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Lithium-oxygen (Li-O,) batteries are considered as the next generation for energy storages systems due
to the higher theoretical energy density than that of Li-ion batteries. However, the high charge over-
potential caused by the insulated Li,O, results in low energy efficiency, side reaction from electrolyte
and cathode, and therefore poor battery performance. Designing noble metal-based catalysts can be an
effective strategy to develop high-performance Li-O, batteries with low charge overpotentials and out-
standing cycle stability. However, the charge mechanism for noble metal-based catalysts is not clear and
even contradictory. Herein, several charge mechanisms of Li; O, are first discussed. Subsequently, the pos-
sible charge processes of Li-O, batteries with noble metal-based catalysts are illustrated. In addition, the
future development for noble metal-based catalysts is outlined.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Compared to Li-ion batteries, metal-air batteries show the
higher energy densities [1-3], demonstrating great potential for
energy storage systems [4-8]. Rechargeable lithium-oxygen (Li-O,)
batteries have attracted wide attention due to high theoretical en-
ergy density (3500 Wh/kg) that originates from the reversible reac-
tion of lithium peroxide [9-12]. Traditionally, Li-O, cells are com-
posed of the Li anode, separator and cathode catalyst [13-20].
According to different electrolytes, batteries can be divided into
four categories: non-aqueous, aqueous, hybrid, all-solid-state elec-
trolytes [18,21-24]. A non-aqueous Li-O, battery includes a lithium
foil anode, a cathode electrode and the nonaqueous electrolytes,
where the lithium salts are dissolved in nonaqueous electrolyte.
For aprotic Li-O, cells, Li is oxidized to Li* during discharge pro-
cess, while O, is dissolved in the solvent to react with Li* and gen-
erate Li;O, [24-29]. For the charge process, the insulating Li; 0 is
decomposed to generate Lit and O, [30-32]. However, the porous
cathodes are seriously passivated by the insulating discharge prod-
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ucts (Li;O,). To address the passivation issues, the Li-O, batter-
ies with aqueous the electrolytes are proposed [33]. Different from
the non-aqueous Li-O, batteries, the discharge product of aqueous
Li-O, batteries is LiOH, which can enhance the conductivities of
discharge products, thereby promoting the electrochemical perfor-
mances. To inhibit the direct contact between the lithium anode
and the aqueous electrolytes, a hybrid non-aqueous/aqueous sys-
tem is further proposed, which can improve the stability and dura-
bility of Li-O, batteries [34]. Actually, the aforementioned non-
aqueous, aqueous and hybrid electrolytes are based on the lig-
uid solvents which can cause the safety issues and result in low
energy densities. To improve the safety and energy densities, a
variety of solid-state solvents containing polymers and inorganic
solid electrolyte are utilized in Li-O, batteries [35]. Though dif-
ferent kinds of Li-O, batteries show huger potential than that of
Li-ion batteries, the commercialization of Li-O, cells is always im-
peded by various barriers including low energy efficiency, infe-
rior cycle performances and unavoidable side reactions from elec-
trolytes and cathodes [36-39]. Especially, the high charge overpo-
tentials caused by the insulated Li; O, can cause the degradation
of solvents and electrodes, and therefore leading to poor perfor-
mances [40-46]. To alleviate the high charge overpotentials, vari-
ous catalysts such as carbon materials [46-52], transition metal ox-
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ides [53-61], perovskites [37,62-65] and noble metals [66-69] are
utilized to accelerate the oxidation of Li;0,. Among the cathode
catalysts, due to half-filled antibonding states, noble metal-based
catalysts are regarded as a promising catalysts for Li-O, batteries,
which can tune adsorption strength towards intermediates [70].
However, the charge mechanism of Li-O, cells with noble metals
has not been elucidated clearly. For instance, Byon et al. revealed
that noble metal could simultaneously facilitate the oxidation of
solvents and discharge products [30]. Therefore, the cycle perfor-
mance cannot be obviously enhanced. In comparison, Kang et al.
proposed that the anisotropic Pt would facilitate the generation
and oxidation of Li;0,, delivering enhanced OER catalytic activities
compared to commercial Pt/C catalysts [71]. Therefore, a compre-
hensive understanding of the oxidation mechanism is essential to
rationally design efficient noble metal catalysts for promoting the
oxidation of discharge products at low charge overpotentials.

Herein, we summarize the recent progress of charge mech-
anisms for noble metal-based Li-O, cells. We begin the review
by highlighting the different charge mechanisms of Li;0,. Sub-
sequently, the charge processes of various noble metals are dis-
cussed. Finally, we conclude the current charge mechanisms of
high-performance Li-O, batteries and the future direction for con-
structing reasonable noble metal catalysts.

