMSO-based electrolyte.'*?
Osaka et al. used a highly concentrated LiNO; electrolyte with
DMSO solvent to produce a stable inorganic SEI film.”® In this
study, they compared the Coulombic efficiency of the Li-anode
with different Li-salts (LiNO;, LiTFSI, LiClO, and LiFSI), as well
as the influence of Li-salt concentrations on cyclic stability of the
anode. As a result, the LiINO;-containing electrolytes achieved the
highest Coulombic efficiency among the studied Li-salts owing
to the presence of an inorganic SEI ingredient. Meanwhile,
4 M LiNO3;/DMSO electrolyte performed with better cyclic
stability than that of an electrolyte with a low concentration
of Li-salts due to the lack of free DMSO molecules. Although a
Li,O protective layer could be formed on Li-metal with the
LiNO;-containing electrolyte, a CO, by-product could be still
detected by in situ mass spectrometry during the charging
process.'®" The side reaction on Li-metal cannot be totally inhibited,
because Li,O can also react with some solvents (e.g. DMSO), leading
to degradation of the SEI stability during cell cycling.®®

A combination of Li-salts and other reagents could be also used
to make a stable SEI layer on Li-metal for its long-term sustainability.
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Fig. 23 (a) Schematic illustration for the formation of SEI layer on
Li-anode with fluoroethylene carbonate (FEC) electrolyte using an ex situ
electrochemical strategy; (b) time dependence of the impedance spectra
values of the Li-O, cells with pristine Li-metal (PLM), Li-metal treated
without FEC (TLM) and with FEC (F-TLM) as anode; (c) discharge—charge
profiles of Li—-O, cells with (c) PLM and (d) F-TLM anode; (e) the cycling
stability of F-TLM based cell with a fixed capacity of 1000 mA h g tata
current density of 300 mA g8’ Reprinted with permission from ref. 187.
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

Zhang et al. fabricated an artificial protective film on Li-metal
in TEGDME-based electrolyte with fluoroethylene carbonate
(FEC) and 1 M LiTf (lithium trifluoromethanesulfonate, LiCF;SO3),
in which the symmetric Li/electrolyte/Li cell was cycled within a
voltage window of 0-0.7 V for several times (1 mV s )."¥” The
cycling performance of Li-O, batteries was significantly improved
due to the lower amounts of LiOH and smoother Li surface (FEC-Li
anode). No Li dendrite was formed in comparison with a battery
without an FEC-treated Li-anode (Fig. 23). Choudhury et al.
operated a Li-O, battery with 1 M LiNO3;-DMA electrolyte
containing 2-bromoethanesulfonate (Fig. 24), which induced
the in situ formation of an SEI layer with the lithium ethane-
sulfonate and soluble LiBr mediator. The as-prepared battery
showed a much better cyclability than that of a cell without
2-bromoethanesulfonate. Additionally, the discharge capacity
of Li-O, cells with 1 M LiNO;-DMA electrolyte containing
2-bromoethanesulfonate was higher (6.5 mA h) than that of a
battery a with conventional electrolyte containing 1 M LiTFSI-DME
(5.1 mA h) by the same cathode. This was consistent with the
observation of large-sized Li,O, structures owing to the solution-
mediated nucleation of peroxides by LiBr."”

3.2.2 Protection of Li-metal by artificially films. Except for
the construction of an SEI layer, the fabrication of Li*-conductive
film on Li-metal surface is considered to be a powerful method to
inhibit dendrite issues with Li-anodes.'® Park et al. developed a
composite protective layer (CPL) composed of Al,O; and poly-
vinylidenefluoride-hexafluoropropylene (PVdF-HFP) to protect
the Li-anode. Al,0; was introduced to offer sufficient strength
to suppress dendrite growth in the vertical direction, while
PVAF-HFP facilitated the fast Li" transport through CPL by
forming a gel-polymer electrolyte. As shown in Fig. 25, the
Li-O, battery maintained its interfacial resistance at its initial
value with the CPL, resulting in 80 stable cycles under the
discharge capacity of 1000 mA h g~ '. However, the cell without
CPL exhibited an increased interfacial resistance, and could
only be cycled 40 times at 1000 mA h g~'. In this study,
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Fig. 24 (a) Schematic image for the reaction of lithium 2-bromoethane-
sulfonate (Li-BES) with lithium-metal forming LiBr and organometallic
Li-salt (upper), and SEM image of the SEI layer between electrolyte and
Li-electrode, revealed in a cross section produced by cryo-focused ion
beam milling; (b) voltage profile of the Li||stainless-steel cell plotted over
time (red line was the profile of control electrolyte (1 M LINO3-DMA), and
black line was for the same electrolyte enriched with 10 wt% Li-BES);
(c) voltage profile for batteries fully discharged and recharged with 1 M
LINO3-DMA electrolyte containing Li-BES (dash line) and 1 M LiTFSI-diglyme
electrolyte (solid line) at a current density of 31.25 mA cm™2; (d) voltage profile
of Li-O, batteries with a fixed capacity of 3000 mA h g~! and a current
density of 0.04 mA cm2 (Solid lines indicated Li-BES-based electrolytes,
whereas dashed lines showed the control electrolyte).””® Reprinted with
permission from ref. 179. Copyright 2017 American Association for the
Advancement of Science.
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Fig. 25 (a) SEM cross-sectional image of Li-electrode coated with a com-
posite protective layer (CPL); (b) first charge/discharge profiles of carbon
paper/Li cells contained 0.05 M 2,2,6,6,-tetramethylpiperidinyl-1-oxyl
(TEMPO) with (red line) and without (grey line) CPL at a current rate of
0.025 mA cm™2; (c) digital pictures of bare Li and CPL-coated Li-electrodes
after prolonged storage tests (scale bar, 5 mm); charge/discharge profiles at
different cycles of 0.05 M TEMPO-containing Li-O, cells without (d) and
with (e) CPL.28® Reprinted with permission from ref. 186. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA.

2,2,6,6,-tetramethylpiperidinyl-1-oxyl (TEMPO) was used as a redox
additive, and CPL (Al,0;-PVdF-HFP) could also inhibit the self-
discharge reactions between the oxidized TEMPO and Li-metal.'®®

Choi et al. introduced a poreless polyurethane (PU) separa-
tor as an effective solution to inhibit the side reactions initiated

This journal is © The Royal Society of Chemistry 2018
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Fig. 26 (a) The molecular structure of poreless polyurethane (PU) separator;
(b) SEM images of the PU separators at low (upper) and high (lower)
magnifications; (c) the voltage profiles and cycling performance (inset) of
the PU cell in the cycle number of 1-110 when measured at 200 mA g~*
with a constant capacity of 600 mA h g~ (d) the cycling performance of
the four cells (PE: polyethylene separator) when measured at a current
density of 300 mA g~ at a fixed capacity of 600 mA h g~°° Reprinted
with permission from ref. 195. Copyright 2016 Wiley-VCH Verlag GmbH &
Co. KGaA.

by moisture, oxygen and the redox mediators transported from
the cathode or electrolytes in a Li-O, battery (Fig. 26). Despite the
nonporosity of the PU membrane, it allowed for decent Li‘-ion
conductivity (~1.8 x 10°* S cm™ "), even higher than that of
conventional porous polyolefin separators (~1.4 x 10~*Sem™"),
via the superior electrolyte uptake and retention. The cycle life
of the resultant Li-O, battery was extended for an additional
56 cycles compared to a control cell with a porous polyethylene
(PE) separator, reaching 110 cycles. Moreover, the effect of the
PU separator was validated for Li-metal protection from a Lil
redox mediator to extend the cycle life to more than 200 cycles,
with a fixed capacity of 600 mA h g™, which was much better
than the cell with the PE separator (68 cycles)."*®

Inorganic membranes are also widely adopted to inhibit
Li-dendrite formation and side reactions at the Li-electrode,
which was also broadly used as the solid-electrolyte for Li-O,
battery.® Kang et al. employed porous anodized alumina oxide
(AAO) as an interlayer between the separator and Li-anode,
whereby the uniform nanopores in the AAO membrane could
facilitate homogeneous plating/stripping of the ions, thus sup-
pressing the surface roughening of metallic Li and improving its
cyclic stability remarkably."®® Park et al. designed a bilayer solid
film (lithium phosphorous oxynitride/aluminium-substituted
lithium lanthanum titanate) with high Li* conductivity, which
could prevent Li-metal reacting with the diffused O, and other
species (such as H,0, N,, CO,). This was beneficial for inhibit-
ing the initiation and growth of Li dendrite."®” Then in tests, a
Li-O, cell with this protective layer performed 129 cycles under
1000 mA h g . Moreover, several other types of inorganic
membranes could be used as the protective layer for Li-metal,
and these are presented later in the discussion in the solid-
electrolyte part of this review.

3.2.3 Replacement of Li-metal by a lithiated composite.
Construction of large-capacity, lithiated, composite materials,

This journal is © The Royal Society of Chemistry 2018
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Fig. 27 (a) Schematic image of a Li,Si—O, battery; (b) SEM image of the
Li,Si electrode formed by micro-sized carbon particles containing lithiated
silicon particles (yellow circles); (c) voltage profile of the first galvanostatic
cycle of Li,Si—-O, battery; (d) cyclic voltage profiles of a Li,Si-O, battery
with TEGDME-LiCFsSO5 electrolyte at 200 mA g1 Reprinted with
permission from ref. 65. Copyright 2012 American Chemical Society.

for example Li,Si and Li,Al, to substitute the metallic Li-anode
was thought to be another effective protocol for inhibiting
Li dendrite growth. Hassoun et al. reported a lithium-ion/O,
battery for the first time with a lithiated silicon-carbon com-
posite as the anode and Super-P carbon as the cathode. The as-
prepared Li,Si-O, battery exhibited similar charge-discharge
profiles and overpotentials as those of a conventional Li-O,
battery. At a fixed capacity of 1000 mA h g~* (a current density
of 200 mA g '), the Li,Si-O, battery could perform about
15 cycles with a slight change of voltage profile (Fig. 27).%® This
design concept encouraged continuous efforts to develop
feasible anodes to replace metallic Li to avoid potential safety
problems. Wang et al. used a lithiated Al-carbon (Li,Al-C)
composite with a uniform SEI layer as the anode for aprotic
Li-0, cells.'®® It was found that the Li-O, battery with a Li,Al-C
anode generated a lower overpotential of 1.3 V compared to the
Li-O, battery (1.7 V). The superior performance was attributed
to the combination of an SEI layer and lithiated composite,
which helped alleviate O,-attack or air-attack on the anode.

Hassoun et al. further fabricated a lithium-ion/O, battery
employing a nanostructured lithium-alloy (Li,Sn-C) as the anode
and an ionic liquid (N-butyl-N-methyl pyrrolidinium bis(tri-
fluoromethanesulfonyl)imide) as the electrolyte solvent.'*® The
battery achieved an intrinsically safer energy storage system, and
showed a stable capacity of 500 mA h g with a low charge-
discharge polarization at a working voltage of 2.4 V (Fig. 28).
Unfortunately, the working voltage of the battery decreased
progressively, with a consequent deterioration of the cell perfor-
mance, owing to the side reaction between the Li-anode and
crossover O, from the cathode. Similarly, Sun et al. pointed out
that the formation of LiOH at the lithiated anode scaled the loss
of lithium sources and induced a decreased potential and poor
cycle life of Li-O, cells.>*

To prohibit the side reactions, Zhou et al recently reported a
long-life lithium-ion/O, battery with a commercial Si particles-based
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Fig. 28 (a) Schematic images of the reactions occurring at the electrode/
electrolyte interphase of the Li/Pyri4TFSI-LITFSI/O, (upper) and Li,Sn—C/
Pyri4TFSI-LITFSI/O, (bottom) cell in the open-circuit-voltage (OCV) con-
dition in an O, atmosphere; (b) galvanostatic cycling and corresponding
voltage profile of a Li,Sn-C/Pyri4TFSI-LITFSI/O, cell (current density:
50 mA g7} at fixed capacity of 500 mA h g% (c) the evolution of OCV
of a Li,Sn-C/Pyri4TFSI-LITFSI/O, cell (red), as well as Li/Pyri4TFSI-LITFSI/
O, (black) and Li/Pyri4TFSI-LiTFSI/Li,Sn-C (blue, Ar atmosphere) half-cells
upon 12 days of storage; SEM micrographs of (d) Li-electrode and
(e) prelithiated Sn-C-based electrode after 12 days of storage under OCV
conditions (assembled in Li/Pyri4TFSI-LITFSI/O, and Li,Sn-C/Pyri4TFSI—-
LiTFSI/O, cell configurations, respectively).**® Reprinted with permission
from ref. 199. Copyright 2015 American Chemical Society.

anode. The anode was protected by a stable SEI layer formed by
discharging a Li/Si half-cell in an electrolyte of 1.0 M LiTFSI in
FEC/TEGDME (volume ratio, 1:4).>°" As a result, the Li-ion/O,
cell with this optimized anode achieved as many as 100 discharge/
charge cycles with low overpotentials, owing to the combination
of the lithiated composite anode and the strong resistibility of the
SEI layer towards oxygen crossover effects.

3.3 Short summary and perspective for Li-electrode protection

The use of Li-metal as the anode can help realize the full
potential of Li-O, batteries, but has limitations as metallic Li
suffers from the formation of lithium dendrites and from side
reactions caused by O,, N,, CO,, H,O, and electrolyte compo-
nents. These issues have been addressed in a number of ways.
First, utilizing the reactions between some additives and Li-metal
can form a stable SEI layer on the Li-anode to partially prevent
metallic Li from taking part in side reactions to some extent.
Second, an artificial membrane is an effective approach to inhibit
the side reactions and the penetration of Li dendrite across the
separator, albeit such a membrane with high stability and Li"
conductivity has not been well established yet.

Similar to those in Li-ion batteries, the lithiated composite
anode (such as Li,Si and Li,Sn) with high energy density pro-
vides the opportunity to inhibit the dendrite problem as well as
to reserve the anode’s advantage of high specific energy. How-
ever, a decrease in Li source of the original lithiated composite
and consumption of the Li source by crossover O, reduce the
energy density and stability of batteries. More powerful strategies
need to be developed to achieve an anode with a long cycle life
and high Coulombic efficiency. The combination of constructing
an SEI layer and the use of an artificially protective film on the
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Li-anode seems to be a promising strategy to meet this standard.
With regard to this strategy, it is essential to construct an artificial
membrane with high stability and Li*-transport efficiency, and for
this, some protective films in other Li-based batteries can provide
some suggestions for solutions. Moreover, gel-based quasi-solid-
state electrolytes with high Li" transport capability may also be
suitable for this purpose, which will be discussed in the following
section on electrolytes.

4. Oxygen electrode

As the primary site for Li,O, formation and decomposition,
the oxygen electrode is the most studied component of a
battery and has been the topic of numerous reviews in Li-O,
batteries.’*?%2> Most of these describe the progress made in
newly developed cathode materials with no clear classification.
In this part, we mainly focus on the function and stability design
of cathode materials and pore/surface structures towards Li,O,
formation and decomposition in the cell discharge/charge
process.

According to the discharge mechanism for Li,O, generation,
O, electrodes have four main functions: (1) catalyzing Li,O,
formation and decomposition at surface active sites (Fig. 29a);
(2) transporting Li" and oxygen in porous channels to/from
active sites (Fig. 29b); (3) supporting storage space for the Li,O,
product (Fig. 29¢); (4) inducing growth and morphology evolu-
tion of Li,0O, at the electrode surface (Fig. 29d). Except for their
functionality, the stability of electrode materials towards
reactive oxygen species (ROS) should also be evaluated for the
long-term stability of Li-O, batteries. For these purposes, various
kinds of material characteristics, such as catalytic activity
and stability, surface atomic structure, pore structures and
surface adhesion capability of Li* and oxygen, should be well
considered.’®**** Since new oxygen electrodes continue to be

(a) Catalysts for Li,0, (b) Porous design
formation/decomposition for mass transport
I L LT .
o5t @ @ w e e
_—
L £ .
g B

Oxygen electrode

Surface engineering

(C) Porous design
for Li,0, growth

for Li,0, storage (d)

Fig. 29 Schematic illustration for the proposed functionality of the oxygen
electrode for Li,O, formation/decomposition. (a) Design of an efficient solid
catalyst; (b) pore channel design for fast mass transport; (c) hierarchical
porous structure for large Li,O, storage; (d) surface engineering for the
induced growth of Li,O; clusters.
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constructed with the development of efficient materials, we
discuss their progress in terms of material types and structures.

4.1 Carbon materials

Conductive carbon is one of the most attractive cathode materials

Electrolyte
0.1 M LiClo,
in DMSO

1.0 M LiClO,
in TEGDME
1.0 M LiNO,
0.1 M LiClO,
in DMSO

1.0 M LiTFSI
in TEGDME
1.0 M LiTFSI
in TEGDME
1.0 M LiTFSI
in TEGDME

in DMAc
1.0 M LiNO;

in DMAc
1.0 M LiNO;

in DMAc

to accommodate insoluble/insulating Li,O, for Li-O, batteries
due to its high electronic conductivity, low mass density, low cost
and the facile construction of a porous structure. The low mass
density and high electrical conductivity of carbon materials
is beneficial for the achievement of a large cell capacity.**®
Moreover, the pore structure of carbon electrodes can be easily
modulated with the existing techniques, which promote the
transport efficiency of Li" and oxygen in the channels and
support the storage space for Li,O,. Additionally, the electronic
structure of carbon materials can be tuned by heteroatom-
doping, which is utilized to form the effective active sites for
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catalyzing the formation and decomposition of Li,0,.”® Thanks
to these excellent properties, carbon materials are also widely
used as a support to exemplify the functionality of other advanced
catalysts.>*>#29298 Table 2 summarizes some of the typical
carbon materials for Li-O, batteries, while the pore structure,
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graphitization degree and heteroatom-doping of carbon are high-
lighted for their functionality and stability.

4.1.1 Carbon structures with good mass transport and
Li,O, storage. The pore structure is one of the most important
factors to determine the cell capacity of Li-O, batteries. A high
pore volume and surface area of the cathode are beneficial for
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accommodating a large amount of Li,O, product, and provid-
ing efficient channels for the transport of Li" and oxygen to
surface active sites.”®® Zhang et al. compared the electro-
chemical performance of Li-O, batteries with several commer-
cial carbon-powder-based cathodes®'® and found that the pore
volume of carbon played an important role in affecting the
specific capacity of Li-O, batteries. Ketjenblack (KB) carbon
showed the highest pore volume among KB carbon (7.65 cm® g~ ),
ball-milled KB (0.43 cm?® g~*), BP2000 (0.84 cm® g™ '), Calgon
(0.55 cm® g™ 1), Denda black (0.54 cm® g~ ") and JMC (0.24 cm® g™ ),
and the corresponding cell showed the best cell capacity.
Simultaneously, Hall et al. controllably prepared a series of
porous carbon aero-gels with different pore volumes for cathode
materials.>"" Their results indicated that a larger pore volume
provides more space for the formation and storage of Li,O,
in the discharge process, and further delivers a higher battery
capacity.

Comparably, Zhang et al. investigated the effect of the pore-
size distribution and pore volume of commercial KB and Super-P
carbon on the cell capacity.*'* Although KB possessed a much
higher specific surface area (1379 m> g ') and ten times larger
pore volume (2.61 m* g™') than those of Super-P (54 m*> g™*,
0.23 m® g~"), the difference in delivered specific capacity was
much less (1005 mA h g~* for KB, 635 mA h g~ for Super-P).
This indicated that the relationship between the pore volume
and the cell capacity could be not simply deduced.

Moreover, the cyclability of Li-O, battery was also influenced by
the pore structure. Wang et al. constructed porous graphene cathodes
with different pore sizes via a hard template method (Fig. 30).”°
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Table 2 Performance summary of Li—-O, battery with carbon-based electrodes and their operating conditions

Carbon category
Pore structure
Graphitization
degree
Heteroatom

doping
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Fig. 30 (a) SEM image of porous graphene (PGE) materials; (b) the
discharge specific capacities of Li—-O, batteries for PGE electrodes with
various pore sizes at different current densities; cycling performance of
Li—O, batteries based on (c) PGE-2 and (d) PGE-0 cathode materials (at a
curtailing capacity of 500 mA h g~* with a current density of 200 mA g~%).
(PGE-0: nonporous graphene, PGE-1: pore size about 60 nm, PGE-2: pore
size about 250 nm, PGE-3: pore size about 200 nm wide and 400 nm
long).”® Reprinted with permission from ref. 70. Copyright 2014 American
Chemical Society.

They found that all of the porous graphene cathodes displayed a
better capacity retention compared to the nonporous graphene
during the primary several cycles with the voltage ranging from
2.0 to 4.6 V at 500 mA g~ *. The graphene electrode with a pore
diameter around 250 nm showed a higher discharge capacity
compared to those of graphene with smaller pores (about
60 nm) and larger pores (about 400 nm). The capacity decay
during cycling was caused by the volume change in the cathode,
which might result from the build-up of excessive Li,O, over the
depth of discharge process. This led to a collapse of the cathode
architecture. When the discharge capacity was decreased to
500 mA h g™, the charge/discharge overpotentials of the non-
porous graphene electrode were significantly increased at the
10th cycle. In contrast, porous graphene electrodes showed good
cycling stability in the initial 20 cycles, demonstrating that the
porous structure was one of the most important factors affecting
the cell cycling stability.

Wang et al. reported a mesoporous carbon nanocubes
(MCCs) architecture with main pore sizes of about 50 and
100 nm (Fig. 31), resulting in a good ability for oxygen diffusion
and electrolyte impregnation throughout the electrode. This
porous structure was also effective for providing sufficient
spaces to accommodate the insoluble discharge products.*?
Consequently, the cell delivered a high specific capacity of
26100 mA h g~" at 200 mA g, and operated over 20 cycles
steady under a curtailing capacity of 1000 mA h g~ *. The positive
effect of the pore structure on the cell cyclability was also proved
by the construction of three-dimensionally ordered mesoporous
(3DOM) carbon cathode by Wang’s group, where the discharge
current rate was as high as 500 mA h g~".”° As shown in Fig. 32,
the 3DOM carbon with a pore diameter of 35 nm could perform
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Fig. 31 SEM image of Li,O, particles on the first discharged carbon black
(a) and mesoporous carbon nanocubes (MCCs) (b) electrodes with LiClO4/
DMSO electrolyte; (c) the N, adsorption/desorption isotherms and pore-
size distribution of MCCs; (d) discharge curves of Li—-O, cells with MCC
catalysts at different current densities in LiCIO4/DMSO electrolyte ?**
Reprinted with permission from ref. 213. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.

16 cycles at a capacity of 500 mA h g™, while 3DOM carbon with
a pore diameter of 12 nm could only achieve 6 cycles. The cell
cyclability was confirmed be to related to the pore size of the
carbon; whereby smaller pores with a greater surface-to-volume
ratio were more easily clogged than bigger pores. Wang et al.
developed a kind of ordered hierarchical meso-/macroporous
carbon, and the cathode with this carbon achieved 30 cycles
without any change in the charge-discharge profiles at the
limited capacity of 1000 mA h g~'.>"* This good performance
was ascribed to the sufficient and effective cathode space
for O, diffusion and Li,O, storage. The composite porous
structure composed of abundant mesopores and macropores
benefited the storage of Li,O, and the transport of oxygen, and
then prolonged the discharge time of the battery. In particular,
the large-sized pores were less filled with Li,O, compared
to the small-sized pores under the constant capacity mode.
This resulted in less resistance and a better structure stability
of the cathode, as well as a large cell capacity and superior
cyclability.

4.1.2 Carbon materials with good stability. Although porous
carbon materials have shown advantages for the construction
of Li-O, batteries, they usually suffer from decomposition
problems, especially those of amorphous carbon, such as KB,
Super-P and XC-72.>'%?'>?!> These were proved to be riddled
with dangling bonds and oxygen-containing surface groups.
Consequently, they exhibit poor cyclability when used in Li-O,
batteries'**'®>"” as the generated reactive species during
battery operation could corrode the carbon electrode, and some
of the by-products of this are deposited at the carbon-electrode/
Li,O, interfaces.’®*'® This substantially decreases the cell
performance and sustainability. Luntz et al. presented theore-
tical evidence showing that a ~1 monolayer carbonate layer at
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Fig. 32 (a) Schematic images for the structure model of three-dimensionally
ordered mesoporous (3DOM) carbon with only the large pores; (b) the
simplified 2D representation of the formation and accumulation of by-
products on 3DOM carbon with large (top) and small pores (bottom), images
show pristine carbon (left), carbon with the Li,O, discharge product (middle),
and the product after recharge (right), where green deposits represented by-
products that could not be easily decomposed; (c) cycling performance of
bare 3DOM carbon with different pore sizes (3DOM carbon with 35 nm
pores (black), 12 nm pores with high (green) and low (red) wall densities);
(d) discharge/charge profiles normalized to pore volumes with the con-
strained discharge potential over 2 V vs. Li*/Li.”° Reprinted with permission
from ref. 79. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

the C-Li,O, interface causes an approximate 10-100 fold
decrease in the exchange current density due to the enhanced
interfacial resistance.>’® The accumulation of Li,CO; by-
products on the carbon electrode leads to electrode passivation,
resulting in a rapid polarization on charging and cell capacity
fading on cycling.

Bruce et al. found that hydrophilic carbon was less stable
and more reactive with superoxide species in the electrolyte
compared to hydrophobic carbon.?® This was due to the enrich-
ment of hydrophilic groups on the carbon surface. Additionally,
Zhang’s group reported that Li,O, preferred to nucleate and
grow on the near functionalized lattice defect sites of graphene
sheets with functional groups, which they proved by DFT
calculations.>®® Therefore, the graphitization degree and the
surface functional groups of carbon materials have a strong
relationship with the stability of a battery.

Reduced graphene oxide (rGO), which has enriched surface
functional groups, is a suitable carbon material to investigate
the relationship between the graphitization degree and the
stability of battery.>*°>**> Norby et al. reported that the content
of C(0O)O and C=O species increased with the prolonged
oxidation time, and this chemical trend in GO could extend to
rGO.>** When rGO with long-time oxidation was employed as
the cathode material for a Li-O, battery, it exhibited a higher
capacity (11 038 mA h g™ ') than that with short-time reduction
rGO (6947 mA h g '). This phenomenon was due to the
enriched Li,O, nucleation sites on the long-time oxidated
rGO, which was consistent with the DFT results obtained by

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review Article
Zhang’s group.>*° However, the excessive defects could induce
parasitic reactions to a large extent, leading to a limited cell
cycle life.*® This demonstrates that a decrease in the oxygen-
containing functional groups on the carbon surface can improve
the cycling stability of Li-O, batteries. This concept was further
proved by Zhou’s group. Here, they reduced the C-O species in a
GO material by pretreating the GO at 900 °C under vacuum
conditions, whereby the C—=0O and COOH groups were hardly
detected on the rGO surface.®*’ An as-prepared battery could
steadily cycle 50 times at 1000 mA h g~ ', with the superior
performance of the battery attributed to the reduced surface
defects of rGO and the formed porous structure during the
synthesis process.

The cycle stability of a battery can be further improved by
avoiding the use of a polymer binder, which was proved could
be degraded by reactive oxygen species.?**"**° In this vein, Kang
et al. developed a paper-like graphene nanoplates/GO film as an
oxygen cathode for a Li-O, battery. It delivered 10000 mA h g~*
at the current of 100 mA g~ * and could be cycled 16 times under
1000 mA h g 1.2*! Kang et al. also developed porous graphene
paper by using the vacuum filtration of a homogeneously mixed
aqueous dispersion of a GO and polystyrene colloidal particles
template, followed by a heat-treatment process at 1000 °C in a
5% H,/N, atmosphere.”*” The cell discharge capacity with
the freestanding electrode was over 12000 mA h g™, and the
device was shown to be stable for more than 90 stable cycles at
500 mA g~ ' under 1000 mA h g~'. Compared to the original
carbon electrode, the much improved device performance of
the freestanding graphene electrode could be attributed to the
binder-free property and the reduced surface functional groups
after the heat treatment, thus reducing the possibility of side
reactions.

CNTs, a kind of carbon with a high graphitization degree,
high electrical conductivity and an interconnected porous
structure, were believed to be one of the most stable cathode
materials for Li-O, batteries.”*>*** Consequently, Kang et al.
fabricated a freestanding MWCNT fibril, which was drawn from
the side wall of MWCNT forests via a dry-state spinning
process.*® As shown in Fig. 33, this MWCNT fibril was perpen-
dicularly stacked on a nickel mesh. The battery made with this
fibril cathode showed an enhanced rate capability (stable cycle
over 10 times at 2 A g~ ' when discharged to 2 V) and superior
reversibility (60 cycles with the capacity of 1000 mA h g~ ' at
2 A g " (note, a relatively high current density)). Zhou et al. also
presented MWCNT paper with a 3D porous structure. The
battery showed a huge specific capacity of 34600 mA h g,
and a profile of 50 cycles of continuous discharge/charge with
a cut-off capacity of 1000 mA h g '.*** The above-mentioned
results indicate that carbon materials with a high graphitiza-
tion degree can reduce the side reactions at the carbon/Li,O,
interface, and thus enhance the battery cycle ability. However,
one of the limitations of pure carbon electrodes is their low
catalytic activity for cathodic reactions."®?

4.1.3 Carbon materials with good catalytic activity

4.1.3.1 Nitrogen-doped carbon. Although graphene and
CNT have exhibited great potential as cathode materials for
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Fig. 33 (a) SEM images of the MWCNT fibril electrode; (b) discharge/charge
profiles of the Li—-O, cells using MWCNT fibril electrodes for 20 cycles at a
current rate of 2 A g~ (c) discharge/charge profiles and (d) cyclability of
Li-O, cells using an MWCNT fibril electrode at a current rate of 2 A g~ (inset:
voltage vs. time graph of initial 10 cycles).*° Reprinted with permission from
ref. 40. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

Number of cycles

Li-O, batteries, their catalytic activity towards Li,O, formation/
decomposition is relatively low. Heteroatom-doped carbon
materials have shown much better catalytic activity due to their
tuneable electronic structure compared to pure carbon materials.”*®
They have already been demonstrated as efficient four-electron-
transfer ORR and OER catalysts in aqueous media.>*” Following
along with this idea, they were investigated as cathode catalysts
for aprotic Li-O, battery.®”89:238:239

Su et al. synthesized a mesoporous onion-like carbon (OLC)
with and without nitrogen-doping."®® The cell with the N-OLC
electrode exhibited a much improved rate capability and cycle
stability (an overpotential of 0.80 V for the 1st cycle and 1.16 V
for the 194th cycle) in comparison to the OLC electrode
(an overpotential of 1.19 V for the 1st cycle and 1.60 V for the
87th cycle) with a discharge capacity of 1000 mA h g™ ' at a
current of 0.3 mA cm™>. These results indicated that the formation
of amorphous film-like Li,O, induced by N-OLC was the key factor
for the enhancement of the cyclability.

The battery performance could be further improved by
modulating the porous structure of N-doped carbon materials
for better mass transport and Li,O, storage. Qiu et al. reported
3D porous N-doped graphene aero-gel frameworks constructed
by interconnecting porous nanocages with the aid of a poly-
styrene sphere@polydopamine precursor.>*® The Li-O, battery
exhibited a superior rate capability (5978 mAh g ' at3.2Ag )
and cycle stability (70 cycles under 500 mAh g~ ' at 300 mA g™ 1),
while the carbon electrode without N-doping could only per-
form 32 cycles under the same conditions. Zhou et al. prepared
a hierarchical N-doped carbon material with both a macro-/
mesoporous structure as cathodes for Li-O, batteries, and the cell
showed superior stable cyclability over 160 cycles (600 mAh g™*
at 100 mA g~ ').>*' The improved catalytic performance was
investigated with DFT calculations. It was found that the
lithiated pyridinic-N provided for excellent O, adsorption and
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Fig. 34 (a) SEM images of vertically aligned nitrogen-doped coral-like
carbon nanofibre (VA-NCCF) array grown on Si wafer; (b) TEM image of an
individual VA-NCCEF; (c) sketch of Li,O, grown on a coral-like carbon fibre,
which tightly holds Li,O, deposited on the rugged VA-NCCF surface;
(d) rate capability of VA-NCCF electrode at current densities of 0.1, 0.6 and
1 A g% (e) representative discharge/charge curves from the 1st to the
200th cycle (current density: 250 mA g2, fixed capacity: 500 mA h g%).°°
Reprinted with permission from ref. 90. Copyright 2014 American
Chemical Society.

activation sites for ORR, while the sites were also beneficial for
stabilizing the carbon atom in the discharge process.

Excellent mass transport and Li,O, storage could be realized
by using the vertically aligned nitrogen-doped coral-like carbon
nanofibre (VA-NCCF) array as the cathode for a non-aqueous
Li-O, battery (Fig. 34), exhibiting an energy efficiency as high as
90% and a narrow voltage gap of 0.3 V between the discharge and
charge plateaus (1000 mA h g~ * at 100 mA g~ ), as well as excellent
cycle stability over 200 cycles at (500 mA h g~ " at 250 mA g~ 1).*°
This outstanding performance was attributed to its high catalytic
activity induced by N-doping, optimized oxygen/electron trans-
portation capability and the microporous structure for Li,O,
storage in the stainless steel substrate.

