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HIGHLIGHTS

•	 This review systematically summarizes the catalytic performance of two-dimensional (2D) materials in Li–O2 batteries, together with 
activation strategies spanning point, line, plane, and bulk dimensions.

•	 The catalytic mechanisms and key descriptors of 2D materials are analyzed, including the adsorption strength of intermediates, 
electronic structure, and product evolution.

•	 The multifunctional roles of 2D materials in Li–O2 batteries are discussed, including separators, electrolyte additives, and lithium 
anode protection.

ABSTRACT  In the integration of heterogeneous catalysis with two-dimensional 
(2D) materials, Li–O2 batteries serve as valuable research prototypes, particularly 
for investigating the efficient oxygen reduction/evolution reaction in multiphase envi-
ronments. However, the advantages and limitations associated with the unique ani-
sotropy and electronic properties of 2D materials in Li–O2 batteries (LOBs) remain 
unclear. This Review provides a comprehensive overview of 2D cathode catalysts for 
LOBs, including graphene, transition metal oxides/hydroxides, dichalcogenides, and 
metal carbides, together with their corresponding activation engineering strategies. 
More specifically, we thoroughly examine the pivotal role of anisotropic catalytic 
properties on the large surface areas and terminal edge active sites of 2D cathode 
catalysts. The correlations are analyzed between 2D material design and catalytic 
mechanisms in LOBs, particularly in adsorption strength of intermediates, elec-
tronic structure and discharge product. Additionally, the expanded applications of 
2D materials in components such as lithium anode protection and rapid lithium-ion 
transport are also briefly discussed by leveraging their favorable physicochemical properties. Finally, the challenges and future directions 
for the development and application of 2D materials are summarized and discussed, which is expected to unlock the full potential of LOBs 
batteries as next-generation energy storage technologies.

KEYWORDS  Li–O2 batteries; Two-dimensional materials; Cathode catalysts; Activation strategies; Anisotropic catalytic surface

Guoliang Zhang and Han Yu have contributed equally to this work.
 *	 Yuqi Fan, yuqifan@sdnu.edu.cn; Ning Wang, wangn02@foxmail.com; Feng Dang, dangfeng@sdu.edu.cn

1	 Key Laboratory for Liquid‑Solid Structure Evolution and Processing of Materials (Ministry of Education), Shandong University, Jinan 250061, 
People’s Republic of China

2	 College of Geography and Environment, Shandong Normal University, Jinan 250358, People’s Republic of China
3	 State Key Laboratory of Marine Resource Utilization in South China Sea, Hainan University, Haikou 570228, People’s Republic of China
4	 Department of Mechanical and Construction Engineering, Northumbria University, Newcastle Upon Tyne NE1 8ST, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-026-02235-3&domain=pdf


	 Nano-Micro Lett.          (2026) 18:389   389   Page 2 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

1  Introduction

Two-dimensional (2D) nanomaterials flourished with the 
successful exfoliation of graphene, an atomically thin carbon 
material [1–3]. Subsequently, other classes of ultrathin 2D 
nanomaterials have been extensively studied, including, but 
not limited to, phosphorene [4], graphitic carbon nitride 
(g-C3N4) [5, 6], layered oxides/hydroxides [7, 8], MXenes 
[9, 10], and transition metal dichalcogenides (TMDs) [11, 
12]. 2D materials feature an ultrathin thickness of monolayer 
or several atomic layers connecting with unique bonding 
interactions. There are strong covalent bonds within the 
atomic planes of 2D nanomaterials, whereas weak van 
der Waals force interactions exist between the stacked 
layers. This structural anisotropy endows 2D materials 
with physicochemical properties distinct from their bulk 
counterparts, including a large surface area, abundant 
exposed active sites, uniform surface chemistry, and tunable 
electronic structure and catalytic activity [13]. Importantly, 
understanding such anisotropy is crucial for elucidating and 
optimizing reversible catalytic reactions.