2. Charge mechanism for Li;0,

Several charge mechanisms are proposed for Li-O, batteries, in-
cluding one electron oxidation and two-electron oxidation. Bruce
et al. showed that the oxidation of Li,O, is conducted via a two-
electron oxidation process since no O,~ or LiO, can be detected
via the surface enhanced Raman spectroscopy (SERS) [72]. In con-
trast, Yang et al. [73] believed that the oxidation process of Li,O,
may contain several steps (Fig. 1a). In the sloping region with
low charge overpotential, the oxidation with the formation of Li-
deficient products (Li.x0,) is attributed to both the one-electron
solid-solution-like delithiation and the continuous removal of par-
ticles or discs in different surface regions. The two-phase oxida-
tion process of bulk Li; 0, can be identified at high voltage plateau
(E=3.4V). Yang et al. [73] showed that the lithium superoxide
(LiO;) can be generated at low charge overpotentials due to one-
electron oxidation of Li,O,, followed by disproportionation reac-
tions of LiO,, while oxidation of bulk Li,O0, via two-electron pro-
cess appears at high charge voltages (Fig. 1b). Furthermore, similar
results can also be achieved by Marnix et al. [74]. They demon-
strated that the non-crystalline peroxide is first charged during
initial charge stage, then the crystalline peroxide is charged at
high charge voltage to generate Li-deficient solid solution phase
(Liz.x0,) via one-electron oxidation (Figs. 1c and d) [75]. The exis-
tence of LiO, is confirmed by Lu et al. [76]. They claimed that the
soluble LiO, could be generated during oxidation process of Li, 0,
in high donor number solvents, while LiO, is absent and Li, 4O,
can be formed in low-donicity solvent (Fig. 1e). The existence of
LiO, is further confirmed by the thin-film rotating ring-disk elec-
trode (RRDE) and X-ray absorption near-edge spectrum.

In addition, the different morphologies of Li;0, also reflects
distinctive mechanisms. For the toroid-shape discharge products,
electron transportation from toroidal Li,O, to current collectors
is difficult due to the poor electronic conductivity [77]. At a low
charge potential, lithium-deficient product (Li;4O,) is formed, fol-
lowed by the oxidation process of Li,_yO, at a relatively plat volt-
age area. With the continuous charge process, oxidation of byprod-
ucts and solvents occurs at high charge overpotentials according to
the previous reports [73,78]. In contrast, for the Li;O, thin films,
the electron transport can be realized by the electron tunneling
through the film (with thickness of 5-10nm) [79]. Additionally,
the Li,O, thin films are amorphous compared to crystalline Li,O,
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Fig. 1. (a) The charge processes for Li;O, with disk or particle morphologies. Re-
produced with permission [73]. Copyright 2013, Royal Society of Chemistry. The
charge processes of (b) E-Li;0, and (c) C-Li;O,. Reproduced with permission [74].
Copyright 2014, American Chemical Society. (d) The proposed charge mechanisms
of Li-O, batteries. Reproduced with permission [75]. Copyright 2013, Elsevier. (e)
Proposed solvent-controlled Li,0, decomposition mechanism. Reproduced with per-
mission [76]. Copyright 2018, Elsevier.

with toroid shapes [23,80-82]. Peng et al. [80] also stated that the
amorphous Li;0, shows two to three orders of magnitude higher
in ionic and electronic conductivity than that of commercial Li;0,,
leading to a low charge overpotential. Therefore, the charge over-
potential of amorphous Li;O, thin films is low due to enhanced
electronic conductivities compared to that of toroidal Li;O,. An-
other reason for the low charge overpotential of Li,0, films is as-
cribed to the increased contact interfaces between Li, O, films and
cathodes [29,83]. Though the Li,O, thin film can be decomposed
at a low voltage, the disadvantages of Li;O, thin film including
low discharge capacity and seriously parasitic reactions should be
considered. In the future, efficient catalysts should be designed to
balance the capacity and charge overpotentials [39,41,84].

3. OER mechanisms for noble metal-based cathodes
3.1. OER for noble metals

Noble metals have attracted increasing attention since they
can provide the ideal adsorption sites and strength for Li,O,
[71,85-92]. The gold cathode by Peng et al. [87] displayed the re-
versible generation and oxidation of Li;O, for 100 cycles, which
inspires the development of noble metal-based cathodes in Li-O,
cells (Fig. 2a). Yang et al. [93] showed that the ORR activity of Pd,
Au, Pt and Ru established a volcano-shaped regulation, which is
in consistent with the trend in fuel cell batteries (Fig. 2b). Among
all the noble metals, Ru demonstrates superior catalytic activity
for OER performances. Zhou et al. [94] stated that RU@MWCNTP-
based catalysts exhibit a lower charge overpotential of 0.68V than
that of MWCNTP cathode (1.04V); Jeong et al. [95] investigated
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Fig. 2. (a) The cycle performance of NPG cathodes. Reproduced with permission
[87]. Copyright 2012, American Association for the Advancement of Science. (b)
Nonaqueous Li*-ORR potentials as a function of calculated oxygen adsorption en-
ergy, AEo, relative to that of Pt. Reproduced with permission [93]. Copyright 2011,
American Chemical Society. (c) Discharge-charge curves for anisotropic Pt, Pt/C and
KB carbon cathodes. (d) ORR and OER energy curves calculated on the Pt (411)
planes. Reproduced with permission [71]. Copyright 2018, American Chemical So-
ciety.

the catalytic effect of Ru, Pd and Au on the reduced graphene ox-
ide during charge process. They claimed that the Ru-reduced ox-
ide graphene (Ru-rGO) composite displays low charge overpoten-
tial compared to the other noble metal since the Ru nanoparticles
can induce Li;0, thin films.

The surface structure of noble metals will have an effect on the
charge overpotentials. Kang et al. [71] stated that the anisotropic
Pt catalyst with high-index (411) facets show superior OER perfor-
mances with low overpotential (0.51V) at 0.2 A/g (Fig. 2c). Accord-
ing to the calculation results (Fig. 2d), the principal reason is the
higher activity of the high-index facets than that of the low-index
facets. Meanwhile, Su et al. [96] showed that Au nanocrystals with
high-index facets displayed higher excellent OER activities than the
Au with low-index facets. They believed that the excellent activity
performance of high-index facets is due to the high surface en-
ergy, which can enhance the interaction between O and Li atoms,
thereby facilitating the decomposition of Li,0,.