4.1.3.2 Other heteroatom-doped carbon. Except for nitrogen,
sulfur has also been used as a dopant to modulate the electro-
nic structure of carbon materials, and was investigated as a
cathode material for a Li-O, battery.>*> Chen et al. compared
the performance of batteries with N-doped and S-doped nano-
porous graphene. The N-doped graphene electrode showed better
catalytic activity compared to an S-doped graphene electrode,
and a double cell capacity was achieved, as shown in Fig. 35.
The S-doped graphene could achieve 300 cycles under
1000 mA h g~" at 300 mA g~ ', while the N-doped graphene
could only perform 100 cycles under the same conditions.""’”
The reason for this was identified as being due to the -C-S-C-
and -C=S- structures in S-doped graphene being more stable
than the -C-N- in N-doped grapheme under electrochemical
conditions. The stability of the active sites (related with the
doped elements) corresponded to the degeneration rate of the
cathode during cycling.

This journal is © The Royal Society of Chemistry 2018
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Fig. 35 (a) Schematic representation of nanoporous graphene-based
Li—O; battery (the high-porosity electrode with heteroatom-doped graphene
surfaces and interconnected open pore channels was structurally optimal for
the Li—O, reactions); (b) discharge—charge profiles of Li-O; cells using the
nanoporous graphene electrode (the cells were tested at 2.3-4.6 V with a
current density of 200 mA g3 (c) cycling stability of the nanoporous
N- and S-doped graphene-based Li-O, cells (the electrolyte was 1.0 M
LiTFSI/TEGDME).*®” Reprinted with permission from ref. 107. Copyright
2016 Wiley-VCH Verlag GmbH & Co. KGaA.

Several groups calculated the catalytic activity of heteroatom-
doped carbon via DFT.>*%%?%372%3 7hou et al. investigated ORR
and the initial Li,O, nucleation processes on the surface
of pristine and N-doped graphene in Li-O, batteries. They
reported that the in-plane pyridinic-N-doped graphene was
more effective for facilitating the nucleation of Li,O, clusters
than pristine or graphitic N-doped graphene. This was due to
the significant electron transfer from Li,O, to the pyridinic-N
sites.®® Liu et al. systematically investigated X-doped graphene
(X =B, N, Al, Si and P) materials as a cathode for Li-O, batteries.
P-Doped graphene exhibited the highest catalytic activity in
reducing the cell charge voltage by 0.25 V, while B-doped
graphene had the highest catalytic activity in decreasing the
oxygen evolution barrier by 0.12 eV. By combining the two
catalytic effects of B- and P-doping, B,P-codoped graphene
was demonstrated to have an enhanced catalytic activity in
reducing the O, evolution barrier by 0.70 eV and the charge
voltage by 0.13 V.*°

Zhao et al. performed a first-principles study of graphene,
N- and B-doped graphene, and N- and B-codoped graphene as the
potential catalysts in non-aqueous Li-O, batteries (Fig. 36).>**
As a result, B-doped graphene exhibited the lowest discharge
and charge overpotentials in aprotic Li-O, batteries. Simulta-
neously, they found that the codoping of N and B atoms did not
enhance the ORR/OER in the presence of lithium atoms,
indicating that the synergistic effect in the presence of protons
does not occur. The theoretical calculation results confirmed
the high catalytic activity of B-doped and B-/P-codoped graphene
in Li-O, batteries.

From these above-mentioned results, it is clear that carbon
materials with a high graphitization degree and hierarchical
porous structures can achieve better cell performance and prolonged
cell cycling life (for example, N-doped porous graphene/CNT

This journal is © The Royal Society of Chemistry 2018
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Fig. 36 Free energy diagram of ORR/OER process with the most stable
structure of intermediates on (a) nitrogen-doped graphene (NG), (b) boron-
doped graphene (BG), (c) separated nitrogen-/boron-doped graphene
(S-NBG) and (d) bonded nitrogen-/boron-doped graphene (B-NBG) (the
brown, blue, dark green, light green and red spheres indicate C, N, B, Liand
O atoms, respectively).>*® Reprinted with permission from ref. 243. Copyright
2016 American Chemical Society.

composites, 3D macro-/mesoporous carbon). However, the
carbon materials tend to be quickly oxidized at a charging
potential over 3.5 Vvs. Li/Li". If the charging potentials could be
further reduced through optimizing the cathode catalysts or
through the use of electrolyte additives, they would hold great
promise for practical implementation in high-performance
rechargeable Li-O, batteries.

4.2 Precious metal-based catalysts

Noble metal and noble metal oxides, such as Au, Pt, Pd, Ru,
RuO, and IrO,, have been investigated as ORR and OER catalysts
in Li-O, batteries.>****” The previous studies already reveal that
most precious-metal-based catalysts are effective for the for-
mation and decomposition of Li,O, products, and Table 3
summarizes some of the typical precious metal materials used
for Li-O, batteries to date. It can be seen that the performance
and stability of precious-metal-based cathodes can be improved
through changing the catalyst support and by optimization of
the porous structure.**® However, they are not only used for their
good catalytic activity, some precious metals or metal oxides, for
example monolayer RuO, and Ir, have also demonstrated special
functionality for the induced growth of crystalline Li,O, or
Li0,.*° These are beneficial for decreasing the cell overpotentials
and increasing the cell capacity from the viewpoint of the crystal
growth sites. In this part, we discuss the above-mentioned char-
acteristics to elucidate the functionally and stability of precious-
metal-based cathodes.

4.2.1 Au catalyst. Bruce et al. fabricated a 3D nanoporous
Au electrode as the cathode of a Li-O, battery with a DMSO-
based electrolyte. this showed a 95% capacity retention after
cycling 100 times with a overpotential of less than 1 V and a
discharge capacity of 300 mA h g~ at 500 mA g '.>* It was
demonstrated that the kinetics of Li,O, oxidation on charging
was approximately one order of magnitude faster than on carbon
electrodes. Chen et al further developed bi-continuous
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nanoporous structured Au by introducing secondary nanopores
into the ligaments of coarsened nanoporous gold with a two-
step de-alloying process.>*® The as-prepared cathode possessed
high porosity, a large accessible surface area and sufficient
mass transport channel for a high cell capacity. More impor-
tantly, the devices with such a cathode could perform 120 cycles
at a charging voltage of about 3.5 V with a cut-off capacity of
1500 mAhg 'at2.0Ag "

The OER catalytic activity of Au with various kinds of index
facets in a Li-O, battery was investigated by Wang’s group.>*"
A tris-octahedral Au nanocrystal with high-index (441) facets
based cathode was found to show a lower charge-discharge
overpotential (0.7-0.8 V) and higher capacity (~20298 mA h g™*
at 100 mA g ') than those of crystals with (111) and (100) facets
(Fig. 37). High-index facets have a high surface energy due to their
large density of atomic steps, ledges and kinks, which could
provide dense active sites and high catalytic activity for cathodic
reactions.

Conductively porous substrates could be a suitable promoter
to increase the Au site density and to support efficient channels
for mass transport.>*” Xie et al. reported a sandwich-structured
graphene/Au-nanoparticles/Au-nanosheets catalyst for a Li-O,
battery.”>® They found that thin-layer Li,O, (below 10 nm) could
grow comfortably on the surface of Au nanoparticles located
between graphene and Au-nanosheets. The contact area between

()
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Fig. 37 (a) Atomic resolved HAADF-STEM image of trisoctahedral (TOH) Au
NCs taken along the [110] direction, showing the (441) surface, (110) terraces and
(001) step (top-left corner inset of (a) was the corresponding indexed FFT pattern
along the [110] zone axis; the middle inset of (a) was the simulated atomic
arrangement of (110) facets, showing the projected (110) (111), (221), (331) and
(441) crystal planes along the [110] direction); (b) the charge—discharge profiles of
cubic Au NCs@SP (red dash line), T-OCT Au NCs@SP (blue dash line), TOH Au
NCs@SP (green solid line) and bare SP electrodes (black dash line) at 100 mA g~*
in the first cycle; (c) schematic illustration of the proposed Au nanocrystal (NC)
catalyst mechanism in Li—O, cell?>* Reprinted with permission from ref. 251.
Copyright 2015 Nature Publishing Group.
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graphene and Li,O, was thereby reduced to some extent,
resulting in superior cycling performance of 300 times at a current
rate of 400 mA g under a fixed capacity of 500 mA h g~ '. The
super cell cyclic performance was attributed to the substantially
decreased side reactions between carbon and Li,O,.

The construction of s carbon-free electrode is beneficial
for the stability enhancement of Li-O, batteries due to the
non-existing carbon corrosion. Cho et al. developed Au nano-
particles (<30 nm)-coated Ni nanowires as the oxygen electrode
for Li-O, batteries.">® The battery could be cycled more than
100 times at 500 mA g~ " without any capacity constraint (about
500 mA h g ). Sun et al also loaded Au nanoparticles on a
vertical-array Ti nanowire with Ti foam as the substrate.>>* The
Li-O, battery with this self-supported cathode exhibited excel-
lent durability (640 cycles) at a high current density of 5 A g~*
within a fixed capacity of 1 A h g~". The remarkable cyclability
was proposed to be related to the high conductivity and stability
of the all-metal construction cathode.

Recently, a hierarchical macro-/mesoporous AuNi cathode
was developed by Zhang et al., who constructed nanoporous Ni
with a nanoengineered AuNi alloy on NiFM (AuNi/NPNi/NiFM)
for a Li-O, battery. The assembled cell demonstrated the rever-
sible formation and decomposition of Li,O,, which induced
relatively low overpotentials and a high specific capacity and
cycle stability. In particular, an ultrahigh specific capacity of
22551 mA h gauni - at a current density of 1.0 A g4y - and a
long-term life (286 cycles) were achieved. These were ascribed
to the high surface area and porous structure, which provided a
sufficient void volume to house the generated Li,O, and to
enable fast mass transport.®*

4.2.2 Pt and Pd catalysts. Precious Pt and Pd materials
have been primarily investigated as OER catalysts for Li-O,
batteries due to their good activity towards catalyzing the
decomposition of Li,O,. Porous carbon materials are generally
utilized as their support to enhance their metal site density,
mass transport and Li,O, storage space.”” Lim et al. designed a
hierarchically porous Pt/CNT air electrode by embedding Pt
nanoparticles on cross-weaving aligned CNT sheets.”°® The cell
with this cathode exhibited a remarkably cycle stability of over
100 cycles with full discharge/charge at a high current rate of
2 A g~ ". This could be attributed to the homogeneous film-like
formation of Li,0, by the introduction of Pt particles, as shown
in Fig. 38. Zhang et al. reported a freestanding Pd-modified
hollow spherical carbon deposited onto carbon paper
(CP).>'® The battery was capable of operation at a high rate
(5900 mA h g~ " at a current density of 1.5 A g~ ") and for a long
period (100 cycles at a current density of 300 mA g~ * and a fixed
capacity of 1000 mA h g™ ). This superior performance could be
attributed to the formation of uniform nanosheet-like Li,O,
with the aid of Pd.

In order to prevent corrosion of the carbon support under
high charge potential in the operation of Li-O, batteries,
Lu et al. designed a Pd-modified carbon cathode via an atomic-
layer-deposition technique, in which the defect sites of the
carbon surface were passivated by sputtering on a thinner layer
of Al,O; (Fig. 39).°> The Li-O, battery with the as-prepared
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Fig. 38 TEM images of Pt/CNT electrode (a) before and (b) after the first
discharge at 1000 mA h g~% (c) discharge/charge profiles of Li-O, cells
with the CNT (black line) and Pt/CNT (red line) electrodes at a current rate
of 2 A g~ with the limited depth of discharge at 1000 mA h g~%; (d) the
corresponding cyclability of Li-O, cells shown in (c).2°® Reprinted with
permission from ref. 208. Copyright 2013 Royal Society of Chemistry.
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Fig. 39 (a) Schematic of the nanostructured cathode architecture
(it showed the deposited Al,Os), Pd particles and crystalline Li,O,, all of
which contributed to lower the overpotential; (b) high-resolution TEM
images of Pd nanoparticles decorated carbon with Al,Os layer (scale bars,
4 nm); (c) the discharge/charge profiles of cells based on Super-P carbon
(Csp). Csp coated with AlO3; and Al,O3z-coated Cg, with Pd nanoparticles
deposition (at a fixed capacity of 1000 mA h g~%); (d) the discharge/charge
profiles of cells based on Al,O3-coated Cy, with Pd nanoparticles deposi-
tion (electrolyte: TEGDME/LICF5SOs, fixed capacity: 500 mA h g=%).%®
Reprinted with permission from ref. 55. Copyright 2013 Nature Publishing
Group.

electrode achieved a low charge overpotential of ~0.2 V with
the assistance of Pd catalysis. The nanocrystalline form of Li,O,
with grain boundaries was generated, and the decomposition of
carbon materials at the cathode was inhibited by the Al,O;
coating to some extent.
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Interspersing Pd or Pt on carbon-free porous substrates, for
example, MnO,-GeO,, TiO, and NiO, was proposed to form a
stable cathode to avoid carbon corrosion.>*® In this regard, Lu
et al. loaded Pd on the surface of MnO,-GeOy, nano-membranes
as the cathode of Li-O, cells.>®” Surprisingly, the cell exhibited
an extremely low charge voltage of 3.14 V at 70 mA ¢ ' and a
prolonged cycle life of 160 cycles (1000 mAh g * at 300 mA g )
without apparent degradation. Similarly, Zhao et al. loaded
Pt nanoparticles on CozO, nanowires arrays to promote the
formation of a tips-bundled structure of Co;0, nanowires
instead of the discrete single nanowire, as well as to induce
the uniform deposition of a fluffy Li,O, layer on the nanowires
surface.>*® The battery with the Pt/Co;0, electrode performed
over 50 cycles under a fixed capacity of 500 mAh g~ " at 100 mA g~ .
Sun et al. exploited vertical TiO, nanotube arrays on Ti foam
as a carbon- and binder-free substrate for loading the Pt
nanoparticles.”*® The battery revealed a good cyclability at high
current densities (over 140 cycles at 1 or 5 A g~ ') within a wide
discharge/charge voltage window (1.5-4.5 V).

4.2.3 Ru and RuO, catalysts

4.2.3.1 Catalytic activity of Ru-based catalysts. Great efforts
have been focused on Ru-based materials as cathode catalysts in
Li-O, batteries due to their excellent OER activity for decreasing
the discharge potential of Li-O, batteries.>***** Various carbon
substrates, such as CNT, graphene and N-doped graphene, have
been used for dispersing Ru or RuO, to form cathode materials
in Li-O, batteries.”® Sun et al. successfully prepared Ru-based
cathode materials, in which homogeneously distributed metallic
Ru and hydrated RuO, (RuO,-0.64H,0) with an average size
below 2.5 nm were deposited exclusively on rGO, respectively.>*>
The as-prepared battery with the RuO,-0.64H,0/rGO material
showed a superior activity to that of Ru/rGO hybrids in catalyzing
the OER reaction. The average charge potential was significantly
reduced to ~3.7 V at a high current density of 500 mA g~ " and it
demonstrated stable cycles for 30 times under 5000 mA h g~
(capacity based on carbon + catalyst mass).

Byon et al. found that Li,O, uniformly grew on the RuO,/
MWCNTSs (RuO,: 32 wt%) electrodes with a noncrystalline struc-
ture, which was responsible for its low OER overpotential.*** Zhou
et al. prepared core-shell structured RuO,/MWCNTs (RuO,:
86 wt%), which could effectively prevent direct contact between
the CNT and Li,0,, thus reducing the formation of Li,CO; to some
extent.”®® The battery showed a high round-trip efficiency of
79% with discharge and charge overpotentials of 0.21 and 0.51 V
at 100 mA g~ (capacity on carbon + catalyst mass), respectively. In
comparison to Byon’s results, the RuO,/MWCNT (RuO,: 47 wt%)
cathode reported by Zhang et al. possessed a feeble surface binding
energy towards superoxide species (for example, LiO,, O, ).%* This
promoted the formation of dissolved LiO, for the generation of
micrometre-sized Li,O, (Fig. 40). The Li-O, battery achieved an
ultrahigh specific capacity (29900 mA h g~ " at 200 mA g~ %), relatively
low overpotentials (0.45 V at a current density of 200 mA g~ ') and a
long cycle life (171 cycles at a current density of 200 mA g™ * and a
specific capacity limit of 1000 mA h g™ ).

Because of the excellent catalytic activity of RuO, for
discharge/charge reactions, theoretical calculations were chosen

This journal is © The Royal Society of Chemistry 2018
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Fig. 40 (a) Schematic image of the Li,O, growth mechanism showing the
surface-adsorption pathway followed when the Gibbs free energy for
LiO,* on the CNT cathode surface exceeds that of the dissolved species,
and the solvation-mediated pathway followed when the dissolved species
had lower Gibbs free energy than the LiO,* on the RuO,/CNT surface;
(b) the rate capability of Li-O, cells with different cathode at current
densities of 100 mA g~tand 2 A g~ (green: pristine-CNT, orange: RuO,/CNT).
(c) SEM image of the RuO,/CNT cathode with Li,O, large cluster after the
first discharge at a current density of 200 mA g~* and a specific capacity of
2000 mA h g~1.8% Reprinted with permission from ref. 83. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA.

to clarify the mechanism. One of recent studies showed a large
difference in the catalytic activities between crystalline and
monolayer RuO, for both ORR and OER through DFT calcula-
tions.>®®> The results revealed that the RuO, monolayer exhi-
bited a higher catalytic activity than that of rutile RuO,. It was
explained that the similar lattice structure between monolayer
RuO, and Li,0,(0001) surface could induce the formation of
Li,O, crystalline with the conductive (0001) surface during the
discharge process. Furthermore, the RuO, monolayer could
attract the remaining Li,O, to its surface spontaneously, main-
taining the solid-solid reaction interface during the charge
process. This result identified that the monolayer RuO, not only
functioned as a catalyst for Li,O, formation and decomposition
reactions, but also acted as a promoter for the formation of
crystallized Li,O, and as an absorber of Li,0O,.

4.2.3.2 Ru-Based catalyst with good mass transport and Li,O,
storage. The performance of the Ru-based electrode could be
further improved by optimization of the nanoporous struc-
ture for fast mass transport.®®**”2%® Zheng et al. reported a
Ru@mesoporous graphene-like carbon as a Li-O, battery
cathode that delivered 6433 mA h g~ ' (capacity on carbon +
catalyst mass) at a current density of 200 mA g~ . An extremely
low charge voltage of 3.20 V and a high discharge voltage of
2.84 V were achieved at a current density of 100 mA g *.>¢’
Ru-Particles-functionalized graphene aero-gels (Ru-GAs) were
also applied as freestanding cathodes for a Li-O, battery.>®®
This cathode could efficiently enhance the specific cell discharge
capacity (12000 mA h geamon - at 0.1 mA cm ™ 2), reduce the
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charge overpotential (1.25 V) and improve the cycling stability
to up to 50 cycles at a curtailing capacity of 500 mA h g™ . Tests
by differential electrochemical mass spectrometry (DEMS) indi-
cated that CO, was started to be generated from 3.8 V, together
with the generation of side products, such as lithium carboxylates
and Li,CO;.

The introduction of a hierarchical porous structure into a
Ru-based cathode could provide both an efficient mass trans-
port channel and a large deposition space for a high quantity of
Li,0,.2%%?%° Liu et al. developed a Ru-decorated hierarchically
macro-/mesoporous carbon (MmC@Ru) for Li-O, batteries.**®
They was found that the MmC@Ru cathode presented a high
specific capacity of 12400 mA h g~" at a current density of
200 mA g%, and an excellent cycling performance for up to
100 cycles at 400 mA g~ (fixed capacity of 1000 mA h g™ ).
Wang et al. constructed a Ru-decorated vertical graphene
nanosheets@Ni foam (Ru-decorated VGNS@NiFM) electrode
for a Li-O, battery, which exhibited a high discharge capacity of
23864 mA h g~ ' at a current density of 200 mA g~ . Moreover, a low
charge overpotential of ~0.45 V and good cyclability of 50 cycles
was achieved by Ru-decorated VGNS@NiFM under full charge and
discharge conditions in comparison to VGNS@NiFM (~ 0.86 V, fast
decrease of cell cyclability in 10 cycles), indicating the superior OER
activity of the Ru catalyst in the Li-O, battery.>”°

4.2.3.3 Ru-Based catalyst with good stability. A conductive
carbon support might suffer from oxidation under high charge
voltages, so as an alternative metal oxide materials could be a
good support for the stable Ru-based cathode and could facili-
tate the increased stability of the electrode in Li-O, batteries.
To test this out, Kim et al. designed two composite catalysts of
RuO,/Mn,0; with a tube-in-tube (RM-FIT) and RuO,/Mn,03
fibre-in-tube (RM-FIT) structures, as shown in Fig. 41.>”* The
RM-FIT catalyst exhibited the combined catalytic activity from
both RuO, and Mn,03, resulting in a low cell overpotential gap of
1.48 V at the end of the discharge/charge curves (2000 mA h g™ )
and a superior cyclability of 120 cycles under 1000 mA h g~ at
400 mA g~ ..

Zhou’s group also investigated the Li-O, battery performance
with a Ru/MnO, catalytic cathode and a TEGDME-based electro-
lyte containing a trace amount of water.*>'*® The battery was
assembled with LiFePO, as the anode in order to avoid the
corrosion of metallic Li. As a result, the battery could achieve a
low charge overpotential of around 0.3 V in the presence of little
water. The excellent cell performance was partially due to the
promotion effect of MnO, for the formation of LiOH and the
high catalytic activity of Ru for the decomposition of LiOH.
Subsequently, the TEGDME-based electrolyte was replaced by
an ionic-liquid-based electrolyte, and the Li-anode was pro-
tected by a commercial lithium superionic conductor (LISICON)
film in a Li-O, battery.*® As a result, the battery also performed
with a low overall overpotential (0.4 V) and achieved a long
cycling life of over 95 cycles (1000 mA h g~*, 500 mA g™ ).

Moreover, other types of metal oxides, for example nano-
structured TiO, and NiO, were also demonstrated as advanced
supports for Ru-based catalysts.>”>*”* Belharouak et al. deposited
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Fig. 41 High-resolution TEM images of (a) RuO,/Mn,Os3 fibre-in-tube
(RM-FIT) and (b) multi-composite RuO,/Mn,O3 tube-in-tube (RM-TIT);
(c) the cell discharge/charge profiles with a limited capacity of 2Ah g~*

a current density of 100 mA g™t and voltage window between 2.35 and
4.35V; (d) the proposed reaction mechanism of RM-TIT electrodes during
the operation of Li-O, cells, which were represented by four states as
(i) on discharging, (i) discharged state, (iii) on recharging, and (iv) recharged
state.2”* Reprinted with permission from ref. 271. Copyright 2016 American
Chemical Society.

a RuO, catalyst on a mesoporous TiO, support instead of on a
carbon substrate, thereby avoiding the side reactions between
superoxide species and carbon.>”* The cell with the carbon-free
RuO,/TiO, electrode exhibited a high catalytic activity towards an
overall overpotential below 1 V with a capacity of 2000 mA h g™*
at 100 mA g~ . Over 50 stable cycles were achieved at a limited
discharge capacity of 500 mA h g~ '. Zhao et al. constructed
a cathode composed of RuO, nanoparticle-decorated NiO
nanosheets towards a Li-O, battery operated in ambient air.
It achieved 200 cycles at 250 mA g~ under 500 mA h g~ * (based
on RuO,) with a stable Coulombic efficiency of 100% and a high
energy efficiency of ~75%.>”* The excellent performance could
be attributed to the favourable combination of RuO, nano-
particles and NiO nanosheets. This not only catalyzed the OER
and ORR reactions, but also promoted the decomposition of
side products, including LiOH and LiCO3.

Other conductive carbon-free materials with good mass trans-
port capability were also proposed as a support for Ru-based
catalysts. For example, Peng et al. loaded a RuO, catalyst on
freestanding TiN nanotubes as a cathode for a Li-O, battery,
which then exhibited low overpotentials (below 1 V) and excellent
cycle stability over 300 cycles (500 mA h g~ ', 150 mA g~ *).*”> Chen
et al. incorporated RuO, into the pore channels of nanoporous Au,
remarkably improving the catalytic activity of RuO,. The
cell exhibited an overall overpotential of 0.71 V at 50 mA g *
under 300 mA h g~ (capacity on Au mass, corresponding to
~3600 mA h g~ ! based on Ru0Q,), as well as a relatively stable
50 cycles under this condition.>”®

4.2.4 Ag catalyst. Metallic Ag was also studied as the
electrode catalyst for Li-O, batteries. Lu et al. evaluated the

2950 | Chem. Soc. Rev., 2018, 47, 2921-3004

View Article Online

Chem Soc Rev

effect of Ag particle size on the charge potentials of Li-O, cells
with a 1 M LiCF;SO;/TEGDME-based electrolyte. They found
that the Ag-deposited electrode with Ag particles’ diameter of
50 um maintained a very low polarization, corresponding to a
charge potential of 3.6 V. In contrast, a Ag-deposited electrode
with small Ag particles (<30 pm) only showed low charge
potentials in the first charge step. The author suggested that
the difference in charge profile might be related with the
density of Ag active sites on the as-prepared electrode.”””
Aurbach et al. compared the performance of Ag nanoparticles
and Ag nanowires cathodes in Li-O, batteries, whereby the
Ag nanowires electrode exhibited a low charge voltage of 3.4 V
(500 mA h g™*, 50 mA g~ ") and kept the low overpotentials for
over 50 cycles. It was proposed that the difference in cell perfor-
mance was due to the different Li,O, growth morphology on the
Ag-based cathode morphology, whereby a corn-on-the-cob-shaped
layered Li,O, was generated on the Ag nanowire, while toroidal-
shaped Li,O, was generated on the Ag nanoparticles.>”®

Vajda et al. precisely controlled the Ag atom-cluster size
(Ags, Ago, Agy5) on a carbon surface, while the defects on the
carbon were passivated by the atomic-layer-deposited Al,05.%'
As shown in Fig. 42, the size of the Ag catalyst could signifi-
cantly influence the morphology of the discharge products, and
the Ag;s particles showed the best cell discharge capacity in the
family of Ags, Agy and Ag, 5 clusters. The different morphologies
of Li,O, were attributed to the different ORR activities of the
Ag, cluster, in which the Ag;s cluster had a more favourable
electron transfer than Ag; and Ag,. This implied that the surface
structure of the sub-nanometre cluster cathodes can play a key
role in understanding the discharge chemistries in Li-O, cells,

Voltage (V) vs LifLI*

U Specn‘lc :ap‘;:v lm:fl Y

Fig. 42 (a) SEM images of Li,O, products on Agjs-based cathode (scale
bar, 1 mm; scale bar of inset image, 500 nm); (b) the first discharge profiles
of cells with different Ag cluster catalysts at a cut-off voltage of 2.5 V;
(c) and (d) illustration of two discharge reaction mechanisms based on an
initial oxygen reduction at an active site followed by solution phase
reactions and growth at a surface nucleation site ((c) Mechanism I:
step A: electron transfer to O,; step B: O, desorption; step C: Li* reacted
with O,™ to form solvated LiO,; step D: repetition of steps A—C for LiO,
formation to reach supersaturated LiO, solution; step E: surface nuclea-
tion and growth of LiO, that undergoes disproportionation. (d) Mechanism
II: step A: electron transfer to O,; step B: O,  desorption; step C: Li*
reacted with O, to form solvated LiO,; step D: addition of O, and Li* to
form LiO, dimer; step E: disproportionation to form Li,O, and O,; step F:
repetition of steps A—E for Li,O, formation to reach supersaturated Li,O,
solution; step G: surface nucleation and growth of Li,O5).8! Reprinted with
permission from ref. 81. Copyright 2014 Nature Publishing Group.
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and the tailoring of this structure represents a potential avenue
to increase the cell capacities and cycle life.

4.2.5 Ir catalyst. Ir-Based catalysts have excellent OER
activity in aqueous media, which indicates their possibility as
a catalyst for the cathode of Li-O, batteries.”** Yang et al
synthesized a composite consisting of ultrafine IrO, homo-
geneously distributed on KB carbon (IrO,/KB) as the cathode
for a Li-O, battery. The corresponding cell achieved an overall
overpotential of 0.97 V and 70 cycles without any sharp decay
under a limited capacity of 500 mA h g~', which was a much
better performance than that of an IrO, + KB-mixture-based
cathode (only 30 cycles).””® Furthermore, the discharge pro-
ducts were proved to be Li,O, on the IrO,/KB-based cathode.

In contrast, the unconventional LiO, particle was proved to
be the only discharge product in the Li-O, cell with Ir/rGO as
the cathode, as studied by Curtiss et al.'* As shown in Fig. 43,
Li-O, batteries with the nanorod-like LiO, had a low charging
voltage of around 3.5 V for the first 39 cycles under 1000 mA h g™ ™.
Additionally, negligible amounts of CO, and H, gases were
generated during the charging process, proving the high reversi-
bility of the cell with LiO,. The formation of LiO, might be due to
the similar crystallographic lattice between LiO, and Ir;Li, an
intermediate metallic compound occurring during the discharge
process. This Ir;Li can induce the nucleation and growth of the
crystalline LiO,. Simultaneously, the solvent on the LiO, surface
could further suppress the disproportionation of the crystalline
phase, thereby helping guarantee the stability of LiO,. The
different LiO, and Li,O, products on IrO, and Ir-based cathodes
provides a new strategy to tune the discharge products from the
growth pathway for a better cell performance.

Capacity limited discharge

Deep discharge
=% (LiO,, Li,0,, LIOH)

,-.a ’l,

Discharge in Ar gas

Li* + & + 0, — LiO, - Li*+e +Li0, —= Li,O,

Fig. 43 (a) TEM images of Ir-rGO composite, showing Ir nanoparticles less
than 2 nm in size (scale bar, 10 nm); (b) TEM image of an Ir agglomerate after
first discharge (scale bar, 200 nm); (c) HR-TEM image of boxed area in (b)
(scale bar, 2 nm); (d) the corresponding electron diffraction pattern along
the [100] zone axis giving evidence for the formation of an IrsLi intermetallic
(the indices are diffraction vectors, and a weak superstructure can be
observed as indicated by arrows); (e) schematic showing lattice matching
between LiO, and IrsLi, which might be responsible for the LiO, product on
the Ir-rGO cathode (left: the two structures are the side- and top-views
representing epitaxial growth of crystalline LiO, in a (111) orientation on a
(121) facet of IrsLi (yellow: Li, red: O, green: Ir); centre: the rod-like
structures are schematic representations of the crystalline LiO, morphology
observed in the experiment; right: two subsequent reactions that LiO,
could undergo either further lithiation in the presence of Ar or further O,
reduction in the presence of O,.*! Reprinted with permission from ref. 11.
Copyright 2016 Nature Publishing Group.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review Article

4.2.6 Comparison of precious metal catalysts. Precious
metal catalysts have been demonstrated to have good catalytic
activity towards Li,O, formation and decomposition, and
thus a comparison of their activity for different catalysts was
essential to find the most effective materials. Consequently,
Gasteiger et al. reported the intrinsic ORR activity of Pd, Pt, Ru,
Au and glassy carbon (GC) in a non-aqueous system (LiClO, in
DME electrolyte). Their ORR activity primarily correlated to
their oxygen adsorption energetics, displaying a ‘“volcano-type”
trend in the order of Pd > Pt > Ru =~ Au > GC on bulk surfaces
(Fig. 44), which was also confirmed by Xiao et al.>*® This investi-
gation might be useful for efforts in designing active ORR
catalysts for high discharge voltages in Li-O, batteries.”®

Except for their effect on discharge characteristic, the charge
profiles of a battery are also influenced by the type of noble
metal catalysts.’®® Huang et al. encapsulated a series of noble
metal nanoparticles (Pd, Pt, Ru and Au) inside open-ended
CNTs by wet impregnation followed by thermal annealing. The
charge overpotential of the as-prepared battery could be as
low as 0.3 V with CNT-encapsulated Pd nanoparticles as the
cathode materials (LiCF;SO; in TEGDME electrolyte).”®’ DFT
calculations revealed that the encapsulation of noble metal
nanoparticles on the CNT surface was able to strengthen the
electron density of the CNT and avoided the regional enrich-
ment of electron density caused by direct exposure of the
nanoparticles on the CNT surface. Lu et al. used online electro-
chemical mass spectrometry to characterize the kinetics of the
charge reaction on noble metal catalysts in a Li-O, battery."*’
They found that the aprotic OER was a catalytically active
process, and that noble metal catalysts could accelerate the
rate of charge reaction via solid-solid interactions between the
catalyst and the discharge products instead of liquid-phase
mediations.

Sun et al. also presented a systematic evaluation of Pt, Pd,
and Ru nanoparticles supported on rGO as a cathode catalyst
for Li-O, batteries (LiCF3S0; in TEGDME electrolyte).>®> All
of these could decrease the charge overpotentials, with the
Ru-1GO hybrids exhibiting the most stable cyclability and the
lowest charge overpotentials. The experimental results were
different from Huang’s result,”®" and one of the reasons for this
might be ascribed to the different growth mechanism between
Pt, Pd and Ru materials. It was suggested that Ru nanoparticles
facilitated a thin-film-like or particulate Li,O, morphology, and
showed stable charge profiles without electrolyte degradation
during cycling. In contrast, Pt- and Pd-based catalysts oxidized
organic electrolytes electrochemically during cycling, and a
fluctuating potential characteristic was observed. It was there-
fore considered that the activation barrier of Li,O, decomposi-
tion on catalysts through electron transfer could not be the
reason for the difference in charge characteristics.