Due to the intrinsic affinity towards LiO,, noble metals can in-
hibit the formation of Li,0,, leading to the generation of LiO, as
the main discharge products. For example, Lu et al. [86] designed
a suitable noble metal-based cathode that contains Ir and reduced
oxide graphene (rGO) for Li-O, batteries (Figs. 3a and b). LiO, is
detected as the main discharge products by the XRD patterns and
Raman spectra (Figs. 3c and d). Another evidence for the forma-
tion of LiO, is the discharge curves of LiO, under Ar atmosphere.
After LiO, was discharged at 1000 mAh/g (the red curves in Fig.
3e), the crystalline LiO, can be formed. This result suggested that
LiO, can be formed by a one-electron process with a capacity of
1000 mAh/g (Fig. 3f). They believed the lattice matching degree
between LiO, and Ir3Li determined the generation of LiO,. Since
the disproportionation reaction rate of Li,O, is determined by the
two factors: (1) the desorption rate of O, from the LiO, surface;
(2) the solvent effect, the electrolytes can prevent LiO, from dis-
proportionation and bring good stability of crystalline LiO,. This
research work provides new directions for designing defective dis-
charge products to inhibit side reactions by lattices matching be-
tween catalysts and discharge products.

Apart from the noble metal cluster, the noble-metal single-atom
catalysts (NMSACs) with well-defined structures can enhance the
catalytic activities by increasing the active sites. Recently, Hu et al.
[69] developed Ru single-atom onto nitrogen-doped porous carbon
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Fig. 3. (a, b) TEM images of Ir-rGO catalysts. The circle in (b) shows some small Ir
atomic clusters. Scale bars: (a) 10nm, (b) 2nm. (c) HE-XRD patterns of discharge
product on Ir-rGO as a function of aging time. (d) Raman spectra of discharge prod-
ucts on Ir-rGO cathodes. (e) Voltage curves for Ir-rGO discharged first in O, and
then in Ar at a capacity of 1000 mAh/g. (f) HE-XRD pattern of cathode resulting
from both discharges in (e). Reproduced with permission [86]. Copyright 2016, Na-
ture Publishing Group.

(Rug; SAs-NC and Rug3 SAs-NC) as cathode catalysts for Li-O, bat-
teries. Compared to the ZIF-8, Rug 3 SAs-NC demonstrates a low ad-
sorption strength towards LiO, and Li, O, (Figs. 4a-f). Furthermore,
the Gibbs free energy profiles demonstrates that the rate deter-
mining step for ORR and OER processes are the reduction of O,
to form Li, O, clusters and the oxidation of Li; O, clusters to gener-
ate O,, respectively. Due to the weak binding interaction towards
LiO,, Rugp3 SAs-NC delivers a low discharge polarization (2.34V in
Fig. 4g). The charge density difference further confirms an abun-
dant electron transfer for the Rugs SAs-NC (Fig. 4h). Meanwhile,
compared to the pyrolyzed ZIF-8, the density of state (DOS) sug-
gested that Ru mainly contributed to DOS below the Fermi level
of the Rug3SAs-NC (Figs. 4i and j), indicating the superior catalytic
activities.

As discussed in detail above, though the noble metal can de-
crease the charge polarizations and enhance the energy efficiency
in Li-O, batteries, using noble catalysts also increases the risk of
side reactions from cathodes and electrolytes. For instance, Pt and
Pd based catalysts can accelerate the decomposition of solvent by
the differential electrochemical mass spectrometry (DEMS) results
[95,97]. Peng et al. [85] showed that the continuous CO, evolution
can be identified at the later charge process for Ru-carbon nan-
otube (Ru-CNT) and Pd-CNT catalysts by the DEMS characteriza-
tions (Figs. 5a and b). Though Ru-CNT and Pd-CNT catalysts can
improve OER overpotentials and high round-trip efficiency (Figs.
5c and d), the reversibility is impaired by the parasitic reactions.
Therefore, there is no improvement for the rechargeability by us-
ing Ru-CNT and Pd-CNT cathodes (Figs. 5e and f). Similar results
was observed by Byon et al. [30]. By using Pt, Ru, Pd and Au as
cathode catalysts for Li-O, cells, they found that the oxidation pro-
cess of Li;0, is accompanied by more side reaction. These results
suggest that using noble metal-based catalysts in fact damage the
reversible formation and decomposition of Li,0,.



Y. Zhao, W. Cheng, ]. Wu et al.

@c ON

g Ty —— pyrolyzed ZIF-8
1212041 4Ll v 4e ——Ruot SAS-NC
R ——Ruo3 SAs-NC
s 10
z 8 " LiOs" + Ox(g) + 3Li*
5 6 —
g 4 Li:0:* + Ox(g) + 2Li*
€ —
2 2
o - ., 2
8 ol 2Li:0:
w 238 34
2 280 263
4 296 293
Reaction coordinate
. ¥ \E, . - E,
j 20 |pyrolvzed ziF-8 iE j Ruo: SAs-NC i&
:
g 8
2 3
e L)
3 3
a : a
|—c-2p H —N-2
-20 : - P
21 Nz : 21" Rus :
25 20 -15 -10 5 0 5 10 2 20 -5 -0 5 0 5 10

Energy (eV) Energy (eV)

Fig. 4. The pristine (a) pyrolyzed ZIF-8 and (d) Rugs; SAs-NC structures. The op-
timized structures of (b) LiO, adsorbed on pyrolyzed ZIF-8, (e) LiO, adsorbed on
Ru-N, configuration of Rugz SAs-NC, and (c) Li;O, adsorbed on pyrolyzed ZIF-8, (f)
Li,0, adsorbed on Ru-N4 configuration of Rug; SAs-NC. (g) Gibbs free energy dia-
grams at 2.97 V for the discharge-charge reactions on the active surface of pyrolyzed
ZIF-8, Rug; SAs-NC and Rug3 SAs-NC. (h) Corresponding charge density distribution.
Isosurface level =0.002 a.u. The total density of states (DOS) and partial density of
states (PDOS) of (i) pyrolyzed ZIF-8 and (j) Rug; SAs-NC. Reproduced with permis-
sion [69]. Copyright 2020, American Chemical Society.

€
E

s 0 _ s 50
Q Ru-CNT 2 Pd-CNT
g 2
= 9 3 45 9
2 LN .
< s =t
2 g e 40 §
e e g ‘
§ < § 35 ;
g s ¥
8 £ 38 305
8 T8
8 & sovns . 14
0 100 200 300 400 500 0 100 200 300 400 500 600
(c) Capacity (mAhlg) (d) Capacity (mAhlg)
55 55
——bare CNT
5.0 ——Ru-CNT 50 Ru-CNT
;l- 45 ——Pd-CNT ;‘. 45
r 3 a0
g 40 2 L.
> 35 2
S E°= 2,96V | 0.53V g 0
§ ol 1o (S i £ s
S 25 i o
> 2 > 20 — st —— 10th —— 20th
3 20 3 s —30th — s0th ——100th
151+ . . . 1.04+— - - -
0 200 400 600 800 1000 0 200 400 600 800 1000
(e) Capacity (mAhlg ... (6] Capacity (mAh/g ...
55 34 1100
Pd-CNT = —o—bare CNT
o d o-RuONT [
5 s ; 29 —o—Pd-CNT
3 40 k-
° 2 28] tisusnsansanannnnnnns 11000 8
> 35 g 2
> 27 pd
g 30 ] ! >A«<M.< taegosies |95 B
g 25 Zz : 1“*‘*-.“..1. . H
_— — _— 25 A ST g
3 20 1st 10th 20th H —J o S 900 §
S 15 ——30th — 50th —— 100th 8 24 b
10 23 850
0 200 400 600 800 1000 $ & 4 %6 ¥ W
Cycle number

Capacity (mAh/g 00

Fig. 5. DEMS results for (a) Ru-CNT and (b) Pd-CNT catalysts during the charge
process. (c) The first cycle of the pristine CNT, Ru-CNT and Pd-CNT cathodes. 100
cycles of Li-O, cells with (d) Ru-CNT and (e) Pd-CNT catalysts. (f) The terminal dis-
charge voltage as a function of cycle number at a fixed capacity of 1000 mAh/g.
Reproduced with permission [85]. Copyright 2015, American Chemical Society.

Chinese Chemical Letters 34 (2023) 107413

@ CNT Cathode

@ :Ru0, NP
. : Li,0; product
#: Migration

(¢) (d)

eBohr? (iv) PDOS of the Li,0, .
| 1162 LI -
V [y —yp——

Nucleation

e

Lz-a . |eiyruopio, A
== ==

3
o | e t0tal SPIN-up === total spin-down
=374ev > —
b
8 (i) Bulk Li,0, ! spin-up
(]
R ' spin-down
o v S (i) Bulk RuO, i spin-up
2 1 — C i spin-down
- > 1 - - - - -
- - -4 2 0 2 4
A § E,: E-E. ./eV

Fig. 6. The diagram of the discharge processes in (a) CNT and (b) RuO,/CNT cath-
odes. Reproduced with permission [101]. Copyright 2013, American Chemical Soci-
ety. (c) Charge density difference at the RuO, (110) slab. (d) Density of states (DOS)
of (i) bulk RuO,, (ii) bulk Li,0,, (iii) total DOS of RuO,/Li,0,, (iv) projected DOS
(PDOS) of Ru, O and the adsorbed Li,0,. Reproduced with permission [102]. Copy-
right 2017, American Chemical Society.

3.2. OER for noble metal oxides

Among all the noble metal oxides, RuO, represents excellent
OER catalytic performances due to its metallic character with high
electronic conductivity (104 S/cm for single crystal) [98,99]. Zhou
et al. [100] prepared the RuO, hollow spheres with diameters of
200-300nm as the catalyst for cathode electrodes. The RuO, hol-
low spheres showed a charge overpotential of only 0.54V even up
to 100 cycles. Impressively, Zhou et al. [88] also designed a core
shell-structured CNT@RuO, hybrid as the cathode. The Li-O, bat-
teries with CNT@RuO, cathodes showed a low charge overpoten-
tial of 0.51V. Unfortunately, the specific role of RuO, during the
OER process should be further elucidated. Byon et al. suggested
that the RuO, was beneficial to the generation of amorphous Li, O,
on the CNTs, and the large contact area between CNTs and Li,0,
can promote the OER kinetics (Figs. 6a and b) [101]. According
to first-principle calculations, Kim et al. [102] proposed that insu-
lated Li;O, can interact with RuO, through a Stranski-Krastanov
growth mode and transform into conductive Li;0,, which leads
to a low charge overpotential. RuO, demonstrates strong adsorp-
tion strength towards Li; 0, (—3.74eV), leading to the formation of
RuO,/Li;0, heterostructure. After depositing Li;O, on the surface
of RuO,, obvious charge transfer as well as remarkable lattice mis-
match between Li;O, and RuO, can be observed (Fig. 6¢), which
makes the insulative Li;0, conductive according to the density of
state results (Fig. 6d). Recently, the charge mechanism of RuO,
was further investigated by Chen’s group [103] via an aberration-
corrected scanning transmission electron microscope with a high
angle annular dark field detector (HAADF-STEM) and synchronous
electrochemical measurements. During the charge process, the cat-
alytic sites are located at solvent-RuO,-Li,O, triple-phase inter-
faces. RuO, can accelerate both the oxidation process of surfaced
discharge products and the decomposition of soluble LiO, to dis-
solve the insulated discharge product of Li;O, via a chemical dis-
proportionation reaction. This mechanism provides new insights
into OER reactions of noble metal-based catalysts.
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3.3. OER for noble metal-based alloys