For their application in Li-O, batteries, the oxidation ability
of precious metal catalysts towards electrolyte components
needed to be characterized with an aim to achieve a stable cell
output. As reported by Sun et al., Pt- and Pd-based catalysts could
oxidize organic electrolytes electrochemically during voltage
cycling.*®* Meanwhile, Gittleson et al. also reported that Pt and
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Fig. 44 (a) Background- and IR-corrected (inset) specific ORR polarization curves of polycrystalline Pd, Pt, Ru, Au, and GC surfaces in O,-saturated
0.1 M LiClO,/DME at a rotate speed of 100 rpm and a scan rate of 20 mV s~%; (b) aprotic Li*-ORR potentials at 2 pA CMyeat 2 as a function of calculated
oxygen adsorption energy (AEo (per oxygen atom relative to an atom in the gas phase), relative to that of Pt; the oxygen adsorption energy on GC was
estimated from the oxygen adsorption energy on graphite; error bars represented standard deviations of at least three independent measurements);
(c) initial discharge profiles of Li-O, cells of Pd/C, Pt/C, Ru/C, Au/C, and Vulcan-C at 100 MA Jeapon ~.°¢ Reprinted with permission from ref. 98.

Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

Pd catalysts encouraged Li,O, oxidation at low charging voltage,
but further decompose the DMSO electrolyte to produce a large
amount of Li,CO;. The side products deactivated the electrode
surface (occurred to a greater extent with Pt than with Pd),
resulting in the quick death of the battery.>® Combined analysis
using differential electrochemical mass spectroscopy (DEMS) and
the FT-IR technique revealed an increase in CO, evolution during
the charging process in the Li-O, cells with Pd-CNT cathodes in
contrast to what was observed in the cell without a noble metal
catalyst. McCloskey et al. investigated the efficacy of Au and Pt
catalysts in Li-O, batteries.”®* Both Pt and Au materials acceler-
ated the electrolyte degradation (DME and DME + PC) accom-
panied by Li,O, decomposition. The calculated ratio of evolved
oxygen to consumed oxygen (Au: 0.69; Pt: 0.13) proved that the
degradation of the DME-based electrolyte on Pt catalyst was
much more serious than it was with the Au catalyst.

4.2.7 Precious metal alloy catalysts. Various kinds of noble
metal alloys have been investigated as cathode materials for
Li-O, batteries®>®**®> and have shown a bifunctional ability for
catalyzing the discharge/charge reactions. Pt/Au alloy was
reported as a catalyst for a Li-O, battery by Shao-Horn’s group
in the early stage.”* The charge voltages with PtAu/C fell in the
range from 3.4 to 3.8 V, which was slightly lower than that
obtained with a Pt catalyst. It was proposed that the PtAu
nanoparticles exhibited bifunctional catalytic activity, with the
Au and Pt atoms on the surface primarily responsible for the
ORR and OER kinetics in Li-O, cells, respectively. Unfortunately,
organic-carbonate electrolytes were proved to suffer from severe
decomposition in aprotic Li-O, systems.>® Lee et al. deposited
PtAu nanoparticles on hollow mesoporous N-doped carbon
microspheres (HMCMS) to form PtAu/HMCMS materials, which
were then used in a Li-O, battery together with an ether-based
electrolyte.”®® This battery exhibited a high reversible capacity
of 6000 mA h g~ (capacity based on catalyst + carbon mass) at
100 mA g * with a discharge/charge gap of 1.27 V and a long
cycle life over 70 cycles under 1000 mA h g~*. However, the cell
still suffered from capacity loss and an overpotential increase
within several cycles.

In addition to noble metal alloys, the catalytic activity of noble
metals might be increased by alloying with non-noble metals,

2952 | Chem. Soc. Rev., 2018, 47, 2921-3004

because their electronic structure could be adjusted by guest
metals.”®”?%® In this vein, Han et al. designed a PACu bimetallic
catalyst (7-9 nm) as a cathode material for a Li-O, battery,
which exhibited a low OER potential of 3.4 V and a superb
round-trip efficiency of 80% at 200 MA gearbon .- Moreover,
the cell achieved a long cycle life up to 50 cycles without decay of
the discharge potential. DFT calculations indicated that there
was electron transfer from the underlying Cu atoms to the top-
layer Pd atoms, which could weaken the adsorption strength
of LiO, on the Pd surface. This resulted in a decrease in the
discharge/charge overpotentials. DFT calculations towards PtCu
catalysis for discharge/charge reactions was further investigated
by Chung’s group.”° The theoretical calculation showed that the
more negatively charged PtCu(111) surface acted as a weakly
and positively charged surface for the adsorption of LiO, inter-
mediates. This resulted in the weak ionic bonding of the inter-
mediates on the PtCu site. These result indicated that PtCu was
a more effective OER catalyst than pure Pt.

Other than PtCu materials, PtCo was also proved as an efficient
cathode catalyst in a Li-O, battery by Han’s group.****' The
battery with Pt;Co catalyst showed a low overall overpotential of
about 0.5 V under 1000 mA h g~ ' at 200 mA g~ ".>* DFT results
suggested that the low OER overpotentials were associated with
the reduced adsorption strength of LiO, on the outermost Pt
catalytic sites. Interestingly, amorphous Li,O, was deposited on
the Pt;Co catalysts, which facilitated the Li,O, decomposition.
The authors further investigated the activity of PtCo, Pt;Co and Pt
catalysts via first-principle calculations systematically, whereby
the PtCo catalyst exhibited remarkably low ORR and OER over-
potentials of 0.19 and 0.20 V, respectively. These were consider-
ably lower than those of pure Pt (1.02 and 1.62 V, respectively) and
Pt;Co (1.02 V and 1.13 V, respectively).”** It was thus proposed
that alloying Pt with transition metals could be an effective
strategy to optimize the adsorption energies of the LiO, inter-
mediate, which would be beneficial for a decrease in the over-
potentials in Li-O, batteries.

In short, noble metal catalysts have already been shown to
demonstrate an ability to decrease the overpotentials of cathode
reactions, and their activity could be further improved through
modulation of the pore structure and surface engineering.

This journal is © The Royal Society of Chemistry 2018
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The main concern about noble metal catalysts is the compati-
bility between the catalysts and organic electrolyte under a wide
potential window. One of the possible methods to overcome
these issue is to modify the electronic structure of the catalysts,
which would potentially decrease their catalytic activity towards
oxidation of the electrolyte. Another possibility is the inhibition
of electrolyte oxidation, for example, by selection of highly
stable solvents or by modification of the electrolyte additives.
If the above-mentioned strategies could be successfully developed,
precious metal-based catalysts might have a bright future for
high-performance Li-O, batteries.

4.3 Non-precious-metal-based catalysts

Although noble-metal-based materials exhibit excellent cata-
lytic activity towards Li,O, formation/decomposition, their high-
cost and scarcity, as well as their oxidation ability towards organic
electrolytes, are hard to overcome in their present state. Thus,
the development of efficient non-precious metal catalysts is
a possible strategy to resolve these issues due to their cost-
effectiveness, earth-abundance and non-oxidation nature of organic
compounds.””® To date, various kinds of non-precious-metal-
based materials, such as metal oxides, metal sulfides and nitrides,
and perovskites, have been investigated as cathode catalysts for
batteries.">>*>7%?%%2%* gome of these have shown high catalytic
activity for Li,O, formation and decomposition, and the capability
for inducing the growth of Li,O,. Moreover, tuning the porous
structure of non-precious-metal catalysts can provide the oppor-
tunity to obtain a high-performance cathode with an efficient
mass transport path and large Li,O, storage space.

4.3.1 Manganese oxide catalysts. Manganese oxide (MnO,)
material is one type of efficient catalyst for use in the cathode of
Li-O, batteries, ascribed to its’ wide structure diversity and
excellent activity towards catalyzing both OER and ORR. Depend-
ing on the arrangement of the basic MnOg structure, Mn-oxide
can exhibit different polymorphs, including of o, -, y-, -, A- and
e-types.'®?% The a, B- and y-types exhibit the tunnel structure
of MnOg octahedra, while the 6-type possesses a layered struc-
ture and the A-type has a 3D structure. The choice of polymorph
of MnO, influences the catalytic activity, growth and decom-
position pathway of Li,O, in discharge/charge processes.
According to these aspects, the following discussion on the
catalytic activity of manganese oxides is based on their different
polymorphs, where Table 4 summarizes the corresponding
parameters of a Li-O, battery with typical manganese oxide
materials.>*®

4.3.1.1 o-, -, 7-MnO, catalysts. Débart et al. compared the
catalytic activity of MnO, materials with different crystal struc-
tures and morphologies (including «-MnO, nanoparticles,
a-MnO, nanowires, f-MnO, nanowires, y-MnO, nanoparticles,
Mn,0; nanoparticles and Mn;O, nanoparticles) in Li-O, batteries.
They found that a-MnO, nanowires possessed the best catalytic
activity, with a discharging voltage plateau of about 2.7 V,
a high specific capacity of 3000 mA h ¢”" and a high capacity
retention ratio of 50% after 10 cycles (Fig. 45)."°* Additionally,
Scott’s and Park’s groups also investigated the catalytic activity

This journal is © The Royal Society of Chemistry 2018

Table 4 Performance summary of Li—-O, batteries with MnO,-based electrodes and their operating conditions

Mass and current

density (mg cm ™%/ Full discharge

mA g™ ")

Limited capacity/

Ref.

capacity (mA h g~') Electrolyte

cycles (mA h g~ '/times)

Charge voltage (V)

Discharge voltage (V)

Specific design

MnO,

299

~1400pn0,1c 1.0 M LiTFSI

500pn0,+¢/60 0.6/100Mn0,+c

~3.85,% ~4.10°

0-MnO, nanorods/ ~2.75,% ~2.65”

o-MnO,
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of MnO, with different crystalline phases (-, B-, y-MnO,;**®
-, B-Mn0,>*). They found that a-MnO, exhibited better cata-
lytic activity than the others. Following the reported results,
o-MnO, materials were intensively researched by screening
the different supports and constructions of porous structures,
as well as their possible oxidation ability towards organic
electrolytes.

4.3.1.1.1 Catalytic activity of o-MnO,. In the reported
research, porous carbon materials were always used as the sup-
port to deposit -MnO, crystals on for amplifying its activity.>*®
Amine et al. in situ deposited a-MnO, nanorods on pre-oxidized
porous carbon for a Li-O, battery, which delivered a specific
capacity of 1400 mA h g~ * at 100 mA g~ (capacity based on
carbon + catalyst mass). The battery could sustain 50 cycles at a
limited capacity of 500 mA h g~ *, which was much longer than
the performances of cells without MnO, catalysts.>*® Guan et al.
coated MnO, nanoflakes on MWCNTS to inhibit carbon oxida-
tion to some extent, and thereby achieved an improvement
in the reversible cell capacity (2200 mA h ¢! at 70 mA g,
capacity on MnO, + carbon mass) and energy efficiency (over-
potentials below 1 V).*°° Zheng et al. prepared an in situ growth
of o-MnO, nanorods on graphene nanosheets (GNSs) as a
cathode for a Li-O, battery. The catalytic activity was deter-
mined to be superior to those of mixtures containing GNSs with
a-MnO, nanorods or a-MnO, nanowires, resulting in a high
specific capacity and low overpotentials of the battery.>** The
as-prepared catalyst also exhibited a specific capacity as high as
11520 MA h gearbon * at 200 MA Zearpon ', and good cyclability
over 20 cycles under 3000 mA h gcarpon
The catalytic mechanism of o-MnO, towards discharge/
charge reactions was evaluated by Kang’s and Trahey’s
groups.’*>7%* Kang et al. prepared (002)- and (11—2)-oriented
monocrystal a-MnO, nanorods to analyze the importance of the
surface oxygen sites and metal sites for the catalytic activity in
Li-O, batteries.>> By combining the experimental and theore-
tical results, the oxygen sites on the surface were proved to
be more important than the metal sites in determining the
catalytic activity of o-MnO,. As shown in Fig. 46, the specific
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Fig. 46 HR-TEM image of: (a) (002)-oriented and (b) (11-2)-oriented
a-MnO, nanowires (NWs); (c) the initial discharge—charge curves of
Li-O, cells using (002)-oriented and (11—2)-oriented a-MnO, NWs (the right
images show the TEM images of a-MnO, NWs with the (11—2)-orientation
(top) and (002)-orientation (bottom) after the initial discharge).>°®
Reprinted with permission from ref. 305. Copyright 2015 American
Chemical Society.

capacity of a battery with an (002)-oriented o-MnO, nanorod/
carbon catalyst was 10000 mA h geamon ', much higher than
that with the (11—2)-oriented MnO, (5000 mA h Zcarbon ')
battery. The charge potential for (002)-oriented MnO, was about
3.5V at a restricted capacity of 1000 mA h g™, which was lower
than that of the (11—2)-oriented one (~4.0 V). The superior
performance of the (002)-oriented «-MnO, material could be
attributed to the uniform and abundant surface oxygens from
the potentially exposed surfaces ((100), (110), (210) and (310)),
which reacted with Li* and O, in one step.

It was also demonstrated that the storage of Li,O, could
be realized in the 2 x 2 MnOg octahedral channel in «-MnQO,.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/C8CS00009C

Published on 26 March 2018. Downloaded by Changchun Institute of Applied Chemistry, CAS on 23/04/2018 14:39:57.

Chem Soc Rev

Trahey et al. demonstrated that the storage of Li,O, in the
2 X 2 MnOg octahedral channel was in agreement with the
production of Li,O, and Li" intercalation.?°® At the same time,
the species, including of Li*, O, and Li,O,, could be rapidly
transported within the channels, and in this way Li,0, was then
deposited on the surfaces. The porous framework of a-MnO,
provided a large space to accommodate the readily reversible
LiyO, within the 2 x 2 tunnels, while the “Li,0,-MnO,”
structures possibly acted as intermediates during the discharge
and charge reactions.

Due to the existing MnOg tunnels in a-MnO,, Li* insertion
was accompanied with the formation of Li,O, on a MnO,-based
cathode in a Li-O, battery.>**> In line with this, Chan et al.
demonstrated the concept of a hybrid Li-ion/Li-O, battery with
a o-MnO, cathode in coin cells. By performing in situ high-
energy synchrotron X-ray diffraction tests, the storage of Li,O,
in “2 x 2” MnOg tunnels was confirmed experimentally.”* When
the cell was operated under an Ar atmosphere, the lithium
insertion/extraction reactions in o-MnO, were partially reversi-
ble, with the electrode cycling being between ~0.35 and ~0.80
Li-content per MnO, after the first cycle (Fig. 47). In contrast,
competitive reactions occurred between lithium insertion and
the oxygen reduction under O, atmosphere at the cathode,
and hence the cell showed the characteristics of both Li-ion
and Li-O, batteries. This proved that the insertion of Li,O, in
the “2 x 2” tunnels of MnO, really occurred.

4.3.1.1.2 0-MnO, catalyst towards electrolyte decomposition.
Although the o-MnO,-based cathode has shown outstanding
catalytic activity towards Li,O, formation/decomposition, the
degradation of organic electrolytes on such a cathode should be
carefully considered.*®”
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Fig. 47 The structures of «-MnO, as represented by the minerals:
(a) hollandite (Ba-stabilized) and cryptomelane (K-stabilized) and (b) lithia-
stabilized a-MnO,; (c) three cycles of Li/a-MnO,-O, cells (top) during which
the lattice parameter of the a-MnO, electrode/catalyst were determined,
in situ, by synchrotron XRD (bottom); (d) the changes of Li (green) and
O (red) contents during cycling as deduced from XRD tests and DFT calcu-
lation model.®* Reprinted with permission from ref. 91. Copyright 2015
Royal Society of Chemistry.
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Bruce et al. showed that the main discharge product was
Li,0,, accompanied with Li,CO3z;, HCO,Li and CH3COOLI, with
pure carbon as the cathode at the end of the 1st discharge of
the battery. In comparison, the main discharge products with
a-MnO, as the cathode catalyst were Li,O, and LiOH, as shown
by powder X-ray diffraction and Fourier transform infrared
spectroscopy (FT-IR). However, FT-IR spectra revealed the
presence of HCO,Li, CH3CO,Li and Li,CO; at the o-MnO,-based
cathode.”® The extent of electrolyte degradation accompanied
with Li,O, formation on discharge was obviously increased when
using a-MnO, as the catalyst. Therefore, the negative effect of the
a-MnO, catalyst on the acceleration of electrolyte degradation
should be carefully considered when it is used as a cathode
material in Li-O, batteries.

4.3.1.2 6-MnO, catalyst
4.3.1.2.1 Catalytic activity of 6-MnO,. 6-MnO, generally
tends to crystallize into ultrathin nanosheets in the liquid
synthesis process, which is potentially useful to create dense
metal sites and porous channels for high catalytic activity and fast
mass transport.>*® Moreover, these properties could also increase
the storage space of Li,O, products. Yan’s group prepared two
kinds of cathodes: submicron 3-MnO, with a low specific surface
area (31.7 m”> g ') mixed with KB carbon (1400 m* g™ ') and
core-shell-structured porous 8-MnO,-nanosheets/carbon-fibres
(6-MnO,/CFs) (117.5 m?> g ') mixed with XC-72 carbon
(142.7 m* g 1)2'73% At low current densities, the discharge
products formed on the KB and XC-72 electrodes both had a
toroidal morphology. The morphology of the discharge products
though was changed to vertical nanosheets on the 3-MnO,/KB
electrode. In comparison, the discharge products on 6-MnO,/CFs
exhibited micron-sized aggregations assembled with nanorod-like
Li,O, randomly dispersed on the electrode surface. This differ-
ence indicated that 6-MnO, promoted the transport of superoxide
species during the ORR process, whereupon the carbon defect
sites acted as the primary nucleation sites for the growth of Li,O,
on the 3-MnO,/KB electrode.®'>*!* When the carbon surface was
completely covered by 3-MnO,, the lack of nucleation sites
resulted in the random distribution of Li,0, aggregations.
Banerjee et al. carefully studied the catalytic mechanistic of
8-MnO, monolayers.’*” In the absence of applied potentials, the
8-MnO, monolayer preferentially reacted with Li ions instead of
0, molecules to initiate the formation of LiO,, and then the
discharge products (LiO, and Li,O, molecules) strongly inter-
acted with the MnO, monolayer via the stabilization of Li-O
chemical bonds with lattice oxygen atoms. This confirmed that
the Li,O, film was homogeneously deposited onto the 6-MnO,
surface, where the Li,O,/MnQO, interface acted as an electrical
conductor. It should be noted that the layered 5-MnO, (birnessite)
usually contains a large amount of K' (or Na', according to
the reactants) and the molecular formula should really be
K.MnO,-nH,0.%'* Therefore, the surface of 5-MnO, nanosheets
should be negatively charged, such that electrostatic repulsion
might exist between the superoxide and §-MnQO,.>'*

4.3.1.2.2 6-MnO, catalyst with good mass transport and Li,O,
storage. Loading 6-MnO, nanosheet on 3D porous substrates
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could be an effective protocol to increase the exposed catalyti-
cally active sites and Li,O, deposition space. Consequently,
Wang et al. prepared an in situ growth of 3-MnO, nanoflakes on
GNSs as an electrode catalyst.*™® The cell discharge and charge
overpotentials in a battery using this catalyst decreased by
50 mV and 70 mV at a current density of 100 mA g~ in com-
parison with that of a GNS electrode, respectively. Moreover, the
terminal discharge and charge voltages of the cell were rela-
tively constant at 2.5 V and 4.0-4.5 V during the cycling test
under 1000 mA h g™, respectively. In contrast, the cell with the
GNS electrode was polarized to 2 V and 5 V, respectively. The
combination of MnO, nanoflakes with 6-MnO, nanoflakes/GNS
delivered excellent cell performances, which could be ascribed
to the high catalytic activity of MnO, and the good conductivity
and large open space of 3D-GNS to facilitate the catalytic
reactions.

Han et al. also grew 8-MnO, uniformly on hierarchically
porous carbon (HPC) as a cathode for a Li-O, battery.*"”
The cell exhibited a low charge overpotential (~0.68 V at
100 mA g ' under 1000 mA h ¢ ) and a good rate capacity
(2260 mAh g ' at 5 A g7") as well as a long cycle stability up to
300 cycles with the controlled capacity of 1000 mA h g~" at
350 mA g~ ". The superior performance and stability of cells
with 6-MnO,/HPC could be attributed to its intrinsic ORR/OER
catalytic activity, unique architecture, the favourable morphol-
ogy of Li,O, and the reduced side reactions. Xie et al. loaded
flower-like 8-MnO, on NiFM/graphene to protect the carbon
surface (Fig. 48).>'® The battery yielded a capacity of 3660 mAh g~*
at 0.083 mA cm 2, and sustained 132 cycles at a capacity of
492 mA h g~" and a charge overpotential of about 1 V at a high

current density of 0.333 mA cm 2.
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Fig. 48 (a) Schematic illustration for the structure and working mecha-
nism of Li-O, battery with three-dimensional graphene/§-MnO,/Ni foam
(3D-G-MnO,-NiFM) electrode; (b) CV curves of 3D-G and 3D-G-MnO,
electrodes between 2.0 and 4.5 V at 0.1 mV s7%; (c) discharge—charge
curves at a current density of 0.083 mA cm™2 of Li-O, batteries with
3D-G-NiFM electrode and 3D-G-MnO,-NiFM electrodes at 2.0-4.5 V;
(d) cycling performance of Li-O, batteries with 3D-G-MnO,-NiFM elec-
trode under a current density of 0.333 mA cm 2 at 2.0-4.5 V.*'® Reprinted
with permission from ref. 316. Copyright 2014 Wiley-VCH Verlag GmbH &
Co. KGaA.
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4.3.1.3 &-MnO, catalyst. Chen et al. electrodeposited e-MnO,
on a NiFM substrate as a cathode for a Li-O, battery.*'® The
battery exhibited a high rate capability (discharge capacity
of 6300 mA h g ' at a current density of 500 mA g™ ') and
enhanced cyclability (over 120 cycles with a stable capacity of
1000 mA h g~ ') without controlling the discharge depth. The
charge/discharge overpotential gap of the battery was close to
2 V. The authors further decreased the cell overpotential gap by
using hierarchical porous &-MnO, nanostructures on NiFM as
the cathode, which was prepared by an oxygen bubble template-
assisted electrodeposition route.’*® The battery with the hier-
archical cathode delivered an overpotential gap below 1 V, as
well as a capacity of 5000 mA h g~" at 500 mA g~ and over
200 cycles under 800 mA h g (500 mA g~ '). The superior
performance of the &-MnO,/Ni electrode was proposed to
be associated with the 3D nanoporous structures, abundant
oxygen defects (structure defects) and the absence of side
reactions.

4.3.1.4 Other manganese oxide catalysts. The creation of a
Mn(m) or oxygen vacancy is one key strategy to improve the
electronic conductivity of MnO,, which is beneficial for increas-
ing the exposed active site density.>*® Luo’s group studied the
catalytic activity of MnO, on nitrogen-doped carbon (m-N-C)
and CNTs.**! The MnO,/m-N-C/KB electrode delivered a high
specific capacity of 7600 mA h g~ at 200 mA g~ * and offered
lower charge overpotentials compared to that of KB carbon
under 800 mA h g~ *. The improved cell performance could be
attributed to the superior catalytic activity of MnO, and the
facile electron transfer between MnO, and the carbon sub-
strate. Zhang et al. synthesized a series of metal-MOF materials
as cathode catalysts for a Li-O, battery, in which Mn-MOF-74
endowed the battery with a high specific capacity of 9420 mAh g%,
more than four times higher than those of a cell without the
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Fig. 49 (a) Schematic illustration of a Li-O, cell using MOF-Super-P
composite as the O, electrode (oxygen molecules relative sizes reduced
for clarity); (b) the discharge profiles of Li-O, cells using MOF/Super-P-
carbon composites and Super-P-carbon under O, atmosphere with a current
density of 50 mA g~ at room temperature.*?2 Reprinted with permission
from ref. 322. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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MOF support (Fig. 49).>** In situ O, and CO, evolution measured
by DEMS on cell charging indicated a high reversibility of the
Li-O, battery with the Mn-MOF catalysts.

Zhao et al. prepared a MnO,_, nanosheets/stainless steel (SS)
electrode with a high content of Mn(m) and oxygen vacancies
through an ethanol reduction method.**® As a result, the cell
with the MnO,_,/SS electrode showed a rechargeable capacity of
7300 mA h g " at a current density of 200 mA g ', which was
39% higher than that with the MnO,/SS electrode. In addition,
the specific capacities at 400 mA g~* and 800 mA g~ ' reached
5249 mA h ¢~ ' and 2813 mA h g™, respectively, which were over
30% higher than that of the cell with the MnO,/SS electrode.
Furthermore, the cycling tests showed no change in the
discharge/charge overpotentials for 120 cycles, suggesting the
good stability of this MnO,_,/SS cathode.

Jin et al. presented MnO,-decorated CeO, nanorods via
an in situ redox reaction between KMnO, and a Ce(OH)CO;
nanorod template, which acted as a highly active cathode catalyst
for a lithium-air battery.*** The battery with the MnO,@CeO,
catalysts showed good performance, with a high first discharge
specific capacity (2617 mA h g~! at 100 mA g '), a low charge
overpotential (about 1 V), good rate capability (1500 mA h g~ at
400 mA g~ ") and good cycle stability (only 1.1% voltage loss
after 30 circles at a specific capacity of 1000 mA h g~ with
200 mA g ). The improved performance was proposed to be a
result of the enhanced catalytic activity due to the increased
electrical conductivity and the mixed valence of Mn.

Cheng et al. further studied the ORR and OER catalytic
properties of lithiated MnO,.>** The catalytic activity was found
to be correlated with the composition of the Li,MnO, electro-
des (0 < x < 1) owing to changes in the Mn valence and
electronic structure in aprotic Li-MnO, cells. As shown in
Fig. 50, the modestly lithiated Li,5,MnO, exhibited excellent
performance with a round-trip efficiency of ca. 76%, a high cycling
ability of under 1000 mA h g~ * at 200 mA g~ for 190 cycles (based
on carbon mass) and a high discharge capacity of 10823 mAhg™*
at 100 mA g .

4.3.2 Cobalt oxide catalyst. Cobalt oxide (CoO,) has been
confirmed as an effective ORR and OER catalyst in aqueous
media,***?2° revealing that CoO, is a potential cathode material
in Li-O, batteries. 39327328 Table 5 summarizes the perfor-
mance of batteries with typical CoO, materials, showing a
comparison based on the different morphologies, facets and
defects, pore structure and active site density of CoO,.

4.3.2.1 Catalytic activity of CoO,. As early as 2007, Bruce et al.
evaluated the catalytic activity of Fe;O,, CuO, Fe,03, Pt, NiO
and Co30, towards discharge and charge processes in a Li-O,
battery (1 M LiPF, in propylene carbonate). They reported that
the Coz;04/Super-P-carbon electrode exhibited good perfor-
mance from the viewpoint of initial capacity (2000 mA h g™*)
and capacity retention (6.5% per cycle).**® This good battery
performance stimulated numerous researchers to further inves-
tigate CoO, as a potential cathode material in Li-O, batteries.
Consequently, several groups deposited Co;04 nanoparticles on
different carbon supports, including rGO and KB, as cathode

This journal is © The Royal Society of Chemistry 2018
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Fig. 50 Discharge/charge profiles of (a) Li-MnO, battery and (b) Li-O,
cell with mesoporous MnO,-based electrodes (the Li-MnO, cell was cycled
between 2.0 and 4.0 V for 50 cycles and ceased to a discharged state of
Lio 50MNO,; the same cell was then exposed to air and was discharged and
charged at a current density of 100 mA gcarbon’l; insets showed photo-
graphs of the assembled batteries powering light-emitting diodes);
(c) terminal discharge/charge voltage vs. cycle number at a current density
of 200 MA gearvon + and a controlled capacity of 1000 MA h Gearvon
(d) discharge capacities at 100 MA Jearbon © With a cut-off voltage of
2.2 V.32% Reprinted with permission from ref. 323. Copyright 2015 Wiley-
VCH Verlag GmbH & Co. KGaA.

materials in a Li-O, battery.**° The Li-O, battery with the
carbon/Co;0, composite exhibited a lower charge voltage and
higher cyclability than the carbon-based cathodes, which was
due to their good OER activity. The stability of cobalt-oxide-
based cathodes could be improved through decorating dense
cobalt oxide on carbon materials, which inhibits the corrosion
of carbon materials.

The performance of the CoO,-based cathode could be
improved through modulation of the pore structure, which is
beneficial for increasing the active site density and mass
transport. Yan et al. designed a core-shell structured Co/CoO
nanoparticles-decorated carbonized melamine foam-graphene
(CMF-G) as the electrode for a Li-O, battery (Fig. 51).>*" In this
CMF-G-Co/CoO cathode, Co/CoO was used as the preservative
of carbon and induced Li,O, growth on the surface of the
Co/CoO surface instead of on the carbon surface. The cells with
this Co/CoO cathode achieved 70 cycles at a current density of
100 mA g~ under a fixed capacity of 500 mA h g”" in contrast
to those of CMF-G electrodes with only 20 cycles.

Zhou et al. prepared a type of highly graphitic porous
carbon-Co30, (GPC-Co030,) material by executing a two-step
annealing of core-shell structured MOFs.**> The low graphitic
carbon cores were selectively removed during the secondary
annealing in an air atmosphere, leaving voids in the interior
voids due to their lower thermal stability compared with the
graphitic carbon shells. When GPC-Co;0, was used as the cathode
for a Li-O, battery, it exhibited a constant discharge plateau
and a slightly increased charging plateau from the current
density of 250 mA g~ " to 1250 mA g~ " at a defined capacity of
500 mA h g~ '. Meanwhile, the cell performed with good cycling
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4.3.2.3 Theoretical analysis of CoO, catalysts. Cui et al. inves-
tigated the critical role of CoO on the OER process during Li-O,
battery operation.**® Through DFT calculations, they found
that the intermediate LiO, tended to adsorb on the CoO
surface rather than the carbon surface. Thus, the CoO/Super-P
cathode exhibited a much longer cycle life over 300 times
(1000 MmA h geapon ~ at 0.04 mA cm™?) that of pure carbon.
Meanwhile, first-principles calculations indicated that Co;0,4(111)
had a lower activation barrier for O, desorption compared to
C03;0,4(001) in the OER, which was very important to refresh the
active sites. To further identify the catalytically active sites
of Co30, for the OER process in Li-O, batteries, a (100) faceted
Co,0, cube enclosed by only a Co®" site and a (112) faceted
Co;0, plate with an exposed Co>" site were studied as catalysts
for Li-O, batteries.>*” It was found that the Co®" site played a
crucial role in determining the adsorption properties of the
reactants, and that the Co;0, plate enabled a high round-trip
efficiency and cyclic stability, as well as having an influence on
the Li,O, morphology.

Zhu et al. constructed an interfacial model to study the
decomposition mechanism of Li,O, on Co;0, surfaces.**® The
computational results indicated that the O-rich Co304(111) with
a relatively low surface energy had a high catalytic activity in
reducing the O, desorption barrier and the charge overpotential,
which was due to the fast electron transfer from the Li,O, layer to
the underlying catalyst surface. Meanwhile, the basic sites on the
C030,(110) surface induced Li,O, decomposition into Li,O and a
dangling Co-O bond, leading to a high charge overvoltage in
subsequent cycles. The calculations for transition-metal-doped
C030,4(111) indicated that the p-type doping of Co;04(111) exhibi-
ted significant catalytic activity in decreasing both the charging
overpotential and O, desorption barrier.
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4.3.2.4 Cobalt oxide catalyst with good mass transport and
Li,0, storage. The construction of one-dimensional (1D) Coz0,4
materials might be a good protocol to further improve their
catalytic activity, mass transport efficiency and Li,O, storage
ability.>*® For instance, Jeon et al. prepared a hybrid film with
electrospun 1D Coz;0, nanofibres immobilized on both sides
of 2D graphene nanoflakes (GNFs) to construct a cathode for a
Li-O, battery (Fig. 52), which could then deliver a high dis-
charge capacity of 10500 mA h ¢g~" and a long-term cyclability
for 80 cycles with a limited capacity of 1000 mA h g*
200 mA g~ ".** This good battery performance could be attributed
to the improved catalytic activity of 1D Co;0, nanofibres with a
large surface area and facile electron transport via the inter-
connected GNFs.