Alloying noble metal with the other metal is a feasible tactic to
enhance the catalytic performance for Li-O, batteries. Considering
Pt-based alloy, Shao Horn et al. [104] developed PtAu nanoparticles
as the catalyst for Li-O, cells, resulting in a low overall potential
(0.85V) at 0.05 A/g (Figs. 7a and b). In addition, the PdCu nanopar-
ticles fabricated by Kang et al. [90] demonstrate a high energy ef-
ficiency of 80% at 0.2 A/g. The DFT calculations showed that the
electron transfer from Cu to Pd can decrease adsorption strength
towards LiO,, leading to a low OER overpotential (Figs. 7c and d).
Similarly, Kim et al. [91] confirmed that the adsorption strength to-
wards LiO, is related to the charge overpotential of Pt;Co catalysts.
In particular, the decreased adsorption between LiO, and Pt3Co al-
loy caused a low charge overpotential of 0.56V at 0.2 A/g.

Similar results were also reported by Guo et al. [105], where
the PtIr alloys are rationally designed as the efficient catalysts for
Li-O, batteries. Pt atom with high electronegativity tends to cap-
ture electron from Ir atoms, leading to lower Lewis acidity of Pt
atoms and thereby causing the downshift of d-band center (Figs.
8a-c). which results in the weaker adsorption strength towards
LiO, (—2.50eV) compared to pure Pt (Fig. 8c). The weak binding
interaction between LiO, and Ptlr alloys bring about the outstand-
ing discharge (0.60V) and charge (1.16V) catalytic activities (Figs.
8d and e). The Gibbs free energy profiles show that the rate deter-
mining steps for discharge and charge processes are the formation
of 2Li0, molecules and the oxidation of LiO, to release O,, respec-
tively.

Another tactic to enhance the electrochemical performances
of noble metals is tuning the shape of noble metal-based alloys,
which can provide abundant exposed ledges and atomic steps.
Kang et al. [106] fabricated Pt3Co nanocubes (NCs) surrounded by
(100) planes and 12 edged surfaces (Figs. 9a and b). Compared to
Pt;Co nanoparticles, Pt3Co nanocubes delivered a high energy ef-
ficiency and excellent rate performances (Figs. 9c and d). The en-
hanced performance of Pt3Co nanocubes was ascribed to the elec-
tronic structure, atomic arrangement and the cubic morphologies.

3.4. OER for noble metals and transition-metal oxides hybrids

Noble metals and transition-metal oxides hybrids are effective
catalysts, which can promote the formation and oxidation of dis-
charge products. Among them, Ru or RuO, based hybrid catalysts
demonstrates excellent ORR and OER performances. Zhou et al.
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[107] utilized Ru/MnO, as the cathode for Li-O, batteries with wa-
ter as the protic additives in aprotic electrolytes. During the dis-
charge process, LiOH and H,0, were generated by the reaction be-
tween Li;0, and H,0. During the charge process, H,0, can convert
into H,O and O, due to the catalytic effect of MnO, while LiOH
can be oxidized by Ru noble metals, leading to low charge over-
potentials (0.21V). As a result, Li-O, batteries with Ru/MnO, cath-
odes showed outstanding OER and rate performances. Meanwhile,
the catalytic role of Ru/MNT was investigated by Zhu et al. with
the help of operando synchrotron radiation powder X-ray diffrac-
tion (SR-PXD in Figs. 10a-c) [108]. The oxidation of Li;O, on the
Ru/MNT cathodes follows a pseudo-zero-order kinetics, therefore,
the Ru/MNT cathode delivers a coulombic efficiency of 100% (Fig.
10d).

Additionally, Dong et al. [92] developed «-MnO,/RuO, as the
catalyst for Li-O, batteries. The synergistic catalytic mechanism be-
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tween «-MnO, and RuO, was proposed. During the charge pro-
cess, more LiO, can be generated on the «-MnO,/RuO, cath-
odes compared to that of pure RuO, electrodes. In detail, Li ions
and Li,_,O, can be stabilized by «-MnO, and RuO,, respectively.
Subsequently, the Liy_yO, could be easily decomposed by RuO,
(Fig. 11a). Therefore, the Li-O, batteries with o-MnO,/RuO,@CN
cathodes show good rate performances and excellent cycle perfor-
mances (45 cycles) with a low charge overpotential (0.25V). The
synergistic charge mechanism provides a novel strategy to obtain
high-performance Li-O, batteries (Figs. 11b-d).