The construction of a 3D-structured Coz;0, electrode might
provide a more efficient transport channel and open space for
Li,O, formation and decomposition. Zhang et al. directly grew
Co30, nanosheets with pore diameters of about 4-8 nm on CP
(CP/C030,4).>*® A cell with the CP/Co;0, electrode delivered
2159 mA h g ' at 100 mA g~ and over 40 stable cycles under
500 mA h g~'. Simultaneously, film-like Li,O, was observed
during the cycling test. Yan et al. prepared different types of
Co30,4 nanoarrays on CP, including single-crystal Co;0, rectangular
nanosheets, polycrystal nanowires and single-crystal hexagonal
nanosheets.”*" A Li-O, battery with Co;0, rectangular nano-
sheets exhibited the best electrocatalytic performance among
all of the nanostructured electrodes, such as a high specific
capacity (1300 mA h g~ " at 50 mA ¢~ ') and good cycling stability
over 54 cycles at 100 mA g~'. The high performance of the
battery was related to the porous structure (mesopores on the
surface), large specific surface area (230 m> g ') and high
activity of the exposed (112) plane. In this work, the charging
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Fig. 52

(a) Schematic illustration for the synthetic procedures of CosO4 nanofibre/graphene nanoflake (NF/GNF) composite; (b) TEM images of CozO4

NF/GNF composite; (c) initial charge/discharge curves of cells with CosO4 nanoparticle (NP), CozO,4 nanofibre (NF), CozO4 nanofibre/reduced graphene

oxide (NF/RGO) composite, and CozO4 NFs/GNF composite in a voltage window between 4.35 and 2.35 V at a current density of 200 mA g~
and discharge behaviour of Coz04 NF/GNF composite at the 1st, 2nd, 5th cycles under fixed capacity of 1000 mAh g~

L (d) charge
! as in the voltage window between

4.35and 2.00 V at a current density of 200 mA g~* (capacity on catalyst + carbon + binder mass).>*> Reprinted with permission from ref. 335. Copyright

2013 American Chemical Society.
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Fig. 53 SEM images of CosO4 (a) nanosheets and (b) nanowires
on carbon paper; (c) discharge/charge profiles of Li-O, batteries with
Coz04 rectangular nanosheets, nanowires, and hexagonal nanosheets at a
current density of 50 mA g~%; (d) schematic illustration for the formation
of Li,O, product on the surfaces of CozO4 nanosheet and nanowire
electrodes.>! Reprinted with permission from ref. 341. Copyright 2016
American Chemical Society.

potentials were found to be affected by the evolved Li,O,
morphology. As shown in Fig. 53, Li,O, can be uniformly nucleated
on single Co;0,4 nanosheets, with the homogeneously large flower-
like Li,O, embedded between the nanosheets. During the charging
process, the film-like Li,O, can be easily decomposed, resulting in a
low charging voltage below 3.5 V. In contrast, the decomposition of
the large flower-like Li,O, cluster needs a higher charging voltage
(3.8 V). On the nanowire electrode, Li,O, was mainly produced
at the top region of the nanowires, while a similar flower-like
morphology was formed on the surface of nanowires. Corres-
ponding to the profiles, there was only one charging plateau for
the nanowire sample.

4.3.2.5 Cobalt oxide catalyst with good stability. Good stabi-
lity of the oxygen electrode in the presence of active inter-
mediates is essential to produce a reversible Li-O, battery, and
for this, porous nickel foam (NiFM) has been widely used as a
current collector to construct a stable carbon-free CoO,-based
cathode. 1D cobalt oxide nanostructures, for example nanorods
and nanowires, were grown on NiFM for fast mass transport in
a Li-O, battery.>®® Cui et al. uniformly and vertically grew Co;0,
nanorods on NiFM with diameters around 250 nm and a loading
mass of about 8 mg ecm ™ 2*** A cell with such a Co;0,/NiFM
electrode delivered 1880 mA h g ' at 0.1 mA cm™ > with a charging
voltage of 3.6 V. Then, Kim et al. grew Co;0, nanowires on
NiFM by a facile hydrothermal reaction (1.88 mg cm™2), and the
assembled cell achieved a high specific capacity of 4500 mAh g™*
at 0.05 mA cm ™2 and a low charging voltage of about 3.5 V at an
initial capacity of 0.5 mA h (0.1 mA cm > discharged to
1 mA h)."” Interestingly, this cathode showed better cycle
stability at a high current density (0.3 mA cm™?) than at a low
current density (0.1 mA ecm ™). The authors explained that Li,O,
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produced in the top region of the nanowires array preferentially
tended to form a large crystallite structure, where clustering of
the nearby Li,O,-coated NWs was useful for minimizing the
surface energy of the Li,O, crystallite to form a pointed-tip-
brush-like structure. Under the condition of a high current
density, Li,O, tended to form a film closely covering the nano-
wires surface, resulting in an easier decomposition of Li,O, and
a better cycle stability.

Two-dimensional (2D) Coz;O,4 nanostructures, for example
nanosheets and nanoflowers, were also grown on NiFM for
their better Li,O, storage in Li-O, batteries. Sun et al. investi-
gated the influence of the pore structure of freestanding Co;0,
nanosheet on the cell performance.*** A battery constructed
with the Co;0,/NiFM electrode realized a high capacity of
2460 mA h ¢, and performed more than 35 discharge/charge
cycles with a capacity limitation of 1000 mA h g~ '. The
enhanced performance was attributed to the macroporous
channels surrounded by the Co;0, nanosheet and the optimized
mesopores in the flakes.

Chen et al studied the influence of the thickness of free-
standing Co3;0, nanosheets (NiFM substrate) on the electro-
chemical performance of Li-O, batteries.”" A battery based on
these nanosheets with a thickness of 5 nm and surface mesopores
of 2-10 nm exhibited a higher (200 mA g~*, 11000 mA h g%
capacity and much longer cycle life (80 cycles under 500 mAh g™ ")
than nanosheets with a thickness of about 40 nm (7000 mA h g™ ).
It was found that the initially formed morphology of Li,O, was
thin films that stuck closely to the nanosheets. Then, as the
films became thicker, a plate-like shape was formed upon the
continued discharge to higher capacities. The hierarchical
porous structure of the CozO4-nanosheets-based electrode was
suggested to be the reason for the high capacity of this Li-O,
battery.

Lee et al. systematically compared the performances of
batteries with different nanostructured Co;0, materials, such
as nanosheets, nanoneedles and nanoflowers, on NiFM as cell
cathodes.*** They found that the discharging voltage (around
2.75 V) and charging voltage (around 3.5 V) exhibited the same
tendency, but the specific capacity was strongly dependent on the
Co30, nano-architectures. The capacity decreased in the order of:
nanosheet (1127 mA h g~") < nanoflower (1930 mA h g ') <
nanoneedle (2280 mA h g~ '), which was different to that found
in Yan’s results.>*" this difference could possibly be explained
by the different crystalline state and morphology of the Co;0,
nanosheets in the two reports. Moreover, the nanoneedle-like
Co030, could sustain 50 cycles without any obvious change
in the discharge/charge profiles under 500 mA h g ' at
100 mA g~ '. This good performance could possibly be attrib-
uted to the nanostructured Co;0, electrode having dense metal
active sites, as well as a large amount of open space for Li,O,
storage.

To improve the conductivity of the CoO, nanostructure, Wen
et al. presented a core-shell structured nanosheet-like array
with a metallic cobalt core and a cobalt oxide shell.**> As shown
in Fig. 54, the core-shell-structured electrodes delivered a high
discharge capacity of over 10000 mAh g " at 100 mA g~ " with a
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Fig. 54 (a) Schematic illustration of the core—shell structured Co@CoOy
based electrode during the discharge/charge process of Li—O, battery;
(b) SEM image of Co@CoO, nanostructured electrode; (c) discharge/
charge curves of Co@CoOy electrode at different current densities within
the voltage window of 2.2-4.2 V (vs. Li*/Li); (d) the terminal voltage against
the cycle number with Co cathode at 100 mA g~ and a capacity limitation
of 1000 mA h g~1.3%° Reprinted with permission from ref. 345. Copyright
2016 American Chemical Society.

relatively low charging voltage below 3.5 V in the initial charge
process, as well as outstanding cycle stability over 160 cycles
(under 1000 mA h g~ ' at 100 mA g™ ).

4.3.3 Nickel oxide catalyst. As a type of efficient OER
catalyst in aqueous media, nickel oxide has also been used as
a cathode material in Li-O, batteries. He et al. developed
mesoporous NiO nanosheets with a single-crystalline structure
for use as a catalyst in an aprotic Li-O, battery.>*® The recharge
voltage plateau of a cell with the NiO-based electrode was
~3.95 V (1260 mA h g~" at 100 mA g '), and no obvious
performance decay was observed even after 40 cycles with the
limited capacity of 500 mA h g . NiO nanosheets also exhibited
good activity for the decomposition of Li,O, (charge potential below
4 V) and Li,CO; (above 4 V) as assessed through data analysis from
X-ray photoelectron spectroscopy and gas chromatography-mass
spectrometry analyses.

Wagemaker et al. presented NiO nanoseed crystallites as an
electrode material to control the size and morphology of Li,O,
product.>”” They showed that the hybrid hexagonal NiO nano-
particles and activated carbon electrode acted as seed crystals for
the equiaxed growth of Li,0,, which was confirmed by elemental
mapping scanning electron microscopy equipped with energy-
dispersive X-ray spectroscopy. The experimental results and
theoretical calculations identified that small amounts of NiO
(~5 wt%) particles could act as the preferential sites for Li,O,
nucleation, effectively reducing the average size of the primary
Li,O, crystallites and promoting the growth of crystalline Li,O,.
This observed phenomenon was due to the low interfacial energy
for the formation of NiO-Li,O,.

The performance of the nickel-oxide-based cathode could
be further improved by optimization of the porous structure.
Chen et al. exploited Ni-based metal-organic frameworks as the

This journal is © The Royal Society of Chemistry 2018
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cathode catalysts in Li-O, batteries.>*® They found that the as-
prepared Ni-MOFs possessed a 3D micro-/nanostructure, open
catalytic sites and a large specific surface area (1225 m* g ),
which guaranteed the rapid transfer of O, and effective contact
between the electrolyte and catalytic sites. Consequently, the
battery with Ni-MOF catalysts exhibited an extremely high
capacity of 9000 mA h g~* (0.12 mA ecm >, capacity based on the
mass of Ni-MOFs, VC-72, and binder), a high round-trip efficiency
of 80% (600 mA h g~ at 0.12 mA cm ™ ?) and a respectable cycling
of 170 cycles without any obvious voltage drop.

4.3.4 Iron oxide catalyst. As a type of transition metal oxide,
iron oxide has also been investigated as a cathode material
for discharge/charge reactions in Li-O, batteries,?*28%349:350
Yan et al. prepared Fe,O;-nanocluster-decorated graphene as an
oxygen electrode for a Li-O, battery, which delivered a dis-
charge capacity of 8290 mA h g~ * (capacity based on C + Fe,O; +
Li,0, mass) and a round-trip efficiency of 65.9% in comparison
to the corresponding parameters of 5100 mA h g~ and 57.5%
for a pure graphene electrode. The good cell performance was
proposed to be due to the high catalytic activity of Fe,O; for
oxygen reduction. However, the charging plateau of the battery
was over 4.0 V.*>!

To improve the catalytic activity of the iron-oxide-based
electrode, a combination of conductive Fe metal and iron oxide
was proposed for the cell cathode to take advantage of their
better electrical conductivity. Wen et al. synthesized Fe@Fe,03
core-shell nanowires as an oxygen electrode catalyst for Li-O,
batteries.*>* The charging plateau of such a battery was reduced
to 3.8 V and the cycle life was improved to 40 cycles under
1000 mA h g~' at 100 mA g~ ' (capacity based on Fe@Fe,0;
mass). The excellent properties of the Fe@Fe,Oj; catalysts were
attributed to their high surface area (53.2 m* g ') and electrical
conductivity. Similarly, Amine et al. deposited core-shell the
Fe@Fe;0, nanocomposite on porous carbon as a cathode
material for Li-O, batteries.’®® As a result, the battery with this
cathode could sustain 50 cycles under 500 mAhg 'at100 mAg "
(capacity based on Fe/Fe;O, + carbon mass).

4.3.5 Titanium oxide catalyst. TiO, is a semiconductor with
low electrical conductivity, but this could be largely increased
through generating oxygen vacancies in TiO, materials. It could
therefore potentially be applicable as a cathode material for
Li-O, batteries.>**?>> Nazar et al. used a reduction method to
produce metallic-Ti,O, as a cathode material for a Li-O, battery.>>®
With this set-up, the OER occurred mainly within the charge
potentials of 3.0-3.5 V due to the high electron conductivity and
the formation of self-passivated sub-stoichiometric metal oxide
layer. Wu et al. proposed an attractive TiO, material with sufficient
oxygen vacancies as the cathode®” and demonstrated that the
adsorption and dissociation of oxygen were facilitated due to the
presence of defects, whereby the battery could sustain 372 cycles at
a current density of 0.5 mA cm ™ > with a fixed specific capacity of
0.1 mA h ecm™2

3D nanostructured TiO, has a big surface area and a porous
channel suitable for the growth of a large quantity of Li,O,,
which is beneficial for increasing the cell capacity. Zhang et al.
fabricated a flexible Li-O, battery based on a cathode with TiO,
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Fig. 55 (a) Scheme for the fabrication and structure of the TiO, nanowire
arrays/carbon paper (NAs/CP) cathode; (b) SEM image and photograph
(inset) of the obtained TiO, NAs/CP cathode (scale bar, 10 um); (c) discharge/
charge profiles of the Li—O, cells with pristine-CP and TiO, NAs/CP cathodes
at a current density of 100 mA g~ (the cathodes were discharged with the
cut-off voltage limited to 2.2 V and then recharged with the equivalent
discharge capacity); (d) the performance of a Li-O, battery twisted to
180° (the corresponding variation of terminal discharge voltage vs.
cycle number of Li-O, cells with TiO, NAs/CP cathode are shown at the
bottom).®® Reprinted with permission from ref. 159. Copyright 2013
Nature Publishing Group.

nanowire arrays (TiO,/NA) directly grown onto CP.">* Compared

with the pristine-CP cathode, the discharge voltage and charge
voltage of a Li-O, battery with the TiO, NA/CP cathode was
higher by 160 mV and lower by 495 mV, respectively. Interest-
ingly, the flexible Li-O, battery could be bent to 180° (Fig. 55),
360° or even more stringent conditions, while the cell terminal
discharge voltage remained almost identical to the original one
(about 2.5 V).

4.3.6 Other single metal oxide catalysts. In addition to the
above-mentioned oxides, other types of single metal oxides, for
example Cr,03, CeO, and Cu,0, have also been used as cathode
materials for Li-O, batteries, whereupon these have exhibited
specific characteristics for advanced Li-O, batteries.>*® For
example, Zhang et al. synthesized a hierarchical Cr,O; octahedron
decorated porous carbon (Cr,03/OPC) cathode derived from a
Cr-based metal-organic framework precursor.**® The Li-O,
battery with the as-prepared cathode exhibited a discharge
capacity of up to ~4800 mA h g™ " at 0.1 mA cm >, a charging
voltage plateau of 3.9 V and a cycle life of over 50 cycles at a fixed
capacity of 800 mA h g~ * (capacity based on Cr,0; + carbon mass).
Li et al. used an electrospinning technique combined with a
pyrolysis method to prepare hexagonal close-packed Cr,0;
nanotubes.*®® The synthesized mesoporous Cr,O; nanotubes
(Cr,04-NT) with a surface area of 53.4 m> g~ " were then applied
as the catalysts for the oxygen electrode of a Li-O, battery,
which then showed an astonishingly capacity of 8279 mAh g ™!
at 50 mA g~ ', and excellent cyclic stability of up to 50 cycles
under 1000 mA h g~" at 100 mA g ' with a charging voltage
of 3.78 V (capacity based on carbon mass). These results
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highlighted the superior catalytic activity of Cr,O;-NT as the
oxygen electrode, and could be attributed to their intrinsic
catalytic activity together with their sophisticated 3D porous
structure.

Byon et al. found an unexpected growth of Li,0, film with a
thickness of ~60 nm on CeO, nanoparticles decorated on a 3D
CNTs electrode (50 mA g~ ').>*® The growth of the Li,0, film was
divided into two steps: the initial Li,O, nucleation process,
based on the strong binding energy between the surface oxygen
vacancies of CeO, NPs (diameter <5 nm) and the reactive
oxygen species (e.g. O, O, and 0,”7); the second step was
related to the subsequent film growth of up to 40 nm. The
thickness of the Li,O, film was further increased up to ~60 nm
with the addition of trace amounts of H,O, which enhanced the
solution free energy. In comparison to toroidal Li,O, formed
mainly from LiO,(sol), the thick Li,O, films were proposed
to be beneficial for the higher reversibility and rapid surface
decomposition during recharge.

Sun et al. developed self-supported cubic Cu,O films with a Cu
foam plate as the support through an electrochemical method,
and this was then used as a cathode catalyst in Li-O, batteries.>*'
It was shown that the discharge and charge voltages of the Cu,O
films cathode were about 2.5 V and 3.6 V under 1000 mA h g~ " at
0.5 A g™, respectively, showing the better OER activity and higher
stability than with carbon and Cu,O powder catalysts. Further-
more, XPS analysis of the Cu,O cathode indicated that there was
no change in the Cu,O materials before and after the cycling
tests, leading to a long cycle life of the battery of over 100 times
without any evident decay.

4.3.7 Binary metal oxides catalysts. Binary metal oxides,
especially spinel oxides, have attracted a great deal of research
interest with various applications in magnetism, electronics
and catalysis, as well as energy storage and conversion.’® The
electronic conductivity of single metal oxides and the electronic
structure of their metal sites can be tuned by the insertion of a
second metal and oxygen defects, which are beneficial for an
enhanced electron transfer ability and for optimizing the
adsorption energetics of the intermediates.>®® Table 6 sum-
marizes a comparison of some cell parameters based on typical
binary metal oxide materials, mainly based on the effects of the
structure diversity and stability on the cell performance.

4.3.7.1 Nickel-cobalt oxide catalysts

4.3.7.1.1 Catalytic activity of NiC0,0,. Shao-Horn et al. com-
pared the catalytic performance of Co;O, and NiCo,0, nanowires
for discharge/charge reactions in a Li-O, battery.>** A NiC0,0,-
based Li-O, battery delivered reduced overpotentials and
enhanced cycling stability in comparison to CozO, nanowires,
which was possibly due to the improved surface electrical con-
ductivity of NiCo,0,. He et al. further prepared NiCo,O, nano-
particles decorated on the surface of N-doped rGO with a high
loading amount, which ensured the materials had a high oxide
density for OER, and this prevented the side reactions between the
N-rGO and Li,0,.** Consequently, the battery fabricated with
these materials exhibited a high full discharge/charge capacity at
200 mA g~ " (about 7000 mA h g™, capacity based on carbon mass)
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and a low overpotential (0.7 V) during a long cycling test (110 cycles)
under 1000 mA h g™,
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4.3.7.1.2 NiCo,0, catalyst with good mass transport and
Li,0, storage. Wang et al. synthesized a self-assembled 3D
foam-like NiCo,0, catalyst with starch as the template.>* When
it was subsequently used as a cathode material with a Super-P
carbon support, the battery showed a high round-trip efficiency
of 70% (overall potential of about 1.17 V, 200 mA g ', full
discharge), a high discharge capacity of 10137 mA h g ' at a
current density of 200 mA g~ " and a long cycle life over 30 cycles
under 1000 mA h g~ (capacity based on carbon mass). The
good cell performance was due to the 3D porous structure of
NiCo,0, materials, which facilitate better mass transport
and Li,O, storage. He et al. designed a hierarchical porous
hybrid film with NiCo,0, nanoparticle-decorated mesoporous
N-doped carbon nanofibres (NCO@NCF).*>*® The Li-O, battery
fabricated with this NCO@NCF electrode exhibited a low char-
ging overpotential of 0.85 V (1000 mA h g~ " at 200 mA g ),
excellent rate capability and outstanding cycling stability
(close to 100 cycles under 1000 mA h g™, capacity based on
carbon mass), resulting from its structural and material
superiority.

He et al. also synthesized a kind of needle-like mesoporous
NiCo,0, nanowire arrays uniformly coated on flexible CP.*®” As
a result, the fabricated battery exhibited a low overall over-
potential of about 0.9 V under 1000 mA h g™' at 200 mA g™ ', a
long cycle life over 200 cycles and a superior rate capability
(almost overlapping discharge/charge profiles from 200 mA g~*
to 1000 mA g~ '). In addition, the battery showed good flexi-
bility, whereby it could be folded and flexed to some extent.
Zhang et al. also grew NiCo,0, nanowires on CP as the
electrode for a Li-O, battery.*®® After the electrode underwent
a pre-lithiation process, the size of the NiCo,0, nanoparticles
was reduced from 20-30 nm to a uniformly distributed domain
of ~2 nm, resulting in a significant improvement of the cata-
Iytic activity in the cell (Fig. 56). At the optimized pre-lithiated
voltage (0.5 V) for preparing NiCo,0,, the as-assembled Li-O,
batteries demonstrated an initial capacity of 29280 mA h g~*
and retained a stable capacity of >1000 mA h g ' after
100 full cell cycles. Fu et al. prepared NiCo,0, nanowires arrays
on CP as the cathode for a Li-O, battery, which delivered
1000 mA h g " at 18 mA g~ and stable cycle performance over
10 cycles without any capacity restriction.**® In this work, large
flower-like Li,O, was also observed in the top region of the
nanowires. The special morphology of Li,O, was contributed
to the high surface charge density and high O, concentration
in the tip region in comparison to those in other parts of the
nanowire.

Except for micro-sized CP, porous NiFM has also been
investigated as a current collector to construct a carbon-free
NiCo,0, cathode that could avoid carbon corrosion, which is
important for the cathode sustainability.*”*”* Yu et al. synthe-
sized the hierarchical porous NiCo,0, nanowires on Ni sub-
strate as the cathode for a Li-O, battery,>”> which delivered a
capacity of 1500 mA h g" at 0.05 mA cm > and a charging
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Fig. 56 (a) SEM images of NiCo0,O,4 nanowires (NCO-NWSs) grown on
carbon fabric (CF) (the inset shows the high-magnification SEM image of
NCO-NWs); (b) schematic illustration of the total fabrication of prelithiated
(PL) NCO-NWs/CF composite films; (c) discharge/charge profiles of cells
with the pristine NCO-NWs/CF and the as-prepared PL-NCO-NWs/CF
oxygen electrodes with different lithiation depths (0.02, 0.25, 0.50 and
0.75 V); (d) schematic illustration of NCO-NWs under lithiation and TEM
images of the selected lithiation areas (the inset shows the fast Fourier
transform pattern of prelithiated NCO).>®® Reprinted with permission from
ref. 368. Copyright 2016 American Chemical Society.

voltage below 4 V. The capacity retention ratio of the battery was
still maintained 50% after the 70th cycle without any capacity
restriction. Wen et al. developed wave-like NiCo,0, anchored to
a Ni substrate.®”® After discharging at a current density of
40 mA g !, the Li-O, battery fabricated with this cathode
delivered 7004 mA h g~' with a charging voltage lower than
3.6 V (capacity based on NiCo,0, mass). The high capacity was
correlated with the large micrometre-sized Li,O, on the cathode
surface. Also, the battery with this electrode could be cycled
100 times under 500 mA h g~ ' at 100 mA g™, demonstrating
the superior characteristic of the wave-like NiCo,0, material.

4.3.7.2 Manganese-cobalt oxide catalysts. The partial sub-
stitution of Co with Mn in CoO, to form MnCo,0, was identified
to increase the catalytic activity of cobalt sites through changing
the absorption bond strength of oxygen intermediates for ORR
in alkaline solution.>”* Since there are some similarities for ORR
and OER processes in aqueous and non-aqueous electrolytes,
MnCo,0, might be a potential candidate as a catalyst for Li-O,
batteries.

Xie et al. synthesized multi-porous MnCo,0, microspheres
with a diameter of 2.5-3.5 um.>”> The quasi-hollow porous
structure maximized the availability of catalytic sites and
facilitated the diffusion of electrons and reactants. A Li-O,
battery fabricated with the MnCo,0,/Super-P electrode exhibi-
ted a decreased charging voltage from 4.2 V (Super-P electrode) to
3.9 V under full discharge to 2 V at 200 mA g~ and an enhanced
cycle life (50 cycles under 1000 mA h g™, capacity based on
carbon mass) in comparison to that of a battery with just a
Super-P carbon electrode.

2964 | Chem. Soc. Rev., 2018, 47, 2921-3004
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The construction of a porous structured cathode was proved
to have dense active sites and sufficient transport paths for O,
and electrolyte.>”® Consequently, Yang et al. anchored MnCo,0,4
on P-doped hierarchical porous carbon (P-HPC) to form MnCo,0,/
P-HPC material.*”” The MnCo,0,/P-HPC electrode had an excel-
lent ability for the transport of electrons, Li* and O,, as well as a
large storage space for the Li,O, product. As a result, a battery
fabricated with such an electrode delivered a high discharge
capacity of 13150 mA h g~ " at a current density of 200 mA g~
and over 200 cycles under 1000 mA h g ' at 200 mA g *
(capacity based on MnCo,0, + carbon + binder mass).

To improve the stability of the MnCo,0, cathode, Park et al.
constructed a freestanding MnCo,0, nanoneedle array on a Ni
substrate, producing a huge specific capacity over 10000 mA h g*
(100 mA g~ %) and a low charging voltage of about 3.5 V at an initial
7000 mA h g~ for the fabricated battery.’”® The low charge over-
potentials were ascribed to the amorphous and film-like Li,O,,
which covered entirely and closely the nanoneedle array. It was
pointed that the redox couples of Mn**/Mn>*" and Co**/Co®*" could
yield oxygen vacancies on the surface of the catalyst, facilitating
oxygen adsorption during the ORR process. In addition, a cell with
the MnCo,0, electrode performed with a long cycle life, with
120 cycles under 1000 mA h g~ ' at 100 mA g~ '. A similar
concept for constructing a hierarchical structured MnCo,0,
cathode for better mass transport and Li,O, storage was also
revealed by Sun et al.’®*® They reported a high cell discharge
capacity of 12919 mA h g~ " at 0.1 mA cm™? and excellent rate
capability (capacity based on MnCo,0, mass).

4.3.7.3 Pyrochlore-type metal oxide catalysts. Pyrochlore has the
chemical formula A,B,X¢Z,_s, and it has already been shown to
have good performance as a bifunctional catalyst for ORR/OER in
alkaline media.*®" Its catalytic capability is believed to originate
from the variable-valence characteristics of B cations and oxygen
vacancies. The properties of pyrochlore suggest that it can be
used as a catalyst in Li-O, batteries.?>

Narzar et al. synthesized a hybrid composite of metallic
mesoporous Pb,Ru,065 and KB carbon (Pb,Ru,0¢5/KB) for
cathode materials for a Li-O, battery. The battery showed a
high capacity of 10000 mA h g~ * at 70 mA g~ (capacity based
on carbon mass) as well as low charge overpotentials.*®*® The
excellent catalytic activity of the Pb,Ru,0O¢ 5 materials could be
explained by the high fraction of surface oxygen vacancies, their
unique porosity, which enables good diffusion to the active
sites, and the nanoscale network with metallic conductivity.
The author further synthesized PbRuO and BiRuO catalysts for
a Li-O, battery. These materials showed intriguing OER proper-
ties for Li-O, cells, producing rechargeable capacities well over
10000 mA h ¢~ (capacity based on carbon + catalyst + binder +
0, mass). The specific capacity and energy efficiency of the cell
was enhanced remarkably in comparison to that of the original
carbon cathode.*®* The good catalytic behaviour was facilitated
by the significant concentration of surface active sites afforded
by the material’s high surface area and intrinsic variable redox
states and via facile electron transport owing to their conduc-
tive character.
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4.3.7.4 Other binary metal oxide catalysts. Other binary metal
oxides, such as ZnCo,0,, CoFe,0, and NiFe,0,, have also been
reported as catalysts for Li-O, systems.’”***73% For instance,
Guan et al. compared the catalytic activity of CoFe,O, and
NiFe,O, towards discharge and charge reactions, and a cell
with such a CoFe,0,/CNT cathode showed a slightly enhanced
performance compared to a NiFe,O,/CNT cathode. This was
probably due to the high spin for Co** in an oxygen-atom-ligand
field associated with the easy formation of a stable ion pair with
the superoxide species.’®® After mixing with KB carbon, the
CoFe,0,/KB electrode exhibited a stable cycle performance over
30 cycles under 430 mA h g~ " at 200 mA g~ ' (capacity based on
carbon mass).

The pore structure of CoFe,O, catalysts was further opti-
mized for their good mass transport and Li,O, storage space.
Kim et al. used the colloidal crystal template method to prepare
three-dimensionally ordered macroporous CoFe,O, catalysts as
a cathode for a Li-O, battery, the assembled cell showed a high
discharge capacity of 11658 mA h g™, and exhibited cycling
stability over 47 cycles at a limited capacity of 500 mA h g*
(capacity based on carbon mass).*®°

4.3.8 Perovskite catalysts. Perovskite has the general formula
ABO;, where the A site is occupied by an alkaline earth element,
and the B site is occupied by a transition metal element with a
six-coordination number to oxygen atoms. Perovskites with
good ionic and electronic conductivity have emerged as highly
active electrode materials for various kinds of energy devices,
such as solid-oxide fuel cells, electrolysis cells, oxygen sensors
and transport membranes.*****" In this vein, perovskites were
also applied as a catalyst in aprotic Li-O, batteries,”*°> and
Table 7 shows the performance in Li-O, batteries of some typical
perovskite materials by comparing the different chemical and
porous structures.

4.3.8.1 ABOjs-type perovskites. Cheng et al. prepared an inter-
connected porous CaMnO; nanostructure and used it as the
cathode catalyst in a Li-O, battery.*>®> The CaMnO;-based
electrode enabled better cyclability and a 620 mV smaller
discharge-recharge voltage gap compared that of the pure
carbon cathode at a current rate of 50 mA gcarbon’l. The improved
performance was attributed to its high catalytic activity and
porous nanostructure. Shui et al. developed a hybrid catalyst
composed of LaNiO; and g-C3N,, ensuring a high Ni**/Ni**
ratio and a high content of absorbed hydroxyl on the catalyst
surface, which could promote the ORR and OER processes.***
Consequently, the fabricated battery showed a higher capacity
(5500 mA h g~ ' at 50 mA g™, capacity based on catalyst mass),
lower overpotentials (below 4 V at the first charging voltage
under 500 mA h g ') and a better cycling stability (65 cycles)
compared to the performances achieved with XC-72 carbon and
LaNiO; catalysts.

Zhang et al. further synthesized a 3D ordered macroporous
LaFeO; material as a catalyst for use in a Li-O, battery (KB carbon
support) (Fig. 57). The battery showed good cell performances,
including a low overpotential with a charging voltage of 1 V,
a high specific capacity (12 000 mA h g~ " at 0.025 mA cm™>) and

This journal is © The Royal Society of Chemistry 2018

Table 7 Performance summary of Li—-O, batteries with perovskite-based electrodes and their operating conditions

Full discharge

Limited capacity/ Mass and

Chem. Soc. Rev.

View Article Online

Review Article

w ©® o o o
Y| ~ =) o n
X | o ) <+ <+ [}
o
amamamam%m
s |ESESESESSS
S|EREZEREZC2
Cl isicisicisicisiclal®)
B|lSRsSEsRsSAsa
[
S|ZrZ2eZ2EZ2E2F
Ll a2 g
Hl|lA A A—HA.2—.2 .2
—_
A =~ =
M m s}
3 1 1
—
I S - a
| 08 [SNIeRge]
= SSS
2RSS sedssss
oS So0823S8
&g S I A R
SE| ¢ & 12130
a _
| N « N 2
o | | |:?
5E E E E s
bt ) o oS
[T <
T uE“»E gu
= g - — S =
=i o Ba S e R
9] S in 27 STin Q
Em|lp Sava2ad
SE|lT Tencacy
82| | IR == ==
—
7]
()
g — @
B © o
- < Fo 849
‘bl) N NS B3
2le £ 2858+
@ E
i<l g 2%g%<
Ué % % o
S & 593583
E | R — nEAE 0 %
&
EyN =
M
< 5]
) EN o]
— o N 2
8 . Dy =t
R~ 2 E
=] 2 S, Tg & g
X I~ X —
d K= N = :: Sl
ol & Q =
Sl Y g 2 <
1T g T T
slg & £ £ =
Sl o Naid Nt “
N S Q ] Q 9]
28 2 8 8 38 %
—
Sl < 8 < 3
ol ? ¢ 14 14 ¢ >
L
5 2p
o« =] I
— N N L
L > 9 2 [5)
N ES) Q on
;a)u%é 3 3 g E
SH|le%e o o o =
oglLesnh N N o~ o
Q=N 4 N N N @
Aglt&Er v v o a
A s =
<
. .
N 2
g § 3 &
s O 92 3 S
S 8 & 2 =
S 2 2 2
o = =1 ] o
N T 8 3§ & 3
g B £ g -
x 8 8 = Q -
S 2 2 x
w o0
g 8 I o % ¢
g S S |
on| g = o S ~ oh
als ¢ B = &g 8
2l & o &% =
O = [ S B >
£l £ 4 % 5 b
R e % & % 5
— = =] =]
ale A4 & & « <
AlE m® A A A %
on
o -
g z
-
= o
N A —_
S A B
o Qo = =
= A —
=8 S
= ™ - - 12
g ¥ < < 2
=2 = = o
°5|2 < <
Ao = = V4

., 2018, 47, 2921-3004 | 2965


http://dx.doi.org/10.1039/C8CS00009C

Published on 26 March 2018. Downloaded by Changchun Institute of Applied Chemistry, CAS on 23/04/2018 14:39:57.

Review Article

Lithium Metal Separator O, electrode

(c) (d)

48t ——a i
aal NP-LFOKB —

42| —— 3DOMLFOKE

v

Voltage /

© 000 4000 8000 BOSO 10000 12000

Specific capacity / mAh g*

(e)

Valtage / V

.

ol & "
.
wl = [}

o 00 000 3000 4000 5000

Specific capacity / mAh g

g
&
&t
Coulombic efficiencies (%)
.

Cycle number

Fig. 57 (a) Schematic illustration for the preparation of three-dimensionally
ordered macroporous LaFeOs (3DOM-LFO) catalyst and structure of the
Li-O, batteries; (b) SEM images of 3DOM-LFO after calcination at 600 °C
(the inset shows the magnified image); (c) first charge/discharge curves of
Li—O5 cells with pure KB carbon, NP-LFO/KB, and 3DOM-LFO/KB electro-
des at a current density of 0.025 mA cm™2 (the inset shows the magnified
voltage region of (c); (d) cyclability and (e) Coulombic efficiency of Li-O,
cells with (1) pure KB, (2) NP-LFO/KB and (3) 3DOM-LFO/KB electrodes at a
current density of 0.025 mA cm~23® Reprinted with permission from
ref. 378. Copyright 2014 Royal Society of Chemistry.

cycle stability up to 124 cycles (1000 mA h g~ " at 0.15 mA cm 2,
capacity based on carbon mass).*”®

4.3.8.2 (A A;_')BOs-type perovskites. The ABO; structure can
accommodate cation substitution in a wide range by partially
substituting at the A site with another element to give an
(AxA;_,)BO; composition.**>?*°® The electronic structure of
active metal sites can be varied systematically using the partial
replacement or doping of second metal sites with different
valences or ionic radii. These properties are considered to be
critical factors for their good catalytic activity towards OER and
ORR‘236,3977399

Mai et al. synthesized mesoporous perovskite Lay 551y sC005 91
(LSCO) nanowires, and investigated their intrinsic ORR and OER
activity in an aprotic Li-O, system. The mesoporous LSCO nano-
wires showed a low peak-up potential and a high limiting
diffusion current for ORR. Consequently, the as-prepared
cathode exhibited an ultrahigh capacity of 11000 mA h g~ " at
50 mA g~ (capacity based on carbon mass), which was one
order of magnitude higher than that of LSCO nanoparticles.
The excellent electrochemical catalytic activity was proposed to
be due to the high active site density and continuous disorderly-
piled pore channels for oxygen transport.*">

In order to achieve good mass transport and Li,O, storage,
Wang et al. further developed hierarchical meso-/macroporous
Lag 5ST0.5C00;_, nanotubes (HPN-LSC).*°® The HPN-LSC/KB
electrode displayed excellent performance towards both dis-
charge and charge processes for Li-O, batteries, which showed
a high specific capacity of about 5900 mA h g¢~* (capacity based
on carbon mass) with a low overall overpotential of 1.14 V,

2966 | Chem. Soc. Rev., 2018, 47, 2921-3004
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and an excellent cycle stability, sustaining 50 cycles at a
current density of 0.1 mA cm™? with an upper limit capacity
of 500 mA h g™

Except for the equal ratio of A and A’ cations in (A 5A¢5')BO3,
changing the mole ratio of A and A’ cations might give the
possibility for having a different electronic structure of the active
site in the (A,A;_,')BO; material for catalyzing the discharge/
charge reactions in Li-O, batteries.”®*"**" Consequently, Zhang
et al. reported Lag;5Sry,sMnO; porous nanotubes (LSM-PNT)
fabricated through combining the electrospinning technique
with a heating method, and then used these as a cathode catalyst
for a Li-O, battery.*®® The battery exhibited a higher capacity
(11000 mA h g~ at 0.025 mA em™", capacity based on carbon
mass) and much longer cycle life (120 cycles at 0.15 mA cm ™)
than with KB carbon (8000 mA h g~ * and 43 cycles,), respectively.
The excellent performance of the LSM-PNT-based cathode was
speculated to be due to the facile pathway for electronic and
mass transport, as well as the dense active sites.

Lee et al. prepared a hollow-structured Lag ¢Sty 4C00;3_s
perovskite sphere as a cathode material for a Li-O, battery, and
the cell delivered a deep discharge capacity of 4895 mA h g™*
(capacity based on carbon mass) with high Coulombic efficiency
(82%). It also showed a 53% excess specific capacity compared to
the particulate morphology, which could be ascribed to the fast
mass transport and large Li,O, storage space.’®

4.3.8.3 (AA; ' )(B:B;_x')Ostype perovskites. The electronic
structure of the B site in the (A,A;_,/)BO; structure can also be
modulated by partially substituting the B cation with another
element to give (A,A;_,")(B:B1_,')O; compositions.**>*°® Xin et al.
compared the catalytic performance of Ni-doped LaggSry.»-
Mny, ¢Ni, 405 and undoped Lag gSt, ,Mn0;.>*° The results revealed
that the battery with the La, gSry ,Mn, ¢Ni, 4O; catalyst delivered a
better electrochemical performance, including the specific capa-
city (5360 mA h g~ " vs. 4400 mA h g™, capacity on carbon mass),
overpotential (1.33 V vs. 1.62 V) and cycle life (79 cycles vs.
30 cycles), compared to that achieved with La, ¢Sty ,MnQOj3. The
improved performance was due to the formation of sufficient
oxygen vacancies by replacing Mn with the Ni cation.

4.3.9 Metal carbide/nitride/sulfide/selenide catalyst

4.3.9.1 Metal carbides. Metal carbides possess the advantages
of a high electronic conductivity, low cost, non-toxic, relatively
low density and good stability towards nucleophilic attack by
superoxide species. They have consequently been utilized as
alternative lightweight supports to carbon in electrodes for
metal-air batteries.*** It was found that metal carbides have a
better catalytic activity for aqueous ORR relative to carbon.*’>
Some metal carbides, such as titanium carbide, molybdenum
carbide and iron carbide, were also investigated as cathode
materials for Li-O, batteries (Table 8), with the results reported
in discussions of their intrinsic catalytic activity.**®

4.3.9.1.1 Titanium carbide. Bruce et al. investigated the
feasibility of utilizing TiC as a cathode material to substitute for
the traditional carbon materials.® Remarkably, the TiC cathode
greatly reduced the side reactions compared with carbon, and
also exhibited a better reversible formation/decomposition of

This journal is © The Royal Society of Chemistry 2018
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Li,0, compared to nanoporous gold (>98% capacity retention
after 100 cycles, compared with 95% for nanoporous gold). The
main charging plateau of TiC-based batteries was below 4 V
even after 100 cycles at 0.5 mA cm 2 (about 500 mA h g™
without capacity limitation. This stability might originate from
the presence of stable TiO, (along with some TiOC) on the
surface of TiC after the first discharge. In comparison, although
a TiO, layer was also formed on the TiN surface, the as-prepared
Li-O, battery showed larger discharge and charge overpotentials
than those of TiC-based devices. These resulted from the lower
electrical conductivity of TiN. This research proved the effec-
tiveness of utilizing carbides in the development of high-
performance Li-O, batteries.

The influence of a passivated TiO, film on the activity of TiC
cathodes was studied by Nazar’s group.*® In this work, com-
mercial Li,O, with a crystallite size of about 200-800 nm was
prefilled in cathode materials and charged directly. It was found
that the TiC-based cathode could oxidize the bulk Li,O, crystal-
lites at a much lower overpotential in comparison to carbon.
Oppositely, the TiC and TiN cathodes with insulating TiO,
surface layers (thickness of only 3 nm) could not perform the
charge reaction in Li-O, batteries.

Niu et al. further investigated the adsorption and deposition
characteristics of Li,O, on a Ti-terminated TiC(111) surface and
TiO-terminated TiC(100) surface.’”” They found that Li,O,
reassembled into a saturated periodic two atomic layer coating,
in which each O atom was bonded to three Ti atoms to form an
O layer equivalent to the layer formed by O, surface oxidation.
Li atoms located on the top and the growth of Li,O, could
be continuously grown via a surface mechanism to cover the
electrode surface with lattice parameters, almost identical to
those of the standard Li,O, unit cell.**” On the TiC(100) surface,
the Li,O, adsorption layout (two Li,O, clusters) was similar to
that of the O,LizO, layers in the Li,O, crystal structure, and
subsequently Li,O, may grow on the TiC(100) surface with a
dihedral angle between 11.4° and 22.4°, and strains inside the
Li,0, could induce conductivity.’”® This supported the experi-
mental findings and explained the reason for the superior
stability and low OER overpotential of the TiC electrode.

4.3.9.1.2 Molybdenum carbide. Except for TiC-based materials,
Mo,C has also been developed as an OER catalyst in Li-O,
batteries.*®® Curtiss et al. dispersed Mo,C nanoparticles onto
CNTs as the cathode catalyst in a Li-O, cell, and charged it with
a low voltage below 3.5 V under a fixed capacity of 500 mAh g+
at 100 mA g .*>°® As shown in Fig. 58, the Mo,C-based cell
achieved a long cycle life over 100 cycles, and even close to
50 cycles under a confined capacity of 1000 mA h g™ ' at
200 mA g~ '. Moreover, the cell also showed an excellent rate
capability. Through DFT calculations, the high OER activity of
Mo,C could be attributed to the formation of metallic non-
crystalline MoOs-like layers on the Mo,C nanoparticles along
with the CNTs.
Nazar et al. further investigated the reversibility of carbon-
free Mo,C in Li-O, batteries.*'* They found that a thin native
oxide layer (MoO,,;s) existed on the prepared Mo,C surface,
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Fig. 58 (a) SEM images of (a) Mo,C/carbon nanotube (Mo,C/CNT); (b) the
electronic density of states (e-DOS) around the Fermi-level (E;) for Mo,C/
CNT material (the light-blue region was the Mo 3d projected e-DOS that
dominated the e-DOS around the Fermi-level); (c) the first discharge/
charge profiles of Li—-O, batteries with pristine-CNT, Mo,C, Mo,C/CNT
electrodes with a fixed capacity of 500 mA h g™t at a current density of
100 mA g% (d) cycling performance of Li-O, batteries with Mo,C/CNT
electrodes with a fixed capacity of 1000 mA h gt and at a current density
of 200 mA g(total)’l.zm Reprinted with permission from ref. 206. Copyright
2015 American Chemical Society.

and that this oxide layer was then converted into Li,MnO;
through the reaction of Li,O, and M0O,.s (xLi,O, + 2M00,.,5 —
2Li,Mo0O;) after discharge. During the charging process, Li,O,
and Li,MoO; were proposed to be simultaneously oxidized
owing to their close redox potentials. During this process, fresh
surface was exposed upon electrochemical charge by releasing
Li,MoO; into the electrolyte, inducing at the low charging voltage
below 3.5 V at 100 pA cm ™2,

In order to obtain a better mass transport efficiency, Yan
et al. prepared MoO,/Mo,C-nanocrystal-decorated N-doped
carbon foam (MoO,/Mo,C@NCF) by using recombinant proteins
to achieve the self-assembly of meal precursors and to provide
a carbon source for Mo,C formation.*'’ The as-prepared
MoO,/Mo,C@NCF electrode showed superior electrocatalytic
activity in both the ORR and OER processes, with a high round-
trip efficiency of 89.1% (2.77 V/3.11 V) at 100 mA g, as well as
exceptional rate performances and good cyclability in a Li-O,
battery (120 cycles under 500 mA h g~* and 40 cycles under
5000 mA h g~' at a high rate of 1 A g”', capacity based on
Mo00,/Mo,C + carbon mass). This desirable performance was
attributed to the hierarchical porous structure of NCF for large
Li,0, storage space and the good OER and ORR catalytic activity
of M00,/Mo,C@NCF.

4.3.9.1.3 Other metal carbides. The superior catalytic activity of
TiC and Mo,C encouraged the development of other metal carbides
for the cathode of Li-O, cells. Zhang et al. designed Fe/Fe;C-
decorated 3D porous N-doped graphene (F-PNG) using metal-
organic frameworks (MOFs) as the structure-directing material.**>
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A Li-O, battery with the F-PNG cathode exhibited a high discharge
capacity of 7150 mA h g~ at 0.1 mA cm ™2 (capacity based on
Fe/Fe;C + carbon mass), a discharge voltage plateau of 2.91 V
and a charge voltage plateau of 3.52 V at 0.1 mA cm 2. The
superior performance of the F-PNG electrode was proposed to
be due to the good catalytic activity of Fe/Fe,;C particles and due
to the 3D porous N-doped graphene facilitating better mass
transport and Li,O, storage.

4.3.9.2 Metal nitrides. Transition metal nitrides have a high
electronic conductivity and good electrochemical activity,
which enable them to be widely used in the electrochemistry
field.****'* They have been demonstrated to be efficient cata-
lysts in replacing noble metals for aqueous ORR in fuel cells.**?
Zhou et al. presented TiN nanoparticles supported on Vulcan
XC-72 carbon as a cathode catalyst for a Li-O, battery.*'® The
as-prepared TiN electrode showed better OER and ORR catalytic
activity in comparison to Vulcan XC-72 carbon. The assembled
battery presented a discharge-charge voltage gap of 1.05 V at
50 mA g~ ' (capacity on carbon mass).

In addition to TiN material, CoN has also been investigated
as a cathode catalyst for Li-O, batteries. Wang et al. performed
the nitridation of Co;0, to improve its electron density and Fermi
energy, which consequently increased the electron-transport
capability of the generated CoN material.*’” The densely packed
Li,O, could be formed on the obtained CoN nanoarrays after
discharge, and Li,O, was decomposed at a low charging voltage
(below 4 V at 100 mA g~ '). This was due to the high electron
conductivity of CoN and the electron migration between the
half-metallic Li,O, nanoparticles (Fig. 59). Simultaneously,
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Fig. 59 (a) TEM images of as-synthesized CoN nanorods and corres-
ponding fast Fourier transform pattern (inset); illustration of two discharge
reaction mechanisms based on an initial oxygen reduction at an active site
followed by solution-phase reactions and growth at a surface nucleation
site of (b) CoN and (c) CoszO4 catalysts; (d) the initial discharge/charge
profiles of cells with CosO,4 and CoN based electrodes; (e) the discharge/
charge profiles of the 1st, 2nd, and 5th cycles of CoN electrodes (the cell
discharge/charge and cycling test were performed within a voltage window
of 2.3-4.3 V at a current density of 100 mA g~3).# Reprinted with permission
from ref. 417. Copyright 2016 American Chemical Society.
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the CoN nanoarrays performed with a better capacity retention
than the Coz;0, electrode within the voltage range 2.3-4.3 V.

4.3.9.3 Metal sulfides and selenides. Metal sulfides and selenides
have been revealed to have efficient and stable activity towards
catalyzing ORR and OER in aqueous media.****'°* Consequently,
attempts to exploit such materials as possible catalysts for Li-O,
batteries have been made by several groups (Table 9).*2°~#2>

Curtiss et al. investigated the catalytic activity of MoS, for
ORR and OER in a Li-O, system with an ionic liquid, namely
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF,), as
the electrolyte solvent.**! In this system, MoS, performed with
a remarkable round-trip efficiency of 85% and good cyclability
to 50 cycles at a fixed capacity of 500 mA h g* (0.1 mA cm 2,
capacity based on MoS, mass). It was also shown that the
coverage of Mo edge by the EMIM" ions tended to form isolated
Mo sites, which prevented O, dissociation and enabled O,
adsorption as determined through DFT calculations. In
addition, EMIM-BF, facilitated the dissolution of O, . The
above-mentioned merits led to the formation of Li,O, via a
solution-mediated mechanism, which facilitated the increase
in cell capacity.

Yu et al. further synthesized 3D MoS, nanosheets decorated
on hydrothermally reduced graphene (3D MoS,/HRG) for better
mass transport.*?® The Li-O, batteries based on this MoS,/HRG
aero-gel cathode showed a high initial discharge capacity up to
6678.4 mA h g~' at a current density of 0.05 mA cm™ 2, and a
good cycling capability with a cut-off capacity of 500 mA h g~*
(capacity based on MoS, + HRG mass) at a current density of
0.1 mA cm™ 2 The good performance was ascribed to the good
catalytic activity of MoS, nanosheets and the unique 3D meso-/
microporous architecture for mass transport.

Except for MoS, materials, Gu et al. developed a binary
core-shell structured CoSe,/CoO nanocomposite as a cathodic
catalyst for a Li-O, cell.*>* The battery with CoSe,/CoO achieved
an enhanced cycle performance in a full-discharge mode (50%
retention of the first discharged capacity after the 30th cycle for
CoSe,/CoO/Super-P, about the 12th cycle for CoO/Super-P and
about the 6th cycle for Super-P). This improvement was ascribed
to the much stronger binding energy of LiO, onto the CoO
surface (—2.7 eV to —13.4 eV based on different crystal lattices)
compared to the corresponding values for carbon materials
(0.1 to 0.3 eV based on pristine and OH-functionalized graphite
sheets). This could prevent the formation of Li,CO; on the
electrode surface. Moreover, the existence of CoSe, affected the
electronic structure of the Co-metal site of CoO, inducing a
superior cell cycling performance compared to that of the pure
CoO catalyst.

The construction of metal sulfide/selenide with a porous
architecture was proposed to further improve the performance
of Li-O, batteries. A 2D Co;S, nanosheet prepared via a simple
hydrothermal process was employed as the cathode catalyst in a
Li-0, battery.**® The nanosheet assembled with the core-shell
structure CozS, nanoparticles had rich mesopores in the plane,
which facilitated mass transport in the Li-O, battery. Consequently,
the battery with the as-prepared cathode exhibited a high reversible
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Table 9 Performance summary of Li—-O, batteries with nitride/carbide-based electrodes and their operating conditions
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capacity of 5917 mA h g~ " at 0.1 mA cm > and could stably be
cycled for over 25 times.

Yuan et al. compared the catalytic activity of flower-like and
rod-like NiS materials for the cathode of Li-O, batteries.*>® The
flower-like NiS catalyst material gave a higher capacity of
6733 mA h g~ " and lower charge voltage of 4.24 V at 75 mA g~ "
and quite stable cycling performance (900 mA h g™, capacity
based on carbon mass) in comparison to the batteries with rod-
like NiS and pure Super-P carbon. This was due to the flower-like
architecture providing more space for storage of the discharge
products and efficient channels for O, diffusion.

4.4 Short summary and perspective for oxygen electrodes

Oxygen electrodes are an essential part of Li-O, batteries, and
provide critical functionality for catalyzing Li,O, formation/
decomposition, mass transport, Li,O, storage and the induced
evolution of Li,O, clusters. Recent efforts have been devoted
to promote the functionality of the oxygen electrode, including
the development of efficient catalysts for catalyzing Li,O,
formation/decomposition, the development of a mesoporous
structure for fast mass transport, surface engineering for the
induced growth of large Li,O, clusters and crystals, and the
development of hierarchical macro-/mesoporous structures for
a large amount of Li,O, storage. Equally important, the stability
of the cathode itself and the cathode towards electrochemically
oxidizing organic electrolytes have been carefully evaluated for
the improved sustainability of Li-O, batteries. All of these are
essential points to consider to improve the performance and
stability of Li-O, batteries.

Carbon materials have shown a number of advantages due
to their high electrical conductivity and easy construction of
various porous structures, which are effective for fast electron
transfer and mass transport. In particular, hierarchical meso-/
macrostructured carbon electrodes have demonstrated excel-
lent ability for mass transport and Li,O, storage. Strategies to
improve the graphitization degree of carbon and heteroatom-
doping are proposed to increase their stability further and
improve their catalytic activity for Li,O, formation and decom-
position. However, the low catalytic activity of carbon and
its easy oxidation at high charge potentials seriously limit
the performance and stability of Li-O, cells based on carbon
electrodes.

Numerous works have been focused on the development of
precious metal catalysts to increase their catalytic activity
towards Li,O, formation/decomposition. Some of these even
enable the Li-O, battery to operate below 3.5 V at a confined
charge capacity. Another advantage for some precious metal
catalysts is that they can function as the substrate to induce
Li,O, particles with a larger size. For example, a RuO, monolayer
and Li,0,(0001) surface show a similar lattice structure, which
induces the formation of exposed crystalline Li,O, with a con-
ductive (0001) surface during discharge. The Ag;s cluster catalyst
has shown the ability to induce the growth of toroid Li,O, in a high
quantity, while Ir;Li can induce the nucleation and growth of
crystalline LiO,. These properties of specific precious metal cata-
lysts make them applicable in high-performance Li-O, batteries.
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One of the challenges for precious metal catalysts, though,
is their oxidation activity towards organic electrolytes, which
deteriorates the cyclability of Li-O, batteries. For example,
Peng’s group found that noble metal catalysts were the most
effective at reducing the charge overpotential but they accelerated
the decomposition of the electrolyte.**® Furthermore, the cost and
scarcity of precious metals may be an obstacle for their application
and broader use in Li-O, batteries.

Non-precious metal catalysts, such as metal oxides/nitrides/
carbides, provide the chance for the construction of cost-effective
oxygen electrodes. They have shown good activity towards cata-
lysing Li,O, formation/decomposition. Furthermore, carbon-free
cathodes with non-precious metal catalysts do not suffer the fatal
drawback of carbon corrosion, and further they can improve the
cycle stability of Li-O, batteries. Several types of metal oxides,
such as MnO,, CoO, and MnCoO,, have also shown the capability
to induce the growth of large Li,O, clusters by surface engineer-
ing. For instance, the §-MnO,/carbon-based electrode exhibits
micron-sized aggregations assembled with nanorod-like Li,O, on
the electrode surface. This indicates that -MnO, promotes the
transport of superoxide species during the ORR process, while
the carbon defect sites act as the primary nucleation sites for the
growth of Li,O, in the §-MnO,/KB electrode.** However, the use
of this type of cathode material comes at the cost of sacrificing
capacity and energy density due to their high mass densities. The
construction of non-precious-metal-catalyst electrodes with high
porosity and low mass density may be a good strategy to increase
the active site density and to open up intrinsic pore channels for
efficiently catalyzing Li,O, formation and decomposition, fast
mass transport, and to facilitate a large space for Li,O, storage,
which are all useful aspects for the construction of a high-
performance and stable Li-O, battery.

Except for non-precious metal oxides, metal carbides/nitrides/
sulfides have also demonstrated good catalytic activity for discharge/
charge reactions. Some of them have shown better catalytic
activity compared with metal oxides, possibly ascribed to their
good electrical conductivity in bulk. Specific metal carbides/
sulfides/nitrides, such as Mo,C, MoS and CoN, have shown
unique properties for effectively catalyzing Li,O, formation/
decomposition, resulting in low charge potentials and a high
cell capacity for Li-O, batteries. In particular, the Mo,C/CNT-
based cathode has shown a charge potential lower than 3.5 V
for at least 30 cycles.”’® Although possible reasons for their
advanced properties have been proposed, it is still hard to fully
understand their ultralow charge potentials. If the mechanism
is clarified, it may provide a good chance to obtain an excellent
cathode for high-performance Li-O, batteries.

Although various advanced materials and structures have
been built to enhance the performance and cyclability of the
cathode in Li-O, batteries, most of the research to date has
paid the most attention to the cell parameters at small current
rates (<1 A g ', current density on total cathode material
amount). As discussed in Section 2.2.2.2, the discharge/charge
current rates have a strong impact on the mass transport rate,
resulting in different product morphology, overpotential, capacity,
rate capability, cyclability, as well as the conversion efficiency.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/C8CS00009C

Published on 26 March 2018. Downloaded by Changchun Institute of Applied Chemistry, CAS on 23/04/2018 14:39:57.

Chem Soc Rev

As one of the main high-capacity battery candidates, more
efforts should be paid to investigate the effects of current rates
on the cell performance from the viewpoint of high power-
density energy conversion devices.

5. Electrolyte

The current state for developing advanced non-aqueous electro-
lytes is concentrated on screening stable aprotic solvents and
functional additives for achieving high-performance and stable
Li-O, batteries.*>***° There are three steps for Li,O, formation
recognized in the discharge process: the first step is the oxygen
reduction reaction based on going from O, to the O,  inter-
mediate (formula (1)), followed by the formation of a solvated
Li*-0," ionic pair ((Li'-0,)se) and/or adsorbed LiO, intermedi-
ates (LiO,*) in the second step (formula (2)), and finally in step 3,
(Li'-0, 7 )so1 and LiO,* are finally converted to Li,O, (formula (3'))
or LiO,* combines with Li" and electrons to generate Li,O,. In
the charge step, Li,O, is possibly oxidized to Li* and O, directly
(formula (4)).

20, + 2e - 20,~ (1)

2Li" + 20,7 - 2(Li™-0, )so1 < 2Li0,* (2)
2(Li"-0,7) > 2Li0y* — Li0, + O, (3
LiO,* + Li* + e — Li,0, (31

Li,0, — 2Li" +2e + O, (4)

With regard to the above-mentioned mechanism, the electro-
lytes are essential in four functions: (1) for transport of Li" ions
between the Li-anode and oxygen-electrode (Fig. 60a);**” (2) for
the dissolution and transport of O, molecules for the formation
of Li,0, product (Fig. 60b);**® (3) they act as the medium
for stabilizing Li'-O,” intermediates, which is beneficial for
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Fig. 60 The functionality of the electrolyte for Li,O, formation and
decomposition: (a) promotion of Li* transport efficiency; (b) promotion of
O, transport efficiency; (c) stabilization of the intermediates; (d) enhance-
ment of Li,O, decomposition.
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developing large Li,O, clusters (Fig. 60c);> (4) for Li,O, decom-
position (Fig. 60d). To meet these functions, the corresponding
characteristics of solvents and additives, such as water absorb-
ability, volatile rate, viscosity, polarity, ionic conductivity, solu-
bility, and the diffusion rate of oxygen and Li*, and the chemical
and electrochemical stability of non-aqueous electrolytes need to
be evaluated.**

5.1 Stability and Li* transport efficiency of electrolyte solvents

The first function of the electrolyte is Li* transport between the
Li-anode and air-cathode, which is mainly controlled by the
polarity and viscosity of the electrolyte. In order to achieve a
high rate and stable transport of Li" ions in the electrolyte, three
points related to the organic solvents should be considered:
(1) the solvent should have a good solubility for lithium-salt, so
that Li" can be transported with high efficiency; (2) the solvent
should be compatible with the Li-anode, which can inhibit the
side reactions; (3) the solvent should be inert to nucleophilic
attack by superoxide species, which avoids degradation within
the working potential range.'>*3°

In this part, we discuss the present advances made in the
efforts to search for solvents with good solubility and a fast
transport rate of Li*. Since these properties are mainly controlled
by the phase state of solvents, the discussion will be divided into
three parts: (1) liquid electrolytes with organic solvents, such as
carbonate, acrylamide, sulfoxide, ether and pyrrolidinone;>>***3!
(2) quasi-solid electrolytes with ionic liquids and/or polymer
gels;*** (3) solid-state electrolytes with polymers, inorganic
ceramics and/or molten salts.****3* In addition, the electro-
chemical stability and decomposition mechanism of organic
solvents initiated by superoxide species will be clarified where
possible.

5.1.1 Carbonate-based electrolytes. Organic carbonates,
such as ethylene carbonate (EC), propylene carbonate (PC),
dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC),
are widely used as electrolyte solvents for lithium-ion batteries
due to their good capability for Li* transport.***"**® Accordingly,
these carbonates have been studied as solvents for Li-O,
batteries too.** The first aprotic Li-O, battery with EC and PC
as electrolyte solvents was pioneered by Abraham and Jiang in
1996, following which carbonates were widely studied.

Laino T. et al. investigated the reactivity of lithium peroxide
versus PC, and found that Li,O, irreversibly decomposed
carbonate solvents, leading to the generation of alkyl carbonates.
They also found that a crystalline surface of Li,O, exhibited an
enhanced reactivity compared to that of a carbonate solvent.*
Careful investigation of the discharge products in PC electrolyte
was done by Curtiss L. A. and Amine K. et al.*** They demonstrated
that the discharge products were Li,CO; and lithium oxide. The
decomposition of Li,CO; took place at a higher potential than
Li,O0,, which could be responsible for the observed high over-
potentials when using a PC-based electrolyte. Due to their serious
instability and the resulting cell deterioration, carbonate-based
Li-O, batteries are rarely investigated now.

5.1.2 Sulfoxide-based electrolytes. Due to the instability of
carbonate-based electrolytes, much effort has been devoted to
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Fig. 61 (a) Discharge voltage plateau, (b) rate capacity of Li-O, batteries
with KB carbon cathodes and DMSO, TEGDME and PC-based electrolytes
at different current densities; (c) discharge curves of Li-O, batteries with
DMSO based electrolyte at different current densities; (d) cyclic voltage
and capacity versus cycle number by controlling the current density at
0.1 mA cm 243! Reprinted with permission from ref. 431. Copyright 2012
Royal Society of Chemistry.

the adoption of alternative novel electrolytes for aprotic Li-O,
batteries. Sulfoxides have a high Lewis basicity and donor
number (29.8), which is one type of good medium for aprotic
Li-0, batteries.>>**"*497%42 Zhang et al. used dimethyl sulfoxide
(DMSO) as an electrolyte solvent in a rechargeable Li-O, battery
with LiTFSI salt. The battery exhibited high capacities of
7200 and 3900 mA h g~ " at 0.1 and 0.3 mA cm ™, respectively,
indicating a good rate capability (Fig. 61). By restricting the
discharge depth to 1000 mA h g~ " at 0.1 mA cm ™2, such a Li-O,
battery showed a stable performance of 10 cycles, which con-
firmed the good feasibility and efficiency of DMSO for Li-O,
batteries.**' The same group reported tetramethylene sulfone
as the electrolyte solvent for Li-O, batteries, which showed a
discharge voltage plateau of 2.7 V. This was slightly lower than
that of DMSO-based batteries. The specific discharge and charge
capacity were 7735 and 6305 mA h g~" at a current density of
0.1 mA cm™ 2, respectively, which were comparable to those of
DMSO-based devices.**

The decomposition mechanism of DMSO-based electrolyte
was investigated by Baltruschat’s group.*** By using DEMS and
an electrochemical quartz crystal microbalance technique, the
evolved quantities of CO, were found to be linearly dependent
on the quantities of O, reduced in the cathodic sweep. The
superoxide species was formed in the discharge reaction, which
was then the active species for the decomposition of DMSO.
Moreover, Wittstock et al. investigated the generation of super-
oxides and peroxides species in DMSO-based electrolyte during
discharge and charge reactions. Here, 4-chloro-7-nitrobenzo-2-
oxa-1,3-diazole (NBD-CI) was used as a florescence probe to
detect the soluble O,*~ intermediate.**® They found that 0,*~
intermediates could be observed in both charge/discharge
processes, resulting in decomposition of the solvent and electro-
lyte additives, as well the loss of cell capacity.**® Furthermore,
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DMSO could react with Li-metal anode chemically. Consequently,
the ultimate application of DMSO solvent should be carefully
evaluated in Li-O, batteries.®

5.1.3 Amide-based electrolytes. Amides are one of key polar
solvents that can resist chemical degradation at the O, electrode.
Bruce et al. reported that DMF solvent was more stable than
organic carbonates towards attack by O,*”. They showed that
Li,O, was generated in a relatively high purity condition with an
N,N-dimethylformamide (DMF)-based electrolyte in the first
discharge, and was then completely removed on the subsequent
charge.”® However, their results also showed that the degree
of side reactions increased upon cycling together with the
accumulation of Li,CO3;, HCO,Li and CH,CO,Li at the cathode.
The generated LiO, and O,*~ species attacked the CO group of
the amide, yielding a tetrahedral intermediate. The subsequent
reactions generate a series of by-products, such as Li,O,,
Li,CO;, CH,CO,Li, HCO,Li, CO,, H,0 and NO, which were
proved by PXRD patterns, FT-IR, HNMR and DEMS (Fig. 62)
measurements.

Other types of amides, for example N,N-dimethylacetamide
(DMA) and dimethylpyrrolidine (NMP), do not have CO groups
in their chains,>**” which might mean they have good stability
in the operation of a Li-O, battery.”®**® Consequently, Walker
et al. investigated DMA as a solvent for a Li-O, cell without any
protective membrane for the Li-anode. They found that the
reaction between Li and DMA generated soluble species that were
electrochemically active above 3.4 V. In order to prevent this side
reaction, a SEI layer was produced by cycling the Li-electrode in
LiNO;/DMA electrolyte, and the overpotential and capacity of cell
were found to remain mostly unchanged in the charge and
discharge profile in the first 1000 h of operation. The stability
of this battery system might be attributed to the inertness of the
amide core towards Li-metal, and also because the protective SEI
film could form and inhibit the side reactions.*®

Tokur also tried to use a hybrid of PVdF, polyethylene
oxide and aluminium oxide with NMP as a hybrid electrolyte
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Fig. 62 (a) Proposed mechanism for the discharge reactions in a Li-O,
battery; (b) FT-IR spectra of Super-P carbon/PTFE composite electrodes
cycled in 0.1 M LiClO4/DMF electrolyte at a current density of 70 mA gca,bon’l
(spectra in red correspond to the pristine electrode and electrodes at the end
of charge after the indicated number of cycles).?®> Reprinted with permission
from ref. 25. Copyright 2012 American Chemical Society.
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for a Li-O, battery. A small amount of polymer and ceramic
were selected as the additives to prevent clogging of the porous
structure of the cathode. With the composite electrolyte, the
Li-O, battery was capable of operating over 35 cycles with a
capacity of 2.54 mA h and a Coulombic efficiency close to
100%. In particular, the addition of Al,O; nanoparticles into
the polymer-supported NMP electrolyte contributed good ionic
conductivity and cycling stability to the cell, and hence were
was used as a promoter for stabilizing the cell performance.**®
Wang et al. used a hybrid of NMP, TBA'ClO,~ and LiClO, as the
electrolyte of a Li-O, battery. The battery exhibited a first cycle
efficiency of approximately 97%, demonstrating their potential
use in Li-O, batteries. They also observed that the decomposi-
tion of NMP occurred on the air electrode during the recharging
process. When the cell was cycled between 2.0 V and 4.1 V five
times, both the capacity and efficiency decreased to approxi-
mately 70% and 10%, respectively.**’

Kim and Kang et al. used an in situ DEMS technique to
compare the stability of DMA and TEGDME-based electrolytes
by detecting the gas products upon Li-O, battery operation.
The quantitative DEMS data clearly showed that the energy
efficiency of the TEGDME-based cell was lower than 71.0%, the
oxygen reduction efficiency at discharge was lower than 92%
and the carbon dioxide rate was just higher than 6% during five
cycles. However, DMA exhibited a 19% greater oxygen efficiency
at charge, 5.1% lower CO, generation and 5% higher energy
efficiency than TEGDME during the first cycles. These results
indicated that DMA might be a more desirable solvent for Li-O,
batteries.*® Although the cycling ability of Li-O, batteries based on
an amide electrolyte was good, the stability of amide solvents
towards superoxide attack and the degradation mechanism should
be clarified to develop a stable amide-based Li-O, battery.