4. Conclusion

In this review, we mainly discuss the recent progress of the
charge mechanisms for the noble metal-based catalysts in Li-O,
batteries. The noble metal-based cathodes contain noble metals,
noble metal oxides, noble metal-based alloy, and noble-transition
metal oxides hybrids. The oxidation of discharge products can be a
one-electron or two-electron process, which is determined by the
solvents and catalysts. For the noble metal cathodes, the charge
overpotential can be decreased by the high-index facets or the for-
mation of other types of discharge products, which can enhance
the electrochemical performances. In comparison, it is suggested
that the noble metals could also lead to the degradation of sol-
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vents, bringing negligible improvement for the cycle performances.
For the noble metal oxides in Li-O, batteries, during the charge
process, the oxidation of Li;O, can be promoted by the inter-
action between Li,O, and catalysts by constructing the solvent-
catalyst-Li; O, triple-phase interfaces. For the catalytic activity of
noble metal-based alloy, the electron properties and the shape of
alloys can affect the decomposition process of Li;0,. In the last
section, the OER mechanisms of noble-transition metal oxides hy-
brids were elucidated. OER is a complicated process, which con-
tains multistep electrochemical reactions. The OER process can be
influenced by many parameters such as high-index facets, shapes,
and the composition of noble metals. Though remarkable progress
has been made for the charge mechanisms in Li-O, batteries, sub-
stantial efforts should be devoted for a fundamental understanding
of Li,0, decomposition. The process of Li,O, oxidation on the O,
cathode during the charge process is always under debate. There-
fore, the in situ characterizations should be established to provide
direct evidence for the analysis of OER process.

Developing efficient noble metal cathodes with superior sta-
bility and high energy efficiency is the ultimate goal for high-
performance Li-O, batteries. To obtain low OER overpotentials and
excellent cycle performances, two strategies can be proposed: (1)
maximizing noble metal atomic utilization by construing the noble
metal single-atom catalysts, (2) decreasing the OER overpotentials
by the strain engineering. Due to the high cost and low abundance
of noble metals, decreasing the content of noble metals while
maintaining high OER catalytic is urgent. Therefore, constructing
the noble metal single-atom catalysts can show the maximum
atom-utilization efficiency, leading to excellent OER performance
[69]. In addition, the local environment, coordination number
and spatial configuration of noble metal single atom can be mod-
ulated to further tune the electronic structure and determine the
OER catalytic performance [109]. On the other hand, the OER ac-
tivity of noble metals can be tuned by the strain effect, which in-
cludes the compressive and tensile strain. The strain can be gen-
erated by forming the core-shell structure, shape variation, alloys,
grain boundaries, etc. [110]. Generally, tuning the lattice strain has
already been confirmed to be effective in the electrocatalyst de-
sign. Usually, introducing a compressive strain can cause the down-
shift of d-band center for the noble metal with fixed d orbital
occupancy. Therefore, the antibonding d states will move to a low
energy level, which increases electron occupation and enhances
adsorption strength towards intermediates [111]. In comparison,
the tensile strain of noble metals induces the upshift of d-band
center, enhancing the binding interaction between intermediates
and catalysts. Therefore, the rate determining step during the ORR
and OER process can be tuned by the strain engineering for the
noble metal catalysts. With continuous efforts, the Li-O, batteries
with high energy densities will show great commercial potential in
the future.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support from the
National Natural Science Foundation of China (No. 12175098) and
Hundred Talents Sailing Project of Jiangxi Province, China.

References

[1] X. Guo, S. Zheng, Y. Luo, H. Pang, Chem. Eng. ]. 401 (2020) 126005.
[2] B. Li, H. Xue, H. Pang, Q. Xu, Sci. China Chem. 63 (2020) 475-482.