5.1.4 Ether-based electrolytes. Ether-based solvents have
the advantages of a good solubility for Li* and O, and chemical
inertia to attack by superoxide species, which is why they have
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been broadly studied as an electrolyte component in Li-O,
batteries.***** Lots of ethers, such as TEGDME, DME, 1,3-dioxolane
and 2-methyltetrahydorofuran, have been reported as electrolyte
solvents.***> These have been shown to be capable of operating
with a Li-metal anode and to be stable to oxidation potentials in
excess of 4.5 Vvs. Li/Li". In the case of higher molecular weight
solvents, such as TEGDME, they have low volatility (boiling
point: 275-276 °C).

Sun and Scrosati reported that a TEGDME-based electrolyte
with LiCF;SO; salt in a Li-O, battery showed a relatively stable
operation for 50 and 30 cycles at a capacity of 3000 mA h ge.pon
and 4000 mA h g..on ', respectively (Fig. 63). Equally impor-
tantly, the cell could be operated under capacity levels as high
as 5000 mA h gcarbon’l with an average discharge voltage of
2.7 V, leading to a very high energy density of 13500 W h g~ *.*
Bruce P. G. et al. investigated the stability of ether-based
electrolytes with LiPF¢ as the lithium-salt in a Li-O, battery. They
found that Li,O, was formed on the first discharge, accom-
panied by ether decomposition, to give a mixture of Li,COj3,
HCO,Li, organic lithium-salt, polyethers/esters, CO, and H,O
(Fig. 64).%°

The possible mechanism for the degradation of ether
initiated by the superoxide species was provided by Freunberger
et al. they proposed that the degradation reaction began with
hydrogen abstraction from the B-methylene carbon by super-
oxide or other strong bases, such as Li, ,O, and then sub-
sequent reactions led to the generation of lithium- and alkyl
carbonates.?® Curtiss and Amine et al. tried to investigate the
mechanism for proton or hydrogen abstraction from the terminal
a-methyl carbon. Tri(ethylene glycol)-substituted trimethylsilane,
dubbed 1NM3, was synthesized as the probe solvent to check the
mechanism.**® An increased stability of the 1NM3-based electro-
lyte was observed, although only one of the glycol termini was
protected, indicating that the B-hydrogen of the ether might be
the site attacked by the superoxide species.
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Fig. 63 SEM images of an oxygen electrode: (a) before discharge, (b) in the discharge state and (c) in the reverse charged state of a Li-O, cell with
TEGDME-LiCF3SOs electrolyte; (d) TEM images of an oxygen electrode with Li,O, toroid in the discharge state with TEGDME-LICF3SOs electrolyte; the
discharge—charge curves of cells using TEGDME-LiCF3SOs electrolyte and a plain carbon electrode (e) at a current density of 1 A g~ and a charge voltage
limit of 4.4 V; () cycling response of a lithium/TEGDME-LICFsSOs/O, battery with the voltage profiles of 30 cycles at a capacity limit of 5000 MA h Gearpon
under a current density of 500 MA gearmon -+ Reprinted with permission from ref. 4. Copyright 2012 Nature Publishing Group.
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Fig. 64 (a) Proposed mechanism for the discharge reactions and the
possible degradation mechanism of ethers initiated by superoxide species
ina 1M LiPFe/TEGDME-based Li—O, battery. (b) FT-IR spectra of a Super-P/
Kynar cathode cycled in 1 M LiPFg/TEGDME under 1 atm O, between 2 and
4.6 V versus Li/Li* (the reference spectra for Li,O, (small peaks are due to
impurities at 1080, 1450, and 1620 cm™), Li,CO3, HCO,Li and CH3CO,Li, as
well as for the pristine electrode (i.e. before cycling), are shown; the peaks in
the pristine electrode arise from the Kynar binder).2° Reprinted with permis-
sion from ref. 29. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA.

Also, 2,3-dimethyl-2,3-dimethoxybutane (DMDMB), where all
of the B-hydrogen on carbon was substituted by methyl groups,
was synthesized by Nazar L. F., while possible hydrogen abstrac-
tion was eliminated (Fig. 65). The electrolyte composed of
DMDMB and LiTFSI salt formed a stable [[DMDMB),Li|TFSI
complex, which inhibited the formation of lithium formate,
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Fig. 65 (a) Proposed initial hydrogen abstraction step of glymes by super-
oxide during cell discharge and the structures of 1,2-dimethoxyethane
(DME) and 2,3-dimethyl-2,3-dimethyoxybutane (DMDMB); (b) The discharge—
charge curve of the 10th cycle for the [([DMDMB),LITFSI and [(DME),Li|TFSI
electrolytes at a current density of 50 uA cm™2; (c) the overall voltage vs.
time plots of Li—-O, batteries with DME (black) and DMDMB (blue) electro-
lytes at 50 pA cm 2 using Li-metal anode and TiC cathode (a capacity cut-
off of 0.2 mA h (4 h discharge or charge maximum), was applied, along with
a lower voltage limit of 1.75 V and upper voltage limits of 4.2 V (DMDMB)
and 4.65 V (DME)); (d) comparison of the 2CO, evolution from DME
(blue triangles) and DMDMB (teal circles) electrolytes by differential electro-
chemical mass spectrometry during galvanostatic charge at 0.25 mA of
13C cathode (the cells were firstly discharged to 1 mA h in O, at 0.25 mA).>*
Reprinted with permission from ref. 31. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.
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dimethyl oxalate and lithium carbonate in the discharge process.
Consequently, no CO, was evolved even with a charge potential
over 4.0 V, which was clarified by DEMS technique. Compared to
DME-based electrolytes, much less decomposition product was
deposited on the electrode surface. After the cell with the TiC
cathode was cycled for over 300 h, only a little change in over-
potential was observed.*"

The concept for removing the B-hydrogen from the ether
molecular chain was confirmed by Aurbach et al., who synthesized
2,4-dimethoxy-2,4-dimethylpentan-3-one as a solvent to resist nucleo-
philic attack and hydrogen abstraction by superoxide species. With a
discharge cell capacity close to 7 mA h, they found that only a
negligible amount of solvent was degraded after prolonged cycling of
their Li-O, battery. This confirmed that a solvent without -protons
on the carbon should have a high resistance to reactive species in
comparison to the common ether solvents.*>

5.1.5 Quasi-solid-state and solid-state electrolytes. A Li-O,
battery with a liquid electrolyte presents a number of technical
challenges, in particular associated with: (1) solvent evapora-
tion; (2) the ingress of penetrating gas (such as CO,, H,0, O,)
crossover from the cathode; (3) safety issues and side reactions
initiated by Li dendrite and electrolyte components. Quasi-solid-
state and solid-state electrolytes might provide an effective
method to address these issues.***™**® Moreover, quasi-solid-
state and solid-state electrolytes can offer additional benefits in
scalability and processability for Li-O, batteries, as proven with
their application in lithium-ion batteries.*>*

5.1.5.1 Ionic-liquid-based quasi-solid-state electrolytes. Ionic
liquids show several advantages over traditional aprotic solvents,
such as negligible vapour pressure, high ionic conductivity, non-
flammability and a large and stable potential window."”” The
general cations of ionic liquids are imidazolium, pyridinium,
quaternary-ammonium and quaternary-phosphonium ions,
while the anions are halide, tetrafluoroborate and hexafluoro-
phosphate ions."** The characteristics of ionic liquids can be
tuned due to the diversity of anions and cations, which provide
the opportunity to screen a stable and efficient quasi-solid-state
electrolyte for Li-O, batteries.

Kuboki et al. were the first to use an ionic liquid, 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide (EMITFSI),
as the electrolyte solvent for a Li-O, battery. In their study,
EMITFSI had a high conductivity and hydrophobic property,
while the assembled cell showed a high discharge capacity of
5360 mA h g~ . The battery could work for 56 days in ambient air,
and no negative effect of the discharge behaviour was observed
with a change of humidity.*® As it has a similar chemical
structure to EMITFSI, 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)amide (BMITFSI) was also tested as an electrolyte
solvent for a Li-O, battery. The operation of the cell could reach
75 days for 10 cycles without the overpotential changing in the
discharge/charge process.**®

Zhou and Watanabe’s groups recognized that TFSI -anion-
based ionic liquids, for example 1-methyl-3-propyl-imidazolium
bis(trifluoromethylsulfonyl)Jamide (MPITFSI) and trihexyl-
tetradecylphosphonium  bis(trifluoromethanesulfonyl)amide,
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Fig. 66 (a) Initial 3 cycles of the discharge—charge profiles for a TEGDME-
based Li-O, battery at a room-humility (RH) of <5% at 500 mA g%
(b) discharge—charge profiles of MPITFSI-based Li-O, batteries in an O,
atmosphere with various RHs at 500 mA g~%; (c) discharge—charge profiles
of the selected cycles at 1000 mA g~* with a RH of 51%; (d) initial
discharge—charge profiles of Li—-O, batteries in a dry O, atmosphere and
in a humid O, atmosphere with a RH of 51% at 250 mA g~ ! (the cell
configuration in (a, b, c) was (EMD/RuQO,/SP)/electrolyte/LiFePOy, and the
cell configuration in (d) was (EMD/RuO,/SP)/electrolyte/LISICON-membrane/
electrolyte/Li; EMD: electrolytic manganese oxide).*® Reprinted with permis-
sion from ref. 49. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

might have suitable hydrophobic properties due to their
enriched F-atoms, which should make them applicable in an O,
atmosphere with high humidity for use in Li-O, batteries.****
Their Li-O, battery with a MnO,/RuO,/carbon cathode and
MPITFSI-electrolyte demonstrated a high discharge potential of
2.94 V and a low charge potential of 3.34 V. Such a cell system
could be consecutively discharged and charged for 218 cycles at
500 mA g~ and for 95 cycles at 1000 mA g~ ', thus showing its
superior rechargeability and rate capability. More importantly,
the cell could be operated at a room humidity of over 50% in an
0O, atmosphere, which opened up the reality of a Li-O, battery
operating as a practical Li-air battery (Fig. 66).*°

Except for an independent solvent, an ionic liquid could be
used as an additive in a liquid solvent to improve the cyclability
of Li-O, batteries. Park et al. used a hybrid of N-propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyr, ;-
TFSI) and PC as co-solvents for the electrolyte of a Li-O, battery.
The bulky Pyr,;" cation had a soft acidity, which could neutralize
the soft base O,° . The attack of superoxide radicals on PC could
then be alleviated by the existence of Pyry;" cations. The tested
cell with a 1:1 ratio of PC and Pyr,;-TFSI electrolyte retained
94.6% of its initial capacity after 70 cycles, which was in contrast
to the results of a cell with pure PC, which showed a 75% loss of
capacity after 70 cycles.*® Scrosati B. et al. also reported a hybrid
solvent by mixing N-methyl-N-butyl-pyrrolidinium bis(trifluoro-
methane sulfonyl)imide (Pyr;,-TFSI) and TEGDME (mole ratio,
1:1) for the electrolyte of a Li-O, battery. The presence of Pyr,,-
TFSI in the electrolyte decreased the overpotentials of the charge
reaction, due to their effect of increasing the kinetics and
promoting the reversibility of OER.*®!

A series of ester-functioned ionic liquids were tested as addi-
tives to a TEGDME electrolyte for a Li-O, battery.*®> One of the
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pyrrolidinium-cation-based ionic liquids, namely ethyl-N-methyl-
pyrrolidinium-N-acetate bis(trifluoromethanesulfonyl)imide,
exhibited a lower viscosity, higher ionic conductivity and good
stability over a wide potential window than those of imid-
azolium, piperidinium and morpholinium-cation-based ionic
liquids. The mixed electrolytes also showed better capacity and
decreased overpotentials compared to a pure TEGDME-based
electrolyte, which was due to their enhanced ionic conductivity
and inhibited degradation of TEGDME.***

5.1.5.2 Gel-polymer based quasi-solid-state electrolytes. Gel-
polymer electrolytes are composed of a polymer matrix swollen
with a liquid electrolyte that can provide ionic conductivity
close to that of a liquid electrolyte, while at the same time
eliminating the problem of potential electrolyte leakage in
Li-O, batteries. Furthermore, gel-polymer electrolytes can effi-
ciently restrain oxygen diffusion to the Li-anode and electrolyte
evaporation.**>*®® These advantages ensure gel-polymer electro-
Iytes have a promising future for stable and high-performance
Li-O, batteries.

Abraham reported the first demonstration of a quasi-solid-
state Li-O, battery with a polyacrylonitrile (PAN)-based gel-
electrolyte, which contained a mixture of PAN, EC, PC and
LiPF, (weight percent, 12:40:40:8). The cells showed specific
energies between 250 and 350 W h kg~ ".°* The same author
replaced PAN by PVdF-HFP by plasticizing the copolymer with
a solution of LiSO;CF; (LiN(SO,CF;), or LiPFg) in oligomeric
poly(ethylene glycol) dimethyl ether (PEGDME). A capacity of
1262 mA h geamon - Was achieved at the voltage cut-off of 2.0 V,
similar to that of the cell using a PAN polymer-based gel-
electrolyte.®*

Yahya synthesized a gel-polymer electrolyte composed of
50% epoxidised natural rubber polymer, a liquid carbonate
plasticizer and 35% LiCF;SO; salt. The ionic conductivity of the
gel-polymer electrolyte with 10% PC achieved 4.92 x 10" * S cm ™!
at room temperature, which is even better than that of electrolytes
with a high content of PC. The capacity and power density of a
cell with a PC plasticized gel-polymer delivered 62 mA h and
29.7 W h kg™ ', respectively.*®® However, carbonate solvents are
known to be easily decomposed at high charge potentials, and
the cell stability is therefore quite low.

Ether-type solvents were proved to have a better stability
than those of carbonates in Li-O, batteries, which might make
them more suitable for the preparation of stable gel-polymer
electrolytes. Liao et al. reported a gel-electrolyte composed of
PVAF-HFP, cellulose acetate, TEGDME and LiTFSI. The assembled
Li-O, battery could be charged and discharged continuously
between 2.0 and 4.5 V (vs. Li/Li") for 530 h (about 11 cycles).
When a confined capacity of 500 mA h g~ * at a current density
of 0.05 mA cm > was employed in the cycling tests, the battery
maintained 40 stable cycles. In contrast, the liquid electrolyte
battery exhibited a continuous discharge voltage decay and
lasted for only 30 cycles.>® A similar electrolyte component for
Li-O, batteries was also reported by Zhang and Wang et al.,
where the tested cell showed a relatively stable 50 cycles at a

limited capacity of 500 mA h g~ *.%¢®

Chem. Soc. Rev., 2018, 47, 2921-3004 | 2975


http://dx.doi.org/10.1039/C8CS00009C

Published on 26 March 2018. Downloaded by Changchun Institute of Applied Chemistry, CAS on 23/04/2018 14:39:57.

Review Article

Except for ether-type solvents, ionic liquids have also been
used as the components to form gel-polymer electrolytes due
to their good stability. Lee et al. reported a gel-polymer-based
electrolyte, which contained N-methyl-N-butyl-pyrrolidinium
bis(trifluoromethanesulfonyl) imide (Pyr,,-TFSI), PVdF-HFP
and LiTFSL*®” The cell capacity value was equivalent to
2525 mA h g~ " at a current density of 228 mA g, and the cell
could be cycled for at least 30 cycles with a capacity of 10 mA h.
The primary results indicated that ionic liquids might be a
good choice for the gel-polymer electrolyte of Li-O, batteries. A
similar gel-polymer electrolyte for a lithium-ion oxygen battery
was also demonstrated by Hassoun et al., in which PVdF-HFP
was substituted by poly(ethylene glycol)500-dimethylether
(PEG500DME). When the Li-metal was substituted by a Li-Sn-C
anode, the battery with a PEG500DME-based electrolyte could be
operated for 15 stable cycles at a limited capacity of 100 mA h g~ *.*%

Although the above-mentioned gel-polymer electrolyte showed
an enhanced cycling performance compared to that of liquid
electrolytes, the presently used liquid solvents, such as carbon-
ates, ethers or ionic liquids, can still possibly decompose during
battery operation. With this in mind, more stable liquid solvents
and plasticizers should be developed for ensuring a stable output
of quasi-solid-state Li-O, batteries.

5.1.5.3 Polymer-based solid-state electrolytes. Solid-state poly-
mer electrolytes do not contain organic solvents, so using such
electrolytes in the assembled Li-O, battery may provide a
feasible solution to the safety issues and allow flexible proces-
sability compared to batteries with liquid electrolytes.***** The
solid-state polymer electrolytes are generally prepared by dis-
persing lithium salts into a polymer matrix, such as poly-
acrylonitrile (PAN), poly(carbonate-ether), poly(ethylene oxide)
(PEO)"° or PVAF-HFP.*”® PEO has been known as a solid-state
Li" conductor for more than 30 years, and researchers have
made great efforts to increase the ionic conductivity, reduce the
operation temperature and improve the mechanical stability of
PEO-based electrolytes."”*

Scrosati proposed a solid-state electrolyte with PEO, ZrO,
and LiCF;SO; for a Li-O, battery without any cathode catalyst.
The overpotential gap of the assembled cell was about 400 mV,
which was much lower than that of liquid-electrolyte-based
Li-O, batteries. However, the cell power density was relatively
low, and the battery failed to reach current densities higher
than 20 pA cm™>. This could possibly be ascribed to the low ionic
conductivity of PEO-based electrolytes at room temperature.'*
Ein-Eli et al. fabricated a similar solid polymer electrolyte for a
Li-0, battery, which could work at 80 °C.** The PEO-based Li-O,
cell showed a higher cell discharge voltage by 80 mV and
a charge voltage lower by 400 mV in comparison to that of
the cell with an ethylene-glycol-dimethyl-ether-based liquid
electrolyte at 80 °C. When the cell was discharged at a current
density of 0.1 mA ecm™?, the specific discharge capacity was
1481 mA h gcarpon - Also, the polymeric cell was stable after
40 cycles at a current density of 0.2 mA cm™>. By combining
insights from the electrochemical studies and other character-
ization techniques, the decomposition products were confirmed
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to be a mixture of lower-molecular-weight PEO, esters, formates,
oxymethylene, methyl methanoate and water.

Except for PEO, polycarbonate was also investigated as an
electrolyte candidate for the preparation of solid-state Li-O,
batteries. Wang et al. prepared a low-molecular weight poly-
(carbonate-ether)-based electrolyte with LiBF, salt in a Li-O, battery,
which demonstrated a high ionic conductivity (1.57 mS em™") due
to the relatively low glass transition temperature of the polymer. The
obtained cell capacity (at 0.1 mA em™>, about 2200 mA h g™ ")
was comparable to that of the TEGDME/LiBF, liquid electrolyte
(at 0.1 mA cm™?, about 2600 mA h g~ *).**”

5.1.5.4 Inorganic-ceramic-based solid-state electrolyte. Inorganic
ceramic materials have a relatively high Li" conductivity compared
to solid polymer electrolytes, which allows them to be used as
both an electrolyte and membrane for conducting Li" and
blocking O, permeation to the Li-anode in Li-O, batteries.***
Compared to those of pure polymeric solid-state electrolytes,
there is no degradation process between the interface of the O,
electrode and the ceramic electrolyte. The above merits make
these good candidates for solid-state Li-O, batteries.

Kumar and Abraham et al. first suggested the use of an
inorganic ceramic conductor for an all-solid-state Li-O, battery
with PEO polymer film as the separator, which could be used in
a temperature range from 45 °C to 105 °C. The glass ceramic
membrane electrolyte was constructed by Li,O, Al,03, GeO, and
P,05 composite oxides. The cell was discharged and charged for
40 cycles at 75 °C and 85 °C with current densities of 0.1 mA cm™>
and 0.05 mA cm 2, thus showing good thermal stability and
rechargeability.*”?

Zhou et al. further used a Li, _,Al(TiGe),_,Si,P;-yO,, ceramic
electrolyte to improve the performance of the solid-state Li-O,
battery (Fig. 67). The Li;_,Al(TiGe),_,Si,P;-yO;, had a high ionic
conductivity and thermal stability, while the assembled cell
showed a capacity of 300 mA h g~ in subsequent discharge-
charge cycles at a current density of 10 mA g~ . Unfortunately, a
poor cycling ability of the cell was observed. The low cycling
capacity could be ascribed to the deterioration of the CNT cathode,
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Fig. 67 (a) Schematic diagram of a solid-state lithium—air battery using a
Li-anode, polymer electrolyte (PE) film, inorganic ceramic electrolyte (CE)
sheet and air electrode composed of CNT and solid—electrolyte particles;
(b) charge—discharge curves of the solid-state Li/PE/CE/CNT cell with a
weight ratio x of 5 (x is the weight ratio of CE and CNT particles on the air
cathode; black, red and blue lines represent the 1st, 2nd and 3rd cycles,
respectively).*®® Reprinted with permission from ref. 469. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 68 (a) Schematic illustration of the proposed Li—air cell with LiTFSI-
modified crosslinked network gel (CNG) cathode; (b) discharge—charge
performance and XRD analysis of Li—air batteries without LiTFSI-modified
CNG; (c) discharge—charge curves and (d) cycling profiles of Li—air cell
with LiTFSI-modified CNG under a fixed capacity of 1000 mA h gSWN{l for
100 cycles for 100 cycles.® Reprinted with permission from ref. 8. Copyright
2013 Nature Publishing Group.

coarsening of the discharge products (ie. LiOH, Li,O; or
Li,CO;) or irreversible deposition of the large amount of dis-
charge products.*®® Further improvements in this cell should
be done to achieve a stable air cathode and to decrease the
interface resistance between the electrolyte and electrode. The
same author further constructed a Li-O, battery by using these
ceramic electrolytes and a cross-linked network gel (GNG) air
cathode, which consisted of single-walled CNTs and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Fig. 68).
The CNG electrode had superior 3D tri-continuous passages of
electrons, ions and oxygen, which enabled the three-phase cathodic
reaction to occur independent of liquid electrolyte permeation.
The discharge and charge capacity reached 56 800 mA h g ' and
53900 mA h g~ (capacity based on CNT mass), respectively,
with a Coulombic efficiency of 95%. More important, the cell
sustained the repeated cycling for 100 cycles with a limited
discharge capacity of 2000 mA h g~ *.®

Park et al. reported a bilayer lithium phosphorous oxynitride/
aluminium-substituted lithium lanthanum titanate solid-
electrolyte for a Li-O, battery. Due to the high ionic conductivity
of 2.25 x 107* S em™ " and good stability of the electrolyte in the
tested electrochemical window, the cell exhibited excellent charge-
discharge cycling stability with a long-life span of 128 cycles at a
limited capacity of 1000 mA h g~'. However, it should be noted
that 5 puL of organic electrolyte was used between the Li-anode
and solid-electrolyte to decrease the interfacial resistance, so in
fact, it cannot really be called a true all-solid-state Li-O, battery."*’”

Sun et al. demonstrated garnet ceramic (Lig 4La3Zr; 4T 6012)
as a solid electrolyte for a Li-O, battery, which was assembled
with a composite cathode consisting of garnet powder, Li-salt,
polypropylene carbonate and active carbon. The resulting batteries
showed a discharge capacity of 20 300 mA h g.apon * and could
be cycled 50 times while maintaining a cut-off capacity of
1000 mA h gearpon © at 20 pA cm™ > and 80 °C.***
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Fig. 69 (a) Comparison of the voltage and pressure profiles of a Li-O,
battery measured in liquid and inorganic molten-salt electrolytes; the
discharge/charge profiles of a cell with: (b) LiClO4—DMSO electrolyte at
30 °C between the cut-off voltages of 2.5 and 4.2 V, and (c) LINO3—KNO,—
CsNO3z molten salt electrolyte at 120 °C between the cut-off voltages of 2.65
and 3.0 V (cathode: Super-P carbon/PTFE, 95:5 wt%,; electrolyte volume:
150 pL; carbon mass: ~4 mg cm~2; current density: ~80 mA gca,bcm’l).473
Reprinted with permission from ref. 473. Copyright 2016 American
Chemical Society.

5.1.5.5 Molten-salt-based solid-state electrolytes. Research
into molten salt electrolytes for lithium-ion batteries and
thermal batteries can be traced back to the 1970s, where they
were first found to be stable for primary cells and rechargeable
cells but with a limited cycle life. Giordani and Addison from
Liox Power Company showed a moderate temperature Li-O,
battery by using a lithium anode, a molten LiNO3;-KNO,-CsNO;
electrolyte and a porous carbon cathode with a high energy
efficiency and improved rate capacity (Fig. 69). The discharge
product, Li,O,, was stable and moderately soluble in the molten
salt electrolyte at high temperature, which enabled the easy
operation of the discharge/charge processes. This resulted in an
overpotential gap as low as 50 mV, but the cell capacity was
relatively low due to the low O, solubility in the electrolyte. The
cycling stability of the molten-salt-based Li—-O, battery was also
not good, which could be ascribed to the degradation of the
carbon-based cathode.*”?

5.2 Stability of Li-salts

Except for evaluating the stability of aprotic solvents, the electro-
chemical stability of Li-salts, another critical component in the
electrolyte, should also be well clarified to achieve the long-term
stability of a Li-O, battery. Chalasani and Lucht found that
LiBF,, lithium bis(oxalato)borate (LiBOB, Li(C,0,),B) and LiTFSI
were chemically stable in the presence of Li,O,, while LiPFs
tended to generate OPF,OLi and LiF."”* Veith investigated the
electrochemical stability of the TEGDME-based electrolyte with
LiBF,, LiClO4 and LiTFSI salts by using XPS, Raman spectra and
F-NMR techniques. Analysis of the discharge products on the
cathode indicated that all three Li-salts underwent similar
decomposition, which was likely due to superoxide species
(or reactive oxygen species) reacting with the counter-anion of
the Li-salts. LiClO, appeared to be less reactive than those of
Li-salts with the F element.*”®

Calvo et al. also compared the stability of LiPFs and LiBF, in
two types of solvents: DMSO and acetonitrile. In an acetonitrile-
based electrolyte, LiBF, showed less decomposition than that of
LiPFs, which was proved by XPS analysis.”’® Xu and Zhang et al.
studied the performance and stability of seven Li-salts, including
LiBF,, LiBr, LiBOB, Li(C,0,),), LiPFg, LiTFSI, LiTf and LiClO,, in
TEGDME-based electrolytes (Fig. 70). The cell discharge capacity
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Fig. 70 (a) First cycles of the discharge—charge voltage profiles and
(b) cycling stability of Li—O, batteries with different electrolytes at a current
density of 0.05 mA cm™2; XPS (c) Li 1s and (d) O 1s spectra of the discharge
products with various electrolytes (KB carbon loading: 1 mg cm™2; current
collector: carbon paper).*”” Reprinted with permission from ref. 477. Copyright
2013 American Chemical Society.

decreased in the order of LiTFSI > LiTf ~ LiPFs > LiClO; >
LiBF,. LiBr, LiBOB and LiClO, were found to be stable during
cell cycling. In contrast, minor signs of salt decomposition were
observed in LiTFSI-, LiTf- and LiPFs-based electrolytes during
the cell discharge process. LiBF, and LiBOB were unstable and
consequently accompanied with a large amount of side products.
It could be deduced that the salt anions had an non-negligible
effect on the cell stability.””

5.3 Electrolytes with good O, transport efficiency

The second function of the electrolyte is O, transport for Li,O,
formation.**® The Li,O, formation reaction is suggested to
occur at the three-phase interface of the solid/liquid/gas
(electrode, electrolyte and oxygen).”’® Since an abundance of
Li" ions could be easily achieved by modulation of the electro-
lyte components, the transport efficiency of O, plays the domi-
nant role in the determination of the reaction rate, especially in
the high current density region. O, transport efficiency in an
electrolyte is mainly controlled by the polarity and viscosity of
the solvents. Additionally, functional additives can also be used
to regulate these properties.****”°

Read et al. investigated the O, solubility, viscosity and ionic
conductivity in the different electrolytes.**® They found that
these properties were greatly influenced by the polarity of the
solvent and additives, the intermolecular interaction with
the electrolyte components and the concentration of Li-salts.
The Bunsen solubility coefficient was used to quantitatively
evaluate O, solubility in the electrolyte, where it was found that
solvents with low polarity have a higher Bunsen coefficient
(high O, concentration) than solvents with high polarity. More-
over, an increase in Li‘-salt concentration would decrease
oxygen solubility (low Bunsen coefficient). For example, the
discharge capacity of a Li-O, battery with a 1 M LiPF¢-based
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PC:DME (1:1) electrolyte was lower than that of a Li-O, battery
with 0.5 M LiPF¢-based PC: DME (1:1) electrolyte, due to their
different oxygen concentrations.**

Except for the solvents and Li-salt, some low-polarity mole-
cules could act as promoters to increase O, concentration in the
electrolyte, with fluorine-containing molecules being one type
of such reagent. Oyaizu and Nishide et al. used perfluorohexyl
bromide (PFB) as an oxygen-uptake component in the TEGDME-
based electrolyte with LiTFSI or LiPFOS (lithium perfluoro-
octanesulfonate, LiSO;(CF,),CF;) salt. Similar to that of the
PFB reagent, BrCsF;; had a low polarity and high miscibility
with TEGDME in the presence of LiPFOS salt, and O, enrichment
could be realized with increasing the BrCqF;3 content in the
electrolyte. This resulted in an enhanced discharge capacity of
the Li-O, battery.*®® Other F-containing molecules, for example
tris(2,2,2-trifluoroethyl)phosphate (TTFP) and nonafluorobutyl
ether (MFE), could also be O, takers for increasing the specific
capacity and rate capability of Li-O, batteries, although the
addition of TTFP caused a little increase in the viscosity and a
decrease in the ionic conductivity.

The perfluoro-chemicals as O, carriers were important for
O, solubility in high-polarity solvents, for example DMSO and
DMF, while they had a relatively low O, solubility but high DN
value for the growth of large Li,O, particles. When 1,2-(1,1,2,2-
tetrafluoroethoxy) ethane (FE1) and DMSO were used as the
co-solvent (volume ratio: 1:1) in a Li-O, battery, the cell
discharge capacity was 11744 mA h Zcarbon  at 25 MA Zearbon
in comparison to that of pure DMSO-based electrolyte
(814 MA h geapon '). The improved cell capacity was attributed
to the increased solubility of O, as a result of the fluorinated
reagents in the electrolyte.**>*”® The above-mentioned results
emphasize that the perfluoro-chemicals are important for improv-
ing O, accessibility in high-polarity solvents, and can expand the
working voltage window at a high current density.**!

5.4 Electrolytes for Li,O, formation

The third function of an electrolyte is tailing the stability of
solvated Li*-O,” and LiO,* intermediates. As referred to pre-
viously, two types of discharge paths, namely surface-phase
growth (at cathode surface) and solution-phase growth (in electro-
lyte), are proposed for Li,O, formation in a discharge process
(Fig. 71). The stability of solvated Li'-0,~ and LiO,* intermediates
was considered to be a controllable factor for these two paths.
A good stability of solvated Li'-0,” prefers Li,O, formation
through solution-phase growth, resulting in a large quantity of
Li,O, product and a high cell capacity.>'** In this vein, con-
tinuous efforts have been concentrated on the screening of
solvents, Li-salts and other additives for stabilizing the solvated
Li'-0,~ intermediate to form large Li,O, clusters.