Y. Zhao, W. Cheng, ]. Wu et al.

[3] B. Li, R. Zhu, H. Xue, ]. Colloid. Interf. Sci. 563 (2020) 328-335.
[4] S. Peng, H. Huang, D. Yu, Angew. Chem. Int. Ed. 61 (2022) e202116068.
[5] D. Yu, Y. Ma, F. Hu, Adv. Energy Mater. 11 (2021) 2101242.
[6] J. Song, S. Qiuy, E. Hu, Adv. Funct. Mater. 31 (2021) 2100618.
[7] D. Ji, L. Fan, L. Li, Adv. Mater. 31 (2019) 1808267.
[8] L. Deng, F. Hu, M. Ma, Angew. Chem. Int. Ed. 60 (2021) 22276-22282.
[9] D. Aurbach, B.D. McCloskey, L.F. Nazar, P.G. Bruce, Nat. Energy 1 (2016) 16128.
[10] W. Dai, X. Cui, Y. Zhou, Small Methods 3 (2019) 1800358.
[11] Y. Ko, H.I. Kim, S.J. Cho, Adv. Energy Mater. 11 (2021) 2102096.
[12] Y. Bae, H. Song, H. Park, Adv. Energy Mater. 10 (2020) 1904187.
[13] X. Gao, Y. Chen, L. Johnson, P.G. Bruce, Nat. Mater. 15 (2016) 882-888.
[14] X. Gao, Y. Chen, L.R. Johnson, Nat. Energy 2 (2017) 17118.
[15] Y. Ko, H. Park, K. Lee, Angew. Chem. Int. Ed. 132 (2020) 5414-5418.
[16] D. Wang, F. Zhang, P. He, H. Zhou, Angew. Chem. 131 (2019) 2377-2381.
[17] H. Deng, Y. Qiao, X. Zhang, ]. Mater. Chem. A 7 (2019) 17261-17265.
[18] W.. Kwak, J. Park, H. Kim, ACS Energy Lett. 5 (2020) 2122-2129.
[19] F. Marques Mota, J.H. Kang, Y. Jung, Adv. Energy Mater. 10 (2020) 1903486.
[20] M. Hong, C. Yang, RA. Wong, ]. Am. Chem. Soc. 140 (2018) 6190-6193.
[21] N. Feng, P. He, H. Zhou, Adv. Energy Mater. 6 (2016) 1502303.
[22] WJ. Kwak, S.J. Park, H.G. Jung, Y.K. Sun, Adv. Energy Mater. 8 (2018) 1702258.
[23] RA. Wong, A. Dutta, C. Yang, Chem. Mater. 28 (2016) 8006-8015.
[24] ].B. Park, S.H. Lee, H.G. Jung, Adv. Mater. 30 (2018) 1704162.
[25] A. Dutta, R. Wong, W. Park, Nat. Commun. 9 (2018) 680.
[26] Z. Qian, X. Li, B. Sun, ]J. Phys. Chem. Lett. 11 (2020) 7028-7034.
[27] ]. Zhang, B. Sun, Y. Zhao, Angew. Chem. Int. Ed. 56 (2017) 8505-8509.
[28] J. Zhang, B. Sun, A.M. McDonagh, Energy Storage Mater. 7 (2017) 1-7.
[29] C. Yang, RA. Wong, M. Hong, Nano Lett. 16 (2016) 2969-2974.
[30] R. Wong, C. Yang, A. Dutta, ACS Energy Lett. 3 (2018) 592-597.
[31] WJ. Kwak, H.G. Jung, D. Aurbach, Y.K. Sun, Adv. Energy Mater. 7 (2017)
1701232.
[32] HJ. Shin, WJ]. Kwak, D. Aurbach, Y.K. Sun, Adv. Funct. Mater. 27 (2017)
1605500.
[33] L. Puech, C. Cantau, P. Vinatier, ]J. Power Sources 214 (2012) 330-336.
[34] E. Yoo, H. Zhou, ACS Nano 5 (2011) 3020-3026.
[35] Y. Sun, Nano Energy 2 (2013) 801-816.
[36] WJ. Kwak, ]. Park, T.T. Nguyen, ]J. Mater. Chem. A 7 (2019) 3857-3862.
[37] D.A. Agyeman, Y. Zheng, T.H. Lee, ACS Catal. 11 (2020) 424-434.
[38] K. Adpakpang, S.M. Oh, D.A. Agyeman, Adv. Funct. Mater. 28 (2018) 1707106.
[39] Z. Lyu, Y. Zhou, W. Dai, Chem. Soc. Rev. 46 (2017) 6046-6072.
[40] Z. Huang, J. Ren, W. Zhang, Adv. Mater. 30 (2018) 1803270.
[41] P. Zhang, Y. Zhao, X. Zhang, Chem. Soc. Rev. 47 (2018) 2921-3004.
[42] B. Tong, J. Huang, Z. Zhou, Z. Peng, Adv. Mater. 30 (2018) 1704841.
[43] W.B. Luo, X.W. Gao, S.L. Chou, Adv. Energy Mater. 7 (2017) 1700234.
[44] TH. Gu, D.A. Agyeman, S.J. Shin, Angew. Chem. Int. Ed. 57 (2018)
15984-15989.
[45] X. Bi, M. Li, C. Liu, Angew. Chem. Int. Ed. 59 (2020) 22978-22982.
[46] T. Zhao, Y. Yao, Y. Yuan, Nano Energy 82 (2021) 105782.
[47] J. Shui, Y. Lin, J.W. Connell, ACS Energy Lett. 1 (2016) 260-265.
[48] B. Sun, S. Chen, H. Liu, G. Wang, Adv. Funct. Mater. 25 (2015) 4436-4444.
[49] Z. Zhang, ]. Bao, C. He, Adv. Funct. Mater. 24 (2014) 6826-6833.
[50] D. Cao, Y. Bai, J. Zhang, Nano Energy 89 (2021) 106464.
[51] H. Xia, Q. Xie, Y. Tian, Nano Energy 84 (2021) 105877.
[52] M. Tian, C. Wei, Z. Sun, Carbon 178 (2021) 436-442.
[53] J. Li, M. Zou, W. Wen, J. Mater. Chem. A 2 (2014) 10257-10262.
[54] L. Ma, N. Meng, Y. Zhang, F. Lian, Nano Energy 58 (2019) 508-516.
[55] L. Dai, Q. Sun, L. Chen, Nano Res. 13 (2020) 2356-2364.
[56] R. Bi, G. Liu, C. Zeng, Small 15 (2019) 1804958.
[57] ]. Li, Y. Deng, L. Leng, J. Power Sources 450 (2020) 227725.
[58] Z.L. Jiang, G.-.L. Xu, Z. Yu, Nano Energy 64 (2019) 103896.
[59] Y. Zheng, R. Gao, L. Zheng, ACS Catal. 9 (2019) 3773-3782.

Chinese Chemical Letters 34 (2023) 107413

[60] X. Liu, L. Zhao, H. Xu, Adv. Energy Mater. 10 (2020) 2001415.
[61] Y. Zhang, M. Hu, M. Yuan, Nano Res. 12 (2019) 299-302.
[62] Y. Zhou, Q. Gu, Y. Li, Nano Lett. 21 (2021) 4861-4867.
[63] M.C. Sung, G.H. Lee, D.W. Kim, InfoMat 3 (2021) 1295-1310.
[64] X. Li, Z. Qian, G. Han, ACS Appl. Mater. Interfaces 12 (2020) 10452-10460.
[65] Y. Cong, Z. Geng, Q. Zhu, Angew. Chem. 133 (2021) 23568-23575.
[66] T. Zhang, B. Zou, X. Bi, ACS Energy Lett. 4 (2019) 2782-2786.
[67] Q. Huang, F. Dang, H. Zhu, ]. Power Sources 451 (2020) 227738.
[68] S. Hyun, A. Saejio, S. Shanmugam, Nanoscale 12 (2020) 17858-17869.
[69] X. Hu, G. Luo, Q. Zhao, J. Am. Chem. Soc. 142 (2020) 16776-16786.
[70] K. Song, D.A. Agyeman, M. Park, Adv. Mater. 29 (2017) 1606572.
[71] K. Song, ]. Jung, M. Park, ACS Catal. 8 (2018) 9006-9015.
[72] T. Ogasawara, A. Débart, M. Holzapfel, ]. Am. Chem. Soc. 128 (2006)
1390-1393.
[73] B.M. Gallant, D.G. Kwabi, R.R. Mitchell, Energy Environ. Sci. 6 (2013)
2518-2528.
[74] S. Ganapathy, B.D. Adams, G. Stenou, J. Am. Chem. Soc. 136 (2014)
16335-16344.
[75] Y.C. Ly, Y. Shao-Horn, J. Phys. Chem. Lett. 4 (2013) 93-99.
[76] Y. Wang, N.C. Lai, Y.R. Lu, Joule 2 (2018) 2364-2380.
[77] E Tian, M.D. Radin, D.J. Siegel, Chem. Mater. 26 (2014) 2952-2959.
[78] B.M. Gallant, D.G. Kwabi, R.R. Mitchell, Energy Environ. Sci. 6 (2013)
2518-2528.
[79] H.D. Lim, H. Song, H. Gwon, Energy Environ. Sci. 6 (2013) 3570-3575.
[80] Y. Zhang, Q. Cui, X. Zhang, Angew. Chem. 128 (2016) 10875-10879.
[81] J. Ly, Y. Lei, K.C. Lau, Nat. Commun. 4 (2013) 1-10.
[82] J. Hummelshgj, A. Luntz, ]. Nerskov, ]. Chem. Phys. 138 (2013) 034703.
[83] J. Huang, B. Zhang, Z. Bai, Adv. Funct. Mater. 26 (2016) 8290-8299.
[84] Y. Hu, X. Han, F. Cheng, Nanoscale 6 (2013) 177-180.
[85] S. Ma, Y. Wy, ]. Wang, Nano Lett. 15 (2015) 8084-8090.
[86] J. Lu, Y. Lee, X. Luo, Nature 529 (2016) 377-382.
[87] Z. Peng, S.A. Freunberger, Y. Chen, P.G. Bruce, Science 337 (2012) 563-566.
[88] Z. Jian, P. Liu, F. Li, Angew. Chem. Int. Ed. 53 (2014) 442-446.
[89] Y. Xing, N. Chen, M. Luo, Energy Storage Mater. 24 (2020) 707-713.
[90] R. Choi, ]. Jung, G. Kim, Energy Environ. Sci. 7 (2014) 1362-1368.
[91] B.G. Kim, H.-J. Kim, S. Back, Sci. Rep. 4 (2014) 1-9.
[92] S. Cai, M. Zheng, X. Lin, ACS Catal. 8 (2018) 7983-7990.
[93] Y.C. Lu, HA. Gasteiger, Y. Shao-Horn, J. Am. Chem. Soc. 133 (2011)
19048-19051.
[94] F. Li, Y. Chen, D.-M. Tang, Energy Environ. Sci. 7 (2014) 1648-1652.
[95] Y.S. Jeong, ].B. Park, H.G. Jung, Nano Lett. 15 (2015) 4261-4268.
[96] D. Su, S. Dou, G. Wang, NPG Asia Mater. 7 (2015) e155.
[97] B.D. McCloskey, R. Scheffler, A. Speidel, ]. Am. Chem. Soc. 133 (2011)
18038-18041.
[98] K. Liao, T. Zhang, Y. Wang, ChemSusChem 8 (2015) 1429-1434.
[99] P. Bhattacharya, E.N. Nasybulin, M.H. Engelhard, Adv. Funct. Mater. 24 (2014)
7510-7519.
[100] F. Li, D.M. Tang, T. Zhang, Adv. Energy Mater. 5 (2015) 1500294.
[101] E. Yilmaz, C. Yogi, K. Yamanaka, Nano Lett. 13 (2013) 4679-4684.
[102] J. Huang, Z. Jin, Z.L. Xu, Energy Storage Mater. 8 (2017) 110-118.
[103] C. Hou, J. Han, P. Liu, Nano Energy 47 (2018) 427-433.
[104] Y.-.C. Lu, Z. Xu, H.A. Gasteiger, J. Am. Chem. Soc. 132 (2010) 12170-12171.
[105] Y. Zhou, K. Yin, Q. Gu, Angew. Chem. Int. Ed. 60 (2021) 26592-26598.
[106] ]. Jung, K. Song, Y. Bae, Nano Energy 18 (2015) 71-80.
[107] E Li, S. Wu, T. Zhang, Nat. Commun. 6 (2015) 1-7.
[108] J. Liu, Y. Ma, M. Roberts, J. Power Sources 352 (2017) 208-215.
[109] Z. Lei, W. Cai, Y. Rao, Nat. Commun. 13 (2022) 1-10.
[110] X. Yang, Y. Wang, X. Tong, N. Yang, Adv. Energy Mater. 12 (2022) 2102261.
[111] Z. Xia, S. Guo, Chem. Soc. Rev. 48 (2019) 3265-3278.