5.4.1 The effects of the solvent. Numerous researchers
have shown that the stability of solvated Li*-O,~ intermediates
is influenced by the type of solvents, resulting in a big differ-
ence in cell performance.”®* In 2010, Abraham investigated the
effect of different solvents and supporting cations on the nature
of the reduction products and the cell rechargeability. TBA"PF,
was introduced as an additive in the electrolyte without Li* ions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 71 (a) Proposed mechanism for the growth of Li,O, toroids in the
presence of water (the deposition of Li,O, in a Li-O, cell is shown
schematically to proceed via a surface-growth process that occurs on a
nucleated film of Li,O, through the sequential transfer of solvated Li*
(Li*(sol)) and an electron (e7) to the intermediate species LiO,*, eventually
forming Li,O,. The electron must therefore tunnel through the nucleated
Li,O, film as indicated, and this process is limited by the electronic
conductivity of Li,O,. The presence of a solvent (water in our experiments)
solvates LiO,* to Li*(sol) and then the solvated O, (O, (sol)) triggers a
solution pathway leading to the growth of toroids, as shown schematically.
O, (sol) is adsorbed as LiO,* on the growing toroidal particle, ultimately
disproportionating to form Li,O,. Thus, O, (sol) acts as a redox shuttle and
leads to the formation of large particles, thereby circumventing the
conductivity limitations in the surface growth); SEM images of a Vulcan-
carbon cathode discharged to a capacity of 1 mA h using nominally
anhydrous (<30 ppm) 1 M LiTFSI/DME electrolyte in the (b) absence and
(c) presence of 4000 ppm water (scale bars, 1 um); (d) quantitative basis for
solvent selection for high-capacity Li-O, batteries (the free energy of
dissolution for LiO,* into Li*(sol) and O, (sol) in different solvents as a
function of the Gutmann acceptor and donor numbers (AN and DN); the
free energy plot is normalized relative to that of pure DME; DMF, dimethyl
acetamide (DMAc) and DMSO have high DN values and are thus capable of
stabilizing Li*. Water and methanol, on the other hand, have high AN values
and thus stabilize O,~.1® Reprinted with permission from ref. 16. Copyright
2015 Nature Publishing Group.

It was found that O,~ was stabilized by the TBA" anion to form a
TBA'-0,~ complex, due to the strong electron-accepting ability
of TBA". This phenomenon could be explained by Pearson’s
hard-soft acid-base (HSAB) theory.®® It was shown that aprotic
ORR was a highly reversible one-electron process involving the
0,/0,” couple in TBA'-containing electrolytes. In contrast, O,
reduction proceeds in a stepwise fashion to form O, 0,2 and
0O”" products in Li*-containing electrolytes, which is a kinetically
irreversible or quasi-reversible reaction. Similarly, the bond
strength between Li* and different solvents should also follow
HSAB theory, which is related to the basicity of solvents, or more
accurately, the electron-donating ability from oxygen atoms (that
is, the donor number (DN)). The bond strength between Li" and
the solvent was followed in the order: DMSO > MeCN >
DME > TEGDME.® Therefore, the stability of Li*~(solvent),~O,~
ion pairs was determined by the stabilization degree of solvated
Li". Solvents with a high DN value appeared to provide a higher
degree of stability for intermediates, while solvents with a low DN
value have a lower degree stability for intermediates.®
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Fig. 72 (a) Steady-state CVs of O,/TBA*~0,~ and Me;oFc*/Me;oFc redox
reactions collected at 20 mV s~* in O,-saturated electrolytes containing
2 mm MejoFcin 0.5 M TBACIO,4 in DME, 0.1 M TBACIO4 in DMA, and DMSO,
obtained with an Ag/Ag* reference electrode and Ni foam counter
electrode; (b) experimental standard O,/TBA*-O,~ and Li*/Li redox
potentials vs. MejgFc*/MejgFc plotted against acceptor and donor numbers
of each solvent; (c) comparison of standard experimental (open hexagons)
and calculated (open squares) O,/O,~ redox potentials, and experimental
(filled circles) and calculated (filled diamonds) Li*/Li redox potentials against
computed Li* and O, solvation energies of each solvent (all Li*/Li and
0,/O,™ potentials were plotted with respect to MeCN and DME, respectively);
(d) the relationship between standard redox potentials of O,/TBA*-O,~
(circles) and O,/Li* -0, (diamonds) vs. Li*/Li (filled symbols) and Me;oFc*/
MejoFc (open symbols), and the total solvation energy for Li* and O, ions
calculated from a mixed cluster-continuum model for each solvent.*®
Reprinted with permission from ref. 145. Copyright 2016 Wiley-VCH Verlag.
GmbH & Co. KGaA.

Computed Li* solvation energy (kifmof)

In addition to DN, the acceptor number (AN) of a solvent
also plays a critical role in the ORR process in Li-O, batteries.
Shao-Horn et al. measured the standard potentials of O,/Li"-0,~
and O,/O, experimentally, and also calculated them with a
mixed cluster-continuum model of ion salvation (Fig. 72). They
found that the standard O,/TBA"-O,~ potentials increased with a
greater AN, and the Li'/Li redox potentials decreased with a
greater DN. Furthermore, the increase in O, and Li" salvation
degree (expressed by O,/TBA'™-0,~ redox potentials) improved the
solubility of Li'-0, in the electrolyte. This is highly important
for suppressing the surface nucleation rates or trigger solution-
phase growth of Li,0,. This observation indicated that although
the combined computed salvation energy was dominated by the
Li" solvation energies (scaling with DN), the salvation energies of
O, (scaling with AN) were also important for increasing the
cell capacity. This highlighted the importance of the interplay
between ion-solvent and ion-ion interactions in understanding
and controlling the intermediate species energetics, reaction
product morphology, discharge capacity and solvent stability in
aprotic Li-O, batteries.'*®

5.4.2 The effects of additives

5.4.2.1 Lithium-salt. Yamada and Zhou et al. prepared aprotic
electrolytes with different molar ratios of LiTf and TEGDME
(or DME) solvent. The best cycling stability for a Li-O, battery
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Fig. 73 (a) Schematic illustration of the cell discharge capacities and Li,O, morphologies influenced by Li* concentrations in the electrolyte; (b) the
concentration dependence of the mid-voltages (corresponding to the midpoint voltage of the discharge process), conductivities and discharge
capacities in LiTFSI-TEGDME electrolytes.*®* Reprinted with permission from ref. 484. Copyright 2014 Royal Society of Chemistry.

was obtained with the molar ratio of 1:5 for LiTf: TEGDME
in the electrolyte. The high stability of electrolytes could be
explained by the competition for accessibility of O,* radicals
between solvated Li ions and TEGDME molecules.*®*> Xu and
Zhang also investigated the effect of LiTFSI concentrations on
the cycling stability of a Li-O, battery with DME-based electro-
lytes. The cell with 3 M LiTFSI showed a high cycling stability
under both full discharge and charge (2.0-4.5 V) under capacity-
limited conditions (1000 mA h g~'). It was suggested that the
C-H bond scission of DME molecule became more robust with
highly concentrated Li-salts present in the electrolyte.**®

Wang and Hu systematically investigated the effect of Li'
concentrations on the discharge capacity of a Li-O, battery with
TEGDME/LITFSI electrolytes (Fig. 73).*** They found that an
increase in Li" concentration could result in a larger cell dis-
charge capacity, with the discharge capacity volume achieved at
the highest value with 3 M LiTFSI. It was explained that Li,O,
tended to grow on the carbon surface in the dilute electrolytes
via a surface-growth pathway, while the solution-mediated
growth had a leading effect at higher Li*-ion concentrations.***
Consequently, concentrated Li+ ions could generate the tri-
dimensional Li,O, cluster, resulting in the high cell capacity.

The negative effect of Li* concentration on the cell stability
was also studied by conducting a combined experimental and
computational study. By varying the Li* concentrations in a
DME + LiTFSI electrolyte, Garcia et al. identified two different
failure mechanisms for the cell chemistry based on the decom-
position of the anion in the electrolyte. High Li" concentrations
could increase the amount of decomposition products coming
from both the solvent and Li-salt in the electrolyte, as exempli-
fied by high levels of H, production and low O, production
at the onset charge step with DEMS tests. This finding was
contrary to the above-mentioned results that high-concentration
LiTFSI in DME-based electrolytes provided additional stability to
Li-O, batteries. Therefore, the effect of Li" concentration on cell
performance and stability remain to be fully explained.*®®

In addition to the effect of Li" cations, McCloskey et al. also
demonstrated that anions of the Li-salt played a critical role in
promoting the solubility of the intermediates during the dis-
charge of a Li-O, battery. The promoted toroid-shaped forma-
tion and the enhanced cell capacity were observed by utilizing an
increased ratio of LiNO; in the LiNO;-LiTFSI/DME-based electrolyte.

2980 | Chem. Soc. Rev., 2018, 47, 2921-3004

This was ascribed to the high DN number of NO;™ species, as
previously discussed. The authors developed a generalized model for
the predicted Li" salvation shell occupation and the resulting
stability of Li" in the electrolyte, which could be a guiding
principle to develop promising electrolytes for high-capacity
and long-life Li-O, batteries (Fig. 74).>

Aurbach et al. also showed that the morphology and
quantity of Li,O, were significantly influenced by the level of
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Fig. 74 (a) Representative discharge profiles of Li-O, cells at a current
density of 450 pA cm~2 under a 1.5 atm O, atmosphere to a 2 V cut-off
(the inset shows the capacity dependence on LiNOs concentration);
(b) SEM image of discharged cathodes from cells using 0.3 M LiTFSI and
0.7 M LiNOs (cells were discharged to 0.9 mA h cm™2 at 45 pA cm ™2 with a
2 V cut-off voltage, and all the cells had at least a 0.5 mA h cm~2 capacity
(scale bars, 1 pm); (c) discharge profiles (45 pA cm™2, 2 V cut-off) for cells
with DMSO and DME-based electrolytes (labels correspond to discharges
of the cells using the following electrolytes: 1. 1 M LiTFSI in DME, 2. 0.5 M
LINO3:0.5 M LiTFSI in DME, 3. 1 M LiTFSI in DMSO and 4. 0.5 M
LiNO3:0.5 M LiTFSI in DMSO; (d) contour plot showing the free energy
of Li* for electrolytes with varying DN of the solvent and salt anion, in kcal
mol~! (The free energy was normalized relative to those of DME and 1 M
LiTFSI; the electrolyte was considered to be a 50 : 50 mixture of LiTFSI and
a salt consisting of Li* and the labelled salt anion in the labelled solvent; the
blue region corresponds to those electrolytes incapable of triggering the
solid-surface path, whereas the red region correspond to those that can
trigger the solution-mediated process).® Reprinted with permission from
ref. 5. Copyright 2015 National Academy of Sciences.
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Fig. 75 (a) Schematic illustration for the proposed mechanism of Li,O,
formation modulated by the Li* dissociation level with different cations;
(b) SEM image of discharged gold cathodes with toroid-shaped particles
of diameter about 600-800 nm in 1 M LiNOs in DME; (c) CVs (5 mV s~ of
1 M LiX in DME under an O, atmosphere; (d) discharge curves (3 pA cm~2) of
1 M LiX in DME (gold and Li-metal were used as the counter and reference
electrodes, respectively)A“z Reprinted with permission from ref. 112. Copyright
2016 American Chemical Society.

Li" ion dissociation, which was controlled by the counter-anion
in the low DN solvents. The Li" association strength in DME-
based electrolytes was contrary to the ionic conductivity of the
electrolyte. The ionic conductivity (mS em ™) trend of 1 M LiX
(X denoted as the anion) in 30 °C was as follows: FSI"(10.66) >
TFSI(9.46) > Tf (2.94) > Br (1.21) > NO; (0.87) > OAc (0.13).
Consequently, the Li* association strength of LiX was as follows:
FSI' < TFSI” < Tf < Br~ < NO3~ < OAc™. 1 M LiTFSI and
LiFSI DME-based electrolyte had a Li,O, layer structure with
a small thickness, while the 1 M LiNO;/LiOAc-DME-based
electrolyte had toroid-shaped particles with a high thickness.
The cell with the Li,O, toroid morphology had the larger
amount of Li,O, and larger cell discharge capacity (Fig. 75).
This work suggested that the use of lowly dissociated Li-salts
in low DN solvent would follow a surface-growth mechanism
of Li,O,, forming a uniform and thin layer that blocked the
electrode after reaching coverage of a few monolayers.'”> In
contrast, the use of highly associated salts in a low DN solvent
would follow a solution-growth mechanism of Li,0,, allowing a
prolonged ORR that formed thick and irregular Li,O, deposits.
The latter morphology enabled a relatively long electron trans-
fer process, since the coverage of the surface did not block it
uniformly.

5.4.2.2 Protic reagents. Many recent reports have shown that
the fortuitous ingress of protic chemicals, such as water and
phenol, is responsible for the enhanced cell capacities, suggest-
ing that the solution-phase pathway for Li,O, generation is
promoted through the addition of protic additives.*>*> Aetukuri
and Visvanathan et al. investigated the effect of water on the
growth of the Li,O, toroid structure. A significant increase in cell
discharge capacity was observed in the presence of a trace
amount of water in the electrolyte. Water that allowed for the
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Fig. 76 (a) Load curves of O, reduction at a gas diffusion electrode
discharged in 1 M LiTFSI/TEGDME electrolyte with (solid lines) and without
(dashed lines) 30 mM phenol under O, at various areal current densities
from 0.05 mA cm™2 to 0.2 mA cm™2; (b) enlarged section of the load curves
recorded without phenolin (a); SEM images showing the Li,O, morphologies
on discharge (c) without and (d) with 30 mM phenolin 1 M LiTFSI/TEGDME
electrolyte under O5; (e) schematic comparing the action of strong and weak
acids during discharge in Li-O, cells. With a strong acid (weak conjugate
base), the major product was H,O,, and the exchange of H™ and Li* was
inhibited by the poor base. With a weak acid (strong conjugate base), the
major product was Li»O,, and the exchange of H* between Li,O, and the
conjugate base was facile, enabling the phase-transfer catalyst and a solution
mechanism.*> Reprinted with permission from ref. 115. Copyright 2017
Wiley-VCH Verlag GmbH & Co. KGaA.

increased solubility of LiO, could produce the large Li,O, toroid,
which was the key to obtaining large discharge capacities."®

Phenol is one type of protic reagents that was considered
might present a similar function as a trace amount of water in
Li-O, batteries. Bruce et al. reported that the addition of weak
acid phenol to a TEGDME-based electrolyte within a battery was
capable of promoting the discharge process via a solution
mechanism.""® The cell discharge capacity was over 9 mA h cm ™2,
which was a 35-fold increase in capacity compared to the battery
without phenol (Fig. 76). The proton of the phenol functioned as a
phase-transfer catalyst, which converted the insoluble Li,O, to its
soluble protonated analogue and was subsequently redeposited
again from solution to form large Li,O, clusters. This resulted in
the high capacity and high rate of Li-O, batteries.

5.4.2.3 Ammonium salts. Hammond et al. showed that one of
ammonium ions, namely tetrabutylammonium, could act as an
additive to support Li,O, formation in Li-O, batteries without
any Li-salts.”®® During the discharge process, a TBA-salt-based
electrolyte in the presence of Li-metal can support the for-
mation of Li,O,, where TBA" could temporarily complex the
superoxide in solution before Li* from the oxidized Li-metal
combined to form Li,0,. During charging, the electrochemical-
induced transformation of TBA' to tributylamine at 3.55 V
resulted in the formation of tributylamine oxide intermediate
in the presence of O, and Li,0,, which was responsible for the
improved Li,O, oxidation. Consequently, a decreased charging
potential (500 mV) was observed compared to that with Li-salts.

The effect of ammonium ions on the discharge behaviour
of Li-O, batteries was also investigated by Nakanishi et al."*°
They compared the discharge performance of batteries with
three ammonium-salt-based electrolytes, including NH,"TFSI ",
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TBA'TFSI™ and tetraethylammonium TFSI (TEA'TFSI). They
found that the ammonium salts could increase the cell dis-
charge capacity compared to that in the absence of ammonium
salts. The batteries with NH,"TFSI~ showed the highest cell
discharge capacity among the batteries with three types of
ammonium salts. This was ascribed to the ammonium ions
functioning as promoters for the solution-mediated formation
of Li,0,, which resulted in the formation of toroidal Li,O,
particles.

5.5 Electrolytes for Li,O, decomposition

The forth function of an electrolyte is for tailing the Li,O,
decomposition reaction, while Li,O, is possibly decomposed
to Li" and O, directly. Although the reaction mechanism is not
well established, the reaction rate of Li,O, decomposition is
likely correlated with the bond strength of Li-O and the solu-
bility of Li,O, in the electrolyte. The reaction rate of Li,O,
decomposition would be increased if the electrolyte compo-
nents could improve the solubility of Li,O, to some extent.'*?
Tuning the properties of electrolyte solvents and additives, for
example their polarity and electron affinity, provides the oppor-
tunity to accelerate Li,O, decomposition reactions.'*®

5.5.1 The effects of the solvents. Some solvents not only
function as an intermediates stabilizer, but also as the medium
for dissolving Li,O, in the electrolyte. Peng et al. demonstrated
one of the amides, namely hexamethylphosphoramide (HMPA),
as an electrolyte solvent for a Li-O, battery, which could also
dissolve Li,0,, Li,CO; and LiOH up to 0.35, 0.36 and 1.11 X
10 M, respectively (Fig. 77). The passivation/clogging of the
0, cathode upon discharge could be considerably alleviated, and
the kinetics of Li,O, oxidation on recharge substantially improved.
More importantly, the oxidation of Li,O, in HMPA electrolyte can
proceed well below 3.5 V, and thereby the decomposition of carbon
electrode and electrolyte was effectively suppressed. Compared to
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Fig. 77 (a) Linear potential scan conducted at a glassy carbon electrode in
a hexamethylphosphoramide (HMPA)-based electrolyte with 0.1 M LiClO4
(the inset shows the molecular structure of HMPA); (b) saturated con-
centrations of dissolved Li,O, in HMPA, DMSO, DME, TEGDME and CAN
solvents; (c) load curves of Li-O, batteries containing HMPA and ethereal
electrolytes with a curtailed capacity of 1000 mA h gca,bon’l at a current
density of 200 MA Gearvon ; (d) cycling profiles of Li-O, batteries under
the same test conditions in (c).*®” Reprinted with permission from ref. 487.
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
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ether-based Li-O, batteries, better cell capacity, rate capability,
voltaic efficiency and cycle life were achieved for the HMPA-based
Li-O, cells.*®”

5.5.2 The effects of additives. Meini and Gasteriger et al.
checked the effect of water on the cell charge capacity, the
overpotential and the starting activation potential. No change
in the discharge potential was found in the presence of a little
water, which meant that the Li,O, seemed to be stable in this
condition. However, the activation charge peak potential and
overpotential of the Li-O, battery were substantially decreased,
which might be explained as being due to a shuttle mechanism
existing for Li,O, from the surface of Li,O, particles to the
cathode in the presence of water and protons.*5848°

Zhou et al. also studied the dependence of the charge potential
and capacity on the concentration of water in a DMSO-based
electrolyte in a lithium-ion O, battery, which used Ru/MnO,/
Super-carbon and LiFePO, as the cathode and anode, respec-
tively (Fig. 78).*> The charge potential plateau was significantly
reduced from 3.65 V to 3.20 V in the presence of 120 ppm water.
This confirmed the oxidation of LiOH, which was quickly
converted from the primary discharged Li,O,. A higher concen-
tration of water in the electrolyte would increase the charge
potential and decrease the capacity, due to the high surface
coverage of LiOH by-products on the cathode.*> The authors
further used DFT calculations to simulate the charge process
of Li,O, surface adsorbed with a single H,O molecule. They
demonstrated that a water molecule could spontaneously adsorb
on the Li,O, surface, which would thereby decrease the energy
barrier for the elementary charge steps. The intrinsic charge
overpotential of the Li-O, battery was reduced from 0.45/0.16 V
to 0.31/0.09 V on the (001)/(110) surface of Li,O,, respectively.
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Fig. 78 (a) SEM images of the discharged cathodes with a Li,O, toroid
morphology in a DMSO-based electrolyte with 120 ppm H,O; (b) discharge/
charge profiles of Li-O, cells with Ru/MnO,/SP at the 10th run with varied
current densities from 250 to 500 and 1000 mA g% (c) discharge/charge
profiles of the Li—-O, cells at the 5th cycle with Ru/MnO,/SP cathode
containing 120 and 281 ppm of H,O (current density: 500 mA g~3);
(d) proposed reaction mechanism for the growth of Li,O, toroid with water
((i) spontaneous process; (i) promoted over MnO, particles in Ru/MnO,/SP;
and the oxidation of LiOH (iii) at low charge overpotentials over Ru nano-
particles).*> Reprinted with permission from ref. 45. Copyright 2015 Nature
Publishing Group.
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The reduced charge potentials originated from the low energy
barriers in the initial charge step, due to the stronger inter-
action between H,O and Li,O,.

Furthermore, Zhou et al. found the Li,O, formation through
the ‘O, - HO,” — H,0, — Li,0, pathway with a water
content in the range of 0.5% to 30% (v/v) in TEGDME-based
electrolyte involved a direct two-electron reduction instead of a
typical one-electron pathway ‘O, — 0,  — LiO,  — Li,0,".*%°
The authors suggested that this process avoided the formation
of highly reactive superoxides, thus reducing the side reactions
during the cell operation. Moreover, the charging overpotential
could also be decreased to 0.5 V due to the chemical equili-
brium between Li,O, and the soluble peroxides. Very recently,
the same authors optimized the H,O content to establish a
hydrate-melt electrolyte (The molar ratio of components in the
electrolyte LiTFSI:LiBETI:H,O = 7:3:20)."”' The charging
overpotential was further decreased as low as 0.2 V with the
discharge product of Li,O,. The authors attributed the low
charging polarization of the ‘“hydrate-melt-based battery” to
the oxidation of pure Li,0,, in comparison to the high charging
potentials of aprotic Li-O, batteries with some Li‘-based by-
products at the oxygen electrode.

The proposed pathway ‘O, — HO, — H,0, — Li,0,’
suggested that the positive effect of water on the charging
process was correlated with the solvent/additives. For instance,
Li,O, is always detected as a discharge product in ether-based
electrolytes regardless of the water content (without any other
kinds of additives),""”"”**°* while LiOH and Li,O, usually coexist
with the invasion of moisture in DMSO-based electrolyte.*****
To explain this difference, Shao-Horn et al. conducted DFT
calculations to confirm the effect of water on the discharge
products. They found that solvents with a low water solvation
energy and a high dissociation constant (pK,) of solvated water,
for example DME, could impose a high thermodynamic barrier
for reaction between superoxide and water, and thus yielded
mainly Li,0,,"®® while solvents with a low pK, for water solva-
tion, for example DMSO and MeCN, could induce deprotona-
tion by the attack of O,7, finally resulting in the formation of
LiOH through “O, - HOO®* - HOO — LiOH”.

Similar to the effect of water, an organic H,O, compound
(urea hydrogen peroxide) was introduced as an electrolyte
additive in a Li-O, battery, while the charge potential was
decreased significantly (to ~3.26 V) and only a slight increment
of the charge plateau was observed after 50 cycles at a limited
capacity of 1000 mA h g~ *. Moreover, the corrosion of Li-metal
by urea hydrogen peroxide was limited. The good cell perfor-
mance and stability was due to the decomposition of Li,O, and
LiOH assisted by the addition of urea hydrogen peroxide and the
inhibition of undesired H,O corrosion of the Li-electrode.'*®

Although the successful use of water for better Li-O,
batteries has been identified, the introduction of water or other
proton additives inevitably induces a reaction with the lithium
anode. Moreover, protic chemicals, including water, can be
oxidized at high charge potentials and thus will be rapidly
consumed.'”” Moreover, some other radical reactive species,
such as HOO® and HOO™, can be formed by the introduction of
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proton sources,**>*°® which can trigger possible side reactions
in the aprotic electrolyte. Thus, proton additives should be
carefully evaluated and systematically studied if they are to be
considered as suitable as additives to improve the capacity or
reduce the overpotentials.

5.6 Short summary and perspective for electrolytes

The investigation of aprotic electrolytes in Li-O, batteries is
still in its infancy, and much effort is still being done to
increase the cell performance and stability. The ideal electrolyte
should meet the demands of the above-mentioned four func-
tions: fast Li" and O, transport rate, good solubility for Li,O,
formation, good capability to stabilize the Li'-0,~ intermediate
for Li,O, formation and the ability to dissolve Li,O, for accele-
rating its decomposition. Equally important, the electrolyte
components should have a high enough resistance to attack
by reactive species to enable their long-term stability.

Liquid solvents, such as acrylamide, sulfoxide and ether,
have shown good mass transport efficiency and stability within
a wide voltage window. Some have demonstrated a possibility
to achieve a high cell performance. In particular, ether-type
solvents are one of the most suitable media for Li-O, batteries
due to their good O, dissolution ability, their inert nature to
Li-metal and as they are electrochemically stable at a high
charge potential region. One of the concerns for the present
developed liquid solvents is their instability initiated by reactive
superoxide species. This issue may be alleviated through modi-
fication of their chemical structure or by the addition of
additives to inhibit the generation of superoxide species by
decreasing the charge potential. Another remaining concern for
liquid solvents is their flammability and volatility, which might
be obstacles in an open system of Li-O, batteries.

Quasi-solid-state and solid-state electrolytes provide an
opportunity to solve the flammability and volatility issues from
liquid solvents. Several gel-polymer and ionic-liquid-based electro-
Iytes have already shown a possibility for good-performance Li-O,
batteries. However, their high viscosity and instability towards
reactive species are also obstacles for achieving a stable output
of the battery. Much effort should be paid to synthesizing stable
and low viscosity quasi-solid-state electrolytes for highly efficient
and stable batteries.

One of the key functions for an electrolyte is to act as a
stabilizer for Li*-O,  intermediates, which is critical for the
solution-phase growth of Li,0,. Solvents with a low polarity, for
example DME and TEGDME, have a high Li™-ion transport
efficiency and O, solubility. But the low DN/AN values of such
solvents limit their ability to stabilize the solvated Li*-0,~
intermediates. In contrast, solvents with polarity, for example
DMSO, have high DN/AN values to stabilize the solvated
Li'-0,” intermediates. But here, their low O, solubility and
instability towards Li-metal become the key challenges during
cell operation. The selection of functional additives may be a
good strategy to compensate for the limitations of solvents,
such as PFC molecules for the enrichment of O, in DMSO-based
electrolyte, a redox mediator for stabilizing the intermediates in
ether-based electrolytes (this will be discussed later) or the
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formation of an SEI layer with LiNO; on Li-metal in DMSO-
based electrolyte, and so on.

Another function of the electrolyte is accelerating the Li,O,
decomposition reaction. Some electrolyte solvents and addi-
tives, for example HMPA and water, show specific properties to
dissolve Li,O, and decrease the energy barriers of Li,O, decom-
position. The stronger the interaction between the specific
components of the electrolyte and Li,O,, the lower the energy
barriers in the Li,O, decomposition reaction. Consequently,
the intrinsic cell charge potentials are substantially reduced.
Except for the electrolyte, the effect of operating temperatures
on the charge potentials of Li-O, battery might provide some
options for a further improvement of cell performance.*”**%”

6. Redox mediator

As mentioned previously, bulky Li,O, is an insulating material
and is insoluble in most aprotic solvents under general condi-
tions, which is one of the main reasons for the slow kinetics of
discharge/charge reactions. However, the further development
of advanced solid catalysts seems to be difficult for accelerating
the rate of the Li,O, formation and decomposition reactions.
This is due to the insufficient charge transfer and the limited
contact area between Li,O, and the catalysts.’*® Consequently,
the initial charge potentials of a battery were increased quickly in
the charging profiles, resulting in decomposition of the electro-
lyte and cathode.'*

The introduction of SRMs in the electrolyte provides a potential
route to solve these issues. This could accelerate Li,O, formation in
the discharge process (namely ORR), and promote Li,O, decom-
position in the charge process (namely OER)."** The decreased
overpotentials of OER and ORR were also effective for lowering the
content of reactive superoxide species, resulting in a better cell
durability. SRMs are a special type of additives, with quite different
functionality from those mentioned in Sections 5.4.2 and 5.5.2 of
the electrolyte chapter. SRMs with redox activities could donate/
accept electrons to O, and from Li,O, chemically, thus acting as
“catalysts” for Li,O, formation and decomposition. Similar to the
more common additives, SRMs can surround the exposed Li,O,
surface, and consequently, the contact area between the SRM, O,
and Li,0, is substantially increased compared to that with the use
of solid catalysts and Li,O, (Fig. 79)."**'** From the viewpoint of
the additive and catalyst functions, SRMs can be called “liquid
catalysts” in Li-O, batteries. Therefore, the related positive and
negative effects are discussed within this chapter.

The OER and ORR activity of SRMs was strongly correlated
their physicochemical properties, such as their midpoint
potential, molecular weight, polarity and concentration in
solvents. Among all of the properties, the midpoint potential
of SRMs plays the dominant role in their functionality. The gap
between an SRM’s midpoint potential and Li,0,/O, (2.96 V) is
small, and the OER and ORR overpotentials were small. Accord-
ing to this dominant factor, they were divided into ORR and
OER SRMs, and we will discuss their current progress with this
classification.
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Fig. 79 Schematic illustrations for the Li,O, formation and decomposi-
tion process with the assistance of a solid catalyst (upper) and soluble
redox mediator (SRM, bottom).

6.1 SRMs for Li,O, formation

The equilibrium potential of Li,O, formation (0, + 2Li" +
2e” > Li,0,) was 2.96 Vvs. Li/Li*, while SRMs with low midpoint
potentials (=2.96 V vs. Li‘/Li) could potentially function as an
O, reducer and electron carrier from the cathode to Li,O,,
resulting in ORR proceeding chemically. Moreover, some SRMs
could also act as a stabilizer for Li*-O,~ intermediates, similar
to high DN solvents, which shifted the Li,O, generation path-
way from solid-phase growth to solution-phase growth. This
induced the enhanced ORR kinetics, resulting in an increase in
the cell discharge potential and capacity (Fig. 79).>°°

When the midpoint potential of SRMs was lower than 2.96 V
vs. Li'/Li, their reduced form could react with O, to generate
0,  chemically, and O,  then combined with Li" to produce
LiO,* or Li"-0, " intermediates. Finally, the intermediates were
disproportionated to Li,O, solid. The oxidized form of SRMs
could be regenerated through electron exchange with the cathode.
Owen et al*®® were the first to use ethyl viologen ditriflate
(EtV**(OTf),) with a midpoint potential of 2.40 V vs. Li*/Li as an
SRM to catalyze the ORR. As shown in Fig. 80, EtV>" accepted one
electron from the cathode to form the reduced form of EtV",

EN=0,0, sal
H | [EXV] = 1 mM, Ar sat
\ | —— [EV] = 1 mM, O, sat

j/uAem?

E/Vows LilLi*

.|2,;,i 1
: Capacity / pAh em 3 Bt
Fig. 80 (a) The galvanostatic discharge and charge of cells with a glassy
carbon electrode in O,-saturated 0.1 M LiTFSI/Py14TFSI with (1) and with-
out (2) 2 mM EtV?* (the inset shows the redox shuttle action of EtV2T,
displacing the formation pathway of Li,O, from the electrode surface to
the solution, j = 20 mA cm™2); (b) cyclic voltammograms of 1 mM EtV2* in
(red) Ar-saturated and (blue) O, saturated BMPTFSI on 3 mm glassy carbon
discs at a scan rate of 50 mV s~ (CV of BMPTFSI without EtV2* at O, is
shown with a dashed line).**84%° Reprinted with permission from ref. 498
and 499. Copyright 2013, 2015 Royal Society of Chemistry and Elsevier.
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and then EtV' reduced O, to O,  accompanied with the
regeneration of EtV*>" through an electrochemical reduction
reaction. It was also proposed that EtV>" reacted with super-
oxide species to some extent, although controlling (EtV(OTf),)
at a low concentration and Li" at a high concentration could
alleviate the degradation of EtV>" initiated by superoxide attack.
The same authors further fabricated a Li-O, battery with
EtV(OTf), in a Py;,TFSI-based electrolyte (0.1 M LiTFSI), in
which the cell discharge overpotentials were decreased a little
in comparison to those without EtV(OTf),.**® Moreover, the cell
capacity was enhanced from 2 pA h em™> to 4.7 pA h em™2, It
was also found that EtV(OTf), not only reduced O, to O, , but
also reduced O, to O,%". As a result, the superoxide lifetime
was drastically decreased, and the cell durability could be
increased. However, the midpoint potential of viologen molecules
was much smaller than 2.96 V vs. Li*/Li, showing the decreased
charge overpotential was limited.

The influence of the midpoint potential for SRMs on the
discharge potentials of a battery was studied by Nakanishi
et al., who selected quinone (Q) molecules as probes to check
their ORR activity in aprotic solvents.>* They found that there
was a linear correlation between the onset potentials of the
ORR and the midpoint potential of the quinone derivatives
(Qox/Qre) (Fig. 81). However, the redox potentials of Qu,/Q;. were
not very close to the theoretical thermodynamic potential of
Li,O, formation, and Q. could not reduce O, to yield Li,O,
effectively.

With this guidance, Bruce et al. introduced 2,5-di-tert-butyl-
1,4-benzoquinone (DBBQ) with the midpoint potential of 2.63 V
vs. Li'/Li as an ORR catalyst in a weakly solvating (low DN
solvent) electrolyte.”> DBBQ endowed the system with a higher
discharge voltage of around 2.7 V (0.1 mA cm™?) than that of a
Li-O, battery without DBBQ (Fig. 82). Remarkably, DBBQ increased
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Fig. 81 (a) CV of three-electrode cells in the presence of 1 mM naphtho-
quinone under O,-bubbled (red curve) or Ar-bubbled (black curve) con-
dition; (b) cathodic chronopotentiograms of Li-O, battery in the presence
(red curve) and absence (black curve) of 1 mM naphthoquinone; (c) cathodic
chronopotentiograms of cell with various quinone derivatives (1 mM);
(d) onset potentials of the ORR plotted against the midpoint potential of
quinone derivatives (Qox/Qsem).°* Reprinted with permission from ref. 160.
Copyright 2014 American Chemical Society.
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Fig. 82 (a) Load curves for oxygen reduction at a gas diffusion electrode
discharged in LiTFSI/TEGDME with DBBQ (solid lines) and without DBBQ
(dashed lines) under O, at various areal current densities; (b) enlarged
section of the load curves recorded without DBBQ in (a); SEM images
of the (upper) toroid-like and (bottom) film-like Li,O, morphologies on
discharge in 1 M LiTFSI/ethers (c) with and (d) without DBBQ.”® Reprinted
with permission from ref. 75. Copyright 2016 Nature Publishing Group.

the cell capacity 80- to 100-fold in comparison to a Li-O, battery
without DBBQ, originating from the significantly enlarged
size of Li,O, particles. It was proposed that Li'~-DBBQ-O,~
was formed as the intermediate in solution instead of LiO,* on
the cathode, changing the Li,O, formation pathway from solid-
phase growth to solution-phase growth. The solution-phase
pathway could support Li,O, deposition form large clusters,
and inhibit the generation of a dense Li,O, film by the solid-
phase pathway. This induced a substantial increase of cell
capacity.

Except for viologen and quinone molecules, some redox
radicals were also investigated as ORR SRMs in a Li-O, battery.
Ratera and Tonti et al. examined the ORR activity of tris(2,4,6-
trichlorophenyl)methyl (TTM) radical with the midpoint potential
of 2.6 V vs. Li'/Li in a Li-O, battery.>®® The battery with the TTM
radical could deliver a capacity two times (7.5 A h g~ ") larger than
the one without TTM at 0.1 mA cm™ > (TEGDME-based electrolyte
and Super-P based cathode), as well as a little lower ORR over-
potentials. The authors also proposed synthesizing several mole-
cules with different functional groups in the TTM family, which
could possibly suggest a bright future for their application in
Li-O, batteries with better performance.

Details of the presently developed ORR soluble redox mediators
are shown in Table 10. Except for the strong effect of the midpoint
potentials, the concentrations and molecular weight of the SRMs
also had an impact on the increased degree of the capacity. The
high concentration of SRMs can reduce oxygen through a chemical
route as much as possible, while the low molecular weight of SRMs
can provide fast diffusion kinetics to revive itself as soon as
possible.

6.2 SRMs for Li,O, decomposition

SRMs with a high midpoint potential (Z2.96 V vs. Li*/Li) could
potentially function as a Li,O, oxidizer and electron carrier
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20 pA cm 2
0.2 mA cmmaf2
0.1 mA cm 2

2.5-fold
80-fold
2-fold

~2.42 (vs. 2.39 w/o SRM)
~2.72 (vs. 2.61 w/o SRM)
~2.65 (vs. 2.55 w/o SRM)

~2.42
~2.63
~2.60

0.1 M LiTFSI in Py, TFSI
1 M LiTFSI in TEGDME
1 M LiOTf in TEGDME

Carbon paper

Glassy carbon
Super P

EtV**(OTf ), (466, 2 mM)
DBBQ (220, 10 mM)
TTM (553, 1 mM)

My, molecular weight.
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from Li,0, to the cathode, resulting in the decomposition of
Li,O, chemically and a decrease in the charge potential.>**>°”
Importantly, the decreased charge potentials effectively inhibit
the generation of active superoxide species and by-products.
As a result, the cell durability is promoted.

Bruce et al. presented the first demonstration of tetrathia-
fulvalene (TTF) as an OER SRM to catalyze the decomposition
of Li,0, in Li-O, batteries (Fig. 83).°°®> With the addition of TTF
in the electrolyte (1 M LiClO, in DMSO), the battery exhibited
suppressed charge potentials from 3.9 V to 3.4 V, as well as a
much improved rate capability and superior cyclic stability.
When LiFePO, was applied as an anode material to avoid
the side reaction between Li-anode and TTF, the charge over-
potentials could be sustained without any obvious change even
at 100 cycles. Afterwards, Whittingham et al. studied the
chemical and electrochemical stability of a TTF-containing
battery with the LiFePO, anode by utilizing an in situ synchro-
tron XRD technique.’®® Unfortunately, TTF chemically reduced
Fe*" and induced lithiation of FePO, in the presence of Li".
Recently, Chen et al. used a TTF-based DMSO electrolyte for a
Li-O, battery with nanoporous graphene as the cathode. The
porous cathode offered an efficient pathway for charge transfer,
TTF oxidation and diffusion. As a result, the charge potential of
the battery with the TTF redox mediator was decreased by about
0.66 V in comparison to that of the battery without TTF, while
the cell could cycle 100 times at a capacity of 2000 mAh g™ ' ata
current density of 2 A carbon - 00

After the first demonstration of TTF for the advancement
of Li-O, batteries, other OER SRMs with better stability were
developed.'®® For example, Janek et al. investigated the OER
catalytic activity of TEMPO in a Li-O, battery.'®> TEMPO
possessed a redox potential of about 3.7 V vs. Li'/Li (Fig. 84),
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Fig. 83 (a) Cyclic voltammetry of tetrathiafulvalene (TTF) dissolved in
0.1 M TBACLO,4/DMSO electrolytes cycled under an O, (blue curves) and
Ar (red curves) atmosphere at a gold electrode (current density: 100 mV s™Y);
(b) the evolved O, as determined by mass spectrometry after mixing the
oxidized forms of TTF and excess Li,O, in 1 M LiClO4/DMSO electrolyte;
(c) charge—discharge profiles of Li-O, batteries with a limited capacity of
300 mA h ga, ! at a current density of 0.196 mA cm™2; (d) charge—
discharge curves of cells with TTF at a current density of 0.196 mA cm—2
for the 1st, 20th and 100th cycles.>® Reprinted with permission from
ref. 503. Copyright 2013 Nature Publishing Group.
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Fig. 84 (a) Cyclic voltammogram of 1 M LiTFSI/DME electrolyte with
10 mM TEMPO under an Ar and O, atmosphere; (b) full cycle of the Li-O,
cell with and without 10 mM TEMPO using a KB carbon cathode (current
density: 0.1 mA cm~2); (c) differential electrochemical mass spectrometry
analysis of evolved gases during the charging of cells with 10 mM TEMPO
(j = 0.1 mA cm™2); (d) cyclability of Li-O, cells with TEMPQ in 0.1 M LiTSFI/
DME electrolyte at 0.1 mA cm21%° Reprinted with permission from
ref. 105. Copyright 2014 American Chemical Society.

which enabled the battery to achieve a ~400 mV lower OER
overpotential and ~14% higher Coulombic efficiency than
those of the battery without TEMPO. It was found that the
per cent of released CO, could be decreased with the aid of
TEMPO, and the battery performed with superior cyclic stability
at a limited capacity of 500 mA h gcarpon '~ The same authors
further investigated the influence of the TEMPO concentration
on the battery performance. The cell capacity was derived from
the combination of a Li-O, battery and a redox-flow battery.>*°
To achieve this design, they applied a Li' selective solid-
electrolyte membrane to avoid the side reactions between the
Li-anode and TEMPO. With a 1 M TEMPO-based electrolyte
in the Li-O,/redox-flow cell, it could deliver a capacity of
~27 mA h mL™" and a Coulombic efficiency of 96% at a
current density of 0.05 mA cm 2.

In addition to TEMPO derivatives, phenothiazine derivatives
have also been proved to be promising SRM candidates for
Li-0, batteries.>'*>'? Typically, the OER activity of 10-methyl-
10H-phenothiazine (MPT) with a redox potential of about 3.7 V
vs. Li*/Li was investigated by Zhou’s group.”'®*"" The addition
of MPT distinctly reduced the charging potentials by more than
800 mV and thus, the battery had a much improved cycling
stability. However, Kim et al.’s investigations showed that the
catalytic activity of MPT was degraded after a certain number of
cycles, leading to an increase in the overpotential during cell
cycling. The failure of such a type of Li-O, battery was due to
the irreversible decomposition of MPT on Li-metal even when
there was a stable SEI layer on the Li-anode. This observation
emphasized that the protection of Li-metal from attack by the
electrolyte components was crucial for promoting the Li,0,
decomposition with SRMs.>*?

In addition to pure organic molecules, transition metal
complexes,”'**"® such as metal porphyrins®***'® and metal
phthalocyanines,>®"*'” have been investigated for OER SRMs
in Li-O, batteries. The midpoint potentials of transition metal
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Fig. 85 (a) Anodic chronopotentiograms obtained in the presence and
absence of 1 mM metal tert-butylphthalocyanine (M-TPP) using a Li>O5-
formed GC electrode in an Ar atmosphere; (b) cyclic voltammograms
obtained in the presence of 1 mM cobalt complexes using pristine GC
electrode in an Ar atmosphere (scan rate: 10 mV s™3); (c) anodic chrono-
potentiograms obtained in the presence and absence of 1 mM cobalt com-
plexes using a Li,O,-formed GC electrode in an Ar atmosphere; (d) onset
potentials of OER plotted against the redox potential of M(u)/M(i) in
transition metal complexes.>?” Reprinted with permission from ref. 527.
Copyright 2014 American Chemical Society.

complexes could be well tuned by their core-metals and sub-
stituted groups, which is potentially useful for decreasing the
cell charge potential.>** Nakanishi et al. studied the OER prop-
erty of several metal porphyrins and phthalocyanine in a Li-O,
battery (Fig. 85).°°' Among all the metal complexes tested, cobalt
tert-butylphthalocyanine (Co-TTP) exhibited the best catalytic
activity for Li,O, decomposition. The charging potential was
decreased from 4.1 V to 3.4 V at 1 pA cm™? with the Co-TTP
complex. tert-Butyl cobalt phthalocyanine (tb-CoPc) was also
investigated as an OER catalyst in a Li-O, battery, while the
charging potentials was decreased from 4.0 V to 3.5 V.>"’ This
confirmed that the charging potentials were strongly associated
with the midpoint potential of the SRMs.

Ryu et al. proved that an iron porphyrin molecule (Fe-PP,
Fig. 86) — a heme cofactor in blood - could function as an SRM
for efficient OER and ORR in aprotic Li-O, batteries.’*® The
Fe-PP complex not only enabled charge transfer between the
insulating Li,O, products and the electrode with high effici-
ency, but also acted as an oxygen carrier for binding oxygen
species with its Fe** centre. As a result, the cell achieved a lower
polarization and longer cycle life in comparison to the cell
without Fe-PP. The macrocyclic compounds coordination with
the polyvalent metal, for example iron porphyrin, probably had
a bifunctional catalytic effect for both ORR and OER, since Fe",
Fe*" and Fe®" could coexist in the chemicals. Shen and Huang et al.
proved iron phthalocyanine (FePc) could serve as a bifunctional
redox catalyst with the midpoint potentials of Fe*'/Fe™ and
Fe*'/Fe®" centred at 2.5 V vs. Li'/Li and 3.65 V vs. Li'/Li,
respectively.>'® They proposed a two-step redox mechanism as
“(FePc-0,) <> (FePc—0,)” «> (FePc-LiOOLi)” during the ORR
and OER process. Here, FePc could chemically reduce O, and
oxidize Li,O, through redox chemical reactions. A Li-O, battery

Chem. Soc. Rev., 2018, 47, 2921-3004 | 2987
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Fig. 86 (a) Schematic illustration of an oxygen electrode charged Li-O,
cell with an electrolyte containing heme (Fe-PP) molecules; (b) CVs of the
electrolyte containing 1 M LiClO4, TEGDME and Fe-PP under a He and O,
atmosphere at a scan rate of 5 mV s~%; (c) initial charge/discharge curves of
cells with the MWCNT electrode and (1) 1 M LiClO4 + TEGDME or (2) 1 M
LiClO4 + TEGDME + Fe-PP in a voltage window between 4.30 and 2.35 V
at a current density of 100 mA g~ (d) voltage versus time curves of
batteries at a current density of 200 mA g~* under the same conditions as
(c).>'® Reprinted with permission from ref. 518. Copyright 2016 Nature
Publishing Group.

with FePc performed with a two times larger capacity
(full-discharge mode) and lower OER overpotential of 400 mV
(at 1000 mA h g~ ') compared to batteries without FePc.

In addition to organic SRMs, several inorganic reagents,
such as Lil and LiBr, have been developed to catalyze the OER
in aprotic Li-O, cells.**>**9*7°2% Kang et al. first used Lil as an
SRM in a Li-O, cell, exhibiting a reduced OER potential from
4.3 V to 3.3 V with CNT fibril as the cathode at a current rate of
2 A g ! with a limited capacity of 1000 mA h g (Fig. 87).%°
Consequently, the battery with the I"/I;~ redox couple achieved
an excellent cyclic stability of close to 900 cycles at a fixed
capacity of 1000 mA h g '. It was also found that the cell
performance with SRMs was significantly related to the applied
cathode. A CNTs electrode could perform better in terms of the
electron-transfer property than KB electrode, and therefore
offered lower OER overpotentials. After that, numerous reports
used Lil SRMs combined with different cathode materials, such
as rGO, nori-derived carbon, polydopamine-modified CNTSs
or polyimide-coated carbon.?®'** All of these combinations
exhibited a better performance than those of a battery with
single SRMs or that was possible through cathode design.

Due to the highly positive effects of the Lil redox couple on
the decrease of cell charging polarization, many researchers
investigated the reaction chemistry of Lil in aprotic Li-O,
batteries. Aurbach et al. found that LiI could accelerate the
electrolyte degradation (1 M LiCF;SO; in TEGDME) and pro-
duce LiOH as the main discharge product in a high concen-
tration (0.1-1 M), while LiOH cannot be decomposed by the
I;7/1" and I/I;~ couples.”* At a low concentration (0.01 M),
Li,O, becomes the dominant product, and can be oxidized
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Fig. 87 (a) Schematic illustration of the role of a redox mediator (RM) in
a Li—O, battery using KB carbon and aligned-CNT-fibril electrodes;
(b) discharge/charge profiles of CNT fibril electrodes without a catalyst, with
Pt catalyst and with Lil catalyst at a discharge depth of 1000 mAh g~*and a
current rate of 2000 mA g™%; (c) cyclability and terminal voltages of cells with
the CNT fibril electrodes and Lil catalyst.%® Reprinted with permission from
ref. 69. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

by the I,/I;~ couple. This result was in accordance with
Zhou’s report.'”?

In addition to the use of an independent additive, Grey et al.
used Lil and H,O as co-additives and rGO as the cathode to
achieve an outstanding battery performance. The battery had a
low charging voltage of about 3 V (1 A g~ " at a limited capacity
of 8 Ah g™ ") and superior cycling stability for over 500 cycles at
5A ¢ " (5Ah g ").> The authors proposed that the better
performance could be attributed to the catalytic decomposition
of LiOH by Lil, and the interconnected macroporous network of
rGO, which was beneficial for the formation of large-sized LiOH
aggregations. Wang et al. proved that LIOOH was also a stable
discharge product with 50 mM Lil and 1-20% water (v/v) in
DME (0.5 M LiTFSI) and found it could be oxidized by the I, /I~
couple below 3.5 V.*” They also found that LiOH could be
decomposed at about 3.85 V with Lil and water. Zhou et al
suggested that the quantity of Li,O, in the discharge product
increased with the improved water content in the 1 M Lil/
TEGDME-based electrolyte, owing to the buffer effect of water
towards the nucleophilic attack of superoxide species.”® In this
case, Li,O, and LiOH coexisted after discharge, while Li,O,
could be decomposed by the I,/I;~ couple and LiOH remained
on the cathode after charging. Shao-Horn et al. further investi-
gated the influence of the water/Lil ratio on the reaction chem-
istry of a Li-O, cell. When the molar ratio of H,O/LiI was lower
than 5, LiOH was the major product due to the shifting of the
reaction equilibrium (Li,O, + H,O < H,0, + 2LiOH) to the
right side by the consumption of H,0, by Lil (3Lil + H,O «> Lil; +
2LiOH)."”* In contrast, at a high H,O/Lil ratio (12, 24 and 134),
LiOOH-H,0 was formed and disproportionated to LiOH-H,O as
the final discharge product. It was suggested that Lil accelerated

This journal is © The Royal Society of Chemistry 2018
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Fig. 88 (a) Cyclic voltammetry (5 mV s~ of (1) 0.2 M LiTFSI/DME (black
curve), (2) 0.2 M LiTFSI/DME containing 50 mM LiBr (red curve) and (3) 0.2 M
LiTFSI/DME containing 50 mM Lil (blue curve) on Pt working electrodes
under an Ar atmosphere; the 1st discharge/charge profiles of Li-O, cells
with different DME electrolytes at (b) a limited capacity (0.052 mA cm™2) for
10 h and (c) an unlimited capacity (the inset shows the typical toroid
deposits of Li,O,); (d) discharge/charge profiles of Li-O; cells with 0.2 M
LiITFSI + 50 mM LiBr in DME electrolytes during prolonged galvanostatic
cycling (current density: 0.052 mA cm~2).528 Reprinted with permission
from ref. 528. Copyright 2016 Royal Society of Chemistry.

the superoxide-related nucleophilic attack towards the electrolyte
or promoted Li,O, transformation, which probably hampered the
battery cycle life.

Up to now, it is still controversial to say whether LiOH could
be decomposed by Lil or not. Theoretically, the redox potential
of the LiOH/O, couple is 3.82 and 3.42 V vs. Li'/Li in acidic and
basic conditions, respectively, which are much higher values
than that of the I;7/I" couple. The I; -LiOH reaction to produce
0, in a charge process seems unfeasible.®'”> However, the redox
chemicals may arise from the existence of derived intermediates,
for example IO~ and I0; ™, and consequently more effort should
be done to show evidence for the chemical oxidation of LiOH by
the Lil-containing system.>>°

Similar to the I /I;” redox couple, other halide cation couples
also have similar OER functionality. Aurbach and Sun et al. used
LiBr as an OER SRM in a Li-O, battery, and demonstrated a
pronounced improvement in the charge characteristics at higher
charging rates.’”® The battery achieved over 40 stable cycles with
negligible overpotential deviations, owing to the efficient decom-
position of Li,O, by LiBr (Fig. 88). They also stated that Br, was
formed above 4 V vs. Li'/Li, and it could decompose the Li,CO;
by-products.

6.3 SRMs for both Li,0, formation and decomposition

Due to their independent function for promoting the discharge/
charge reactions in Li-O, batteries, ORR and OER SRMs could
be simultaneously used to accelerate both Li,O, formation and
decomposition reactions.>”**® Bruce et al. demonstrated that the
dual mediators DBBQ and TEMPO could be used to promote
both Li,O, formation and decomposition in solution (Fig. 89).
The as-prepared battery showed capacities of 2 mA h CMareal >
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Fig. 89 (a) Discharge—charge curves of a battery using gas-diffusion-
layer-based porous carbon electrodes and 0.3 M LiClO4/DME with 25 mM
DBBQ/25 mM TEMPO (solid lines) and without DBBQ-TEMPO (dashed
lines); (b) enlarged section of the discharge—charge curves recorded
without DBBQ-TEMPO in (a); (c) schematics of the positive electrode
reactions on discharge and charge in the presence of DBBQ and TEMPO;
(d) amounts of Li,**COs in the *C-carbon cathodes at the end of dis-
charge on each cycle (determined by subjecting the electrodes to acid to
liberate ¥CO, from the Li,"*COs), the inset of (d) shows SEM images of the
GDL-based porous carbon electrodes using 0.3 M LiClO4/DME electrolyte
with 25 mM DBBQ/25 mM TEMPO at the end of the 10th charge.>*°
Reprinted with permission from ref. 530. Copyright 2017 Nature Publishing
Group.

at 1 mA cmgeq ~ with a low polarization on charge/discharge
(3.6 V and 2.7 V), which were much better results than those of
batteries without SRMs (~0.1 mA h cMyureq 2, 4.0 V and 2.5 V).
Because Li,O, was formed and decomposed in solution within
low charge potentials (3.6 V), the generation of Li,CO; by-product
and carbon instability were significantly reduced (<0.008%
decomposition per cycle compared with 0.12% without SRMs).
Moreover, it was hypothesized that 40 mA h CMareal  at rates of
1 MA CMyreq  could be achieved with gas diffusion electrodes,
which were equal to a practical cell with 500-600 W h Kg~*.>*°

A Li-O, battery with redox couples and a separate gas
diffusion tank (GDT) instead of a cathode current collector could
separate the current collection and discharge-product accumula-
tion, which prevented the surface passivation and pore clogging
of Li,O, products. This battery was named a redox-flow Li-O,
battery (RF Li-O, battery).’*® Zhu et al. used Etv>" and Lil as ORR
and OER redox catalysts in a RF Li-O, battery (Fig. 90), and the
primary cell delivered a high capacity of over 40 mA h in the
presence of 10 mM ethyl viologen (EV>") at a current density of
0.125 mA em™>?” Although these two types of redox mediators
functioned reasonably well in the RF Li-O, battery, they suffered
corrosion problems and presented large overpotentials for the
oxidation of Li,0,, as well as an unstable nature upon prolonged
cycling. The same authors reported a new pair of redox mole-
cules, namely tris(4-[2-(2-methoxyethoxy)ethoxy]phenyl)amine
(TMPPA) and DBBQ, as OER and ORR catalysts to tackle these
issues.’®® As reported previously, DBBQ and TMPPA molecules
presented the redox reactions at around 2.63 and 3.63 V vs.
Li/Li", respectively, located in the upper and bottom of the
0,/Li,0, equilibrium potential. With DBBQ as the ORR SRM,
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Fig. 90 (a) Schematic illustration of the configuration and working
process of an RF Li—O, battery (the cell stack constitutes a Li-anode and
carbon felt cathode (2 x 2 cm?), separated by a membrane; a gas diffusion
tank was then connected to the cathodic compartment through a pump;
during the discharge process, oxygen flowed into the tank and was
reduced to form Li,O,, while the electrolyte fluid containing the redox
mediators and Li* circulated between GDT and the cell; the photo at the
lower-right corner shows an RF Li—O, battery powering three light-emitting
diodes); (b) CVs of the TEGDME electrolyte with ethyl viologen or Lil (the
equilibrium potential of Li,O,/O, is indicated for reference); (c) discharge/
charge curves of an RF Li-O, battery in the first 3 cycles (a current density of
0.05 mA cm~2; (d) discharge/charge curves and Coulombic efficiency of RF
Li-O, batteries employing a PVdF-Nafion membrane at different cycle
numbers (current density: 0.125 mA cm~2, electrolyte: 1.0 M LiTFSI/
TEGDME containing 10 mM EV2*/10 mM |7).2” Reprinted with permission
from ref. 27. Copyright 2015 Royal Society of Chemistry.

a volumetric energy density as large as 7090 W h L™ could be
attained if only the volume of the GDT tank was considered.
Unfortunately, they found that the DBBQ molecule could undergo
certain changes in the high-voltage region (above 3.5 V).”* It
remains therefore essential to search for OER SRMs with good
stability and a low midpoint potential (at least =3.5 V Li/Li") for
decreasing the charging potentials, which would be beneficial for
the inhibition degradation of the SRMs under high voltages.

6.4 Short summary and perspective for SRMs

In short, the introduction of SRMs could substantially enlarge
the catalytic sites for Li,O, formation/decomposition, which is
benefit for the increased reaction kinetics at the oxygen electrode
(Tables 10 and 11). The active and stable SRMs should meet the
following criteria: (1) their redox potential should be close to the
equilibrium potential of O,/Li,O,, which is essential for catalyzing
Li,O, formation/decomposition; (2) the chemical and electroche-
mical stability of the SRM should be high enough to tolerate the
reactive species, especially in the harsh superoxide-containing
environment; (3) their solubility in organic electrolytes should
be high enough for fast Li,O, formation/decomposition; (4) their
molecular weight should be as low as possible for their fast
diffusion kinetics.

To screen SRMs with the above-mentioned standards, many
challenges still remain. First, SRMs with better chemical and
electrochemical stability are essential to achieve stable ORR
and OER sustainably.”***?® Second, the redox potentials of
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SRMs should be close to 2.96 V vs. Li/Li*, which is beneficial for
decreasing the ORR and OER overpotentials. Third, the side
reaction between SRMs and the Li-anode can induce a short-circuit
and self-discharge of the battery, as well as a rapid failure of the
Li-anode and SRMs. Consequently, some protective methods are
proposed to solve the above-mentioned obstacles, for example, a
Li* selective solid-electrolyte membrane and negatively charged
polymer separator,®>*>**! a pretreated Li-anode with carbonate-
based electrolyte'®”%” and replacement of the counter electrodes.”™*
However, these cannot solve all these problems thoroughly
and some new issues will also arise. With regard to these
challenges, a combination of advanced electrode, electrolyte
and SRMs may be a good strategy to achieve a stable and high-
performance battery.

7. Conclusion and perspective

The rate and sustainability of electrochemical reactions at the
electrode of aprotic Li-O, batteries are the critical factors to
determine the cell energy density, capacity, rate capability,
stability and so on. The lack of fundamental understanding
between the material/structure of electrodes/electrolytes and
the electrode reaction kinetics limits the rapid development of
high-performance and stable Li-O, batteries. In this review
article, we tried to illustrate the discharge/charge mechanism
at the anode and cathode of Li-O, batteries, and paid great
attention to clarifying the influence of the electrode and electro-
lyte material/structure functionality on the stability and rate of
the electrode reactions, which is beneficial for the synthesis
and optimization of advanced materials/structures for high-
performance Li-O, batteries.

For the Li-electrode part, the construction of an SEI layer
with inorganic Li-salts and a protective Li* conductive film on
the Li-electrode as well as substitution of the Li-metal by Li-alloy
are proposed to solve the issues of Li dendrite formation and to
overcome issues with the side reactions. We comprehensively
discuss these effective protocols for protection of the Li-metal to
enable the stable long-term operation of Li-O, batteries. The
safety issues, self-discharge and rapid decay of the Li-anode can
be partially resolved with an independent strategy. However, it is
clear that the sole optimization method cannot settle all of the
challenges associated with the Li-anode. A combination of
two-to-three methods may have the opportunity to achieve a
persistent and stable Li-anode for the sustainable energy output
of Li-O, batteries.

For the oxygen electrode part, their improved functionalities
are identified as being key to accelerate the reaction kinetics
through the design of efficient solid catalysts, a porous struc-
ture and via surface engineering.?® First, the cathode architec-
ture with a suitable pore structure has been proven to be highly
important for better mass transport and to give a large space for
Li,O, storage. Second, the construction of advanced catalysts
may provide the opportunity for effectively catalyzing Li,O,
formation and decomposition, and inducing the efficient growth
of large Li,O, particles through surface engineering. Third,

This journal is © The Royal Society of Chemistry 2018
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the present Li,O, formation reaction seems to occur at the
two-phase interface (electrode/electrolyte), because the accessible
0, is dissolved in the electrolyte. The construction of a three-phase
interface between the electrode, electrolyte, and O, for better Li,O,
formation/decomposition reactions is definitely essential for
achieving a high cell capacity and rate capability.®>**

For the electrolyte part, liquid, quasi-solid and solid electro-
lytes with different mass transport abilities and electrochemical
stabilities have been screened for high-performance and stable
Li-O, batteries.'*® Ether-type electrolytes may be one of the
most stable electrolytes among this family. Additionally, ionic-
liquid and polymer-gel electrolytes offer an increased stability
against superoxide species, and overcome the main shortages of
the liquid-type electrolyte in Li-O, batteries, as well as inhibiting
the side reactions and dendrite growth at the Li-electrode.’®® One
of the functions of the electrolyte is the tuneable formation of the
Li'-0," intermediates, while solvents and additives with a speci-
fic electron affinity can provide the opportunity for stabilizing
the intermediates for the growth of large Li,O, clusters.>*81:48
Additionally, some solvents and additive also possess a specific
functionality for increasing the charge reaction kinetics. To
compensate the shortage of single solvents or additives, a proper
integration of electrolyte components with different function-
alities, such as additives for increasing the O, and Li,O,
solubility, additives for inhibition of the side reactions**°'*
and solvents and additives for stabilizing the intermediates and
solubility of Li,0,, may provide the chance for an acceleration
of the ORR and OER reactions in Li-O, batteries.’

SRM is a special kind of additive, which functions as an
electron transporter, oxygen carrier and intermediates stabilizer
for enhancement of the OER and ORR kinetics in Li-O,
batteries.”'® It should be noted that the electrochemical reaction
kinetics for the Li,O, solid to O, and Li" are contrary to the
potential gap between the midpoint potentials of the SRMs and
2.96 V vs. Li*/Li. It seems that a decrease in the overpotentials
and an increase in the electrochemical kinetics of OER and
ORR cannot be simultaneously achieved by using SRMs alone.
However, this contradiction can be settled by further under-
standing the effect of OER redox mediators on the cell perfor-
mance, for example, the use of additional chemicals to accelerate
electrochemical ORR and OER.'**?%

Besides achieving fast and sustainable Li,O, formation and
decomposition reactions, another essential point that should
be carefully considered is the avoidable generation of some
by-products (for example, LiOH, Li,CO3) due to the side
reactions.*® Li*Based by-products are generally difficult to be
decomposed due to their high equilibrium potentials, which
can induce pore clogging of the cathode and lead to sudden
death of the battery. One of the strategies to resolve this issue is
the development of efficient additives to decompose them. For
example, SRMs with multiple redox couples may have an oppor-
tunity to independently decompose them. Another strategy is to
inhibit their generation during cell cycling. For example, the
development of efficient and stable electrolytes can tolerate the
attack by reactive species for generating negligible by-products. In
addition, the combination of advanced solvents and functional
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additives provides an opportunity to reduce the charge potentials,
which could have a high impact to weaken the degradation of the
electrolyte.

Although the present designs of advanced materials and
structures seem to be effective for promoting and sustaining the
electrochemical reactions at the anode and cathode, the achieve-
ment of fast and sustainable reactions in Li-O, batteries is not so
simple. For example, one of biggest challenges for Li-O, batteries
is their rate capability, that is to say, the devices should work at
high current rates. Most recent efforts have only focused on
research at relatively low current rates (<1 A g ', the amount of
total cathode materials). At high current rates, the efficiencies of
mass transport and electron transfer, including Li" transport
through the interface and electrolyte, O, transport to the two-
phase/three-phase interfaces, electron transfer between the elec-
trode and O,/Li,O,, and so on, strongly affect the rates of Li,O,
formation and decomposition. Independent studies on the indi-
vidual parts are far away from achieving high-performance and
stable Li-O, batteries. Much effort should be done to seriously
understand the essential points for the fast and sustainable Li,O,
formation/decomposition reactions in Li-O, batteries.

In summary, the present achievements have already shown that
the functional design of a material and structure play important
roles in the increased kinetics and stable output of electrochemical
reactions. From an academic point of view, the high and stable
energy output of a Li-O, battery should be established on the fast
and stable electrochemical reaction at their independent electro-
des. However, it is clear that a straightforward solution to solve the
sole problem associated with a single cell module seems to be
ineffective. A holistic approach with a combination of several parts
has the chance to solve this obstacle. For instance, the safety
problem at the Li-metal electrode may be solved with the combi-
nation of an SEI membrane, a Li* conductive membrane and
optimal electrolytes; while the decomposition of electrolytes under
high charge potentials may be solved through optimization of the
solvents and the use of additives, and cathode materials; fast O,
transport may integrate the optimized solvents and additives, as
well as the surface/interface architecture of the oxygen electrode.

Although most of these challenges still exist and hinder the
rapid development of Li-O, batteries, a deep understanding of
the electrode reaction process is critical for the progress of this
new-generation battery system. The combination and optimization
of advanced electrodes, electrolytes and membranes should
provide powerful solutions to solve all of the remaining issues
in Li-O, batteries. After the fundamental question of electrode
reactions are answered and the efficient materials and surface/
interface structure are constructed, it is believed that Li-O,
batteries will finally reach commercial application in the next
decades."?’

List of abbreviations

AN Acceptor number
CNTs Carbon nanotubes
CT Carbon textile
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3D Three-dimensional

DEMS Differential electrochemical mass spectroscopy
DFT Density functional theory

DN Donor number

DMSO Dimethylsulfoxide

DME 1,2-Dimethoxyethane

DMA N,N-Dimethylacetamide

DMF N,N-Dimethylformamide

FT-IR Fourier transform infrared spectroscopy
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
LiBETI Lithium bis(perfluoroethysulfonyl)imide
LiFSI Lithium bis(fluorosulfonyl)imide

LiTf Lithium trifluoromethanesulfonate
LiBOB Lithium bis(oxalato)borate

LiPFOS Lithium perfluorooctanesulfonate,
(Li*-0,7)so1  Solvated Li'-O,~ ionic pair

MWCNT Multi-walled carbon nanotube

NAs Nanoarrays

NMP Dimethylpyrrolidine

ORR Oxygen reduction reaction

OER Oxygen evolution reaction

PC Polycarbonate

PVdF Polyvinylidenefluoride

rGO Reduced graphene oxide

SEI Solid-electrolyte-interface

SRM Soluble redox mediator

TBA" Tetrabutylammonium

XPS X-ray photoelectron spectroscopy
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