Li–O2 batteries (LOBs) are one of valuable research pro-
totypes integration of reversible catalytic processes with 
2D catalysts [12, 14]. In LOBs, it experiences two main 
processes: oxygen reduction reaction (ORR) in discharging 
process and oxygen evolution reaction (OER) in charging 
process. During discharge, Li ions stripping from anode 
move to cathode combined with reduced oxygen molecules 
forming solid products Li2O2 and depositing on the cathode. 
The charging process proceeds in reverse with Li ions dif-
fusing back and O2 released, which was proved by Bruce 
et al. using mass spectrometry technology in 2006 [15, 16]. 
After that, primary researches concentrate on revealing the 
detailed cathode reaction mechanism during Li2O2 forma-
tion and decomposition to promote the reversibility of LOBs 
[17]. It is deeply recognized that the catalysts highly domi-
nate the electrochemical performance for LOBs, in reaction 
mechanism difference, rate performance, discharge capacity, 
and cycling stability [14, 15].

2D materials have attracted the sights as electrocatalysts, 
which greatly rely on the electronic and structural properties 
[13, 18]. However, it has to be said that most pristine 2D 
catalysts are inferior in catalytic performance resulting from 
low density of electronic states [1, 19, 20]. Fortunately, the 
electronic properties of 2D materials can be easily activated 

by activation engineering, becoming the research hot spots 
to design highly active 2D materials in improving the 
electrochemical performance [21, 22]. Based on the dimension 
of the modulation area, the activation engineering can be 
categorized as follows: (1) Point activation engineering, also 
known as small particle or even single atomic level modulation, 
includes vacancies [23, 24], heteroatomic doping [3, 20, 25], 
and impurity particles loading [26, 27]. The “point” usually 
serves as the catalytic centers, which can modulate the local 
electronic states, reactant adsorption/desorption properties, 
and selectivity. (2) Line and plane activation engineering refer 
to the one- or two-dimensional scale designs, including but not 
limited to the line defects [12], interface structures [28, 29], 
functional group decoration on surface [10, 30], and crystal 
plane orientation [31, 32]. These methods can efficiently tune 
the electronic states of 2D materials and ultimately affect the 
electrochemical performance in the catalytic reactions [33]. (3) 
Bulk activation engineering focuses on the three-dimensional 
directions, such as morphology and size regulation [34, 35], 
shell encapsulation [5, 36], phase transition [37], or external 
fields assistance [38, 39]. Compared with the above two 
engineering, bulk activation will induce more pronounced 
changes in intrinsic properties or catalytic reactions.

With the development of highly efficient cathode catalysts, 
it is gradually acknowledged that the modification and cooper-
ation of anode, electrolyte and separator are of greater impor-
tance for further improving the overall performance, including 
cycle stability, safety, and resistance to complex environments 
[40, 41]. Talking about lithium metal, the uncontrollable mor-
phological changes of Li anode during repeated discharge/
charge processes have long jeopardized the battery perfor-
mance [15, 42]. The generated Li dendrites can easily pen-
etrate the separator, leading to the internal short circuit. Mean-
while, the morphology changes of Li metal constantly destroy 
the solid–electrolyte interface (SEI) films and consume fresh 
Li and electrolyte. Recently, 2D materials have exerted their 
functions to support the battery system due to their highly val-
uable physicochemical properties [43–45]. The Li dendrite can 
be suppressed by 2D materials with high mechanical strength 
[46]. Furthermore, 2D materials would modulate the lithium-
ion flux and uniformize the deposition of lithium, stabilizing 
the environment in the battery system [47–49]. Given the great 
potential of LOBs and multiple functions of 2D materials, a 
timely review about combining these two aspects is essential. 
This review highlights the irreplaceable role of 2D materials 
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in LOBs and summarizes recently reported progress (Fig. 1). 
We firstly introduce the working mechanism and main chal-
lenges in the LOBs, especially for seeking highly efficient cata-
lysts. Then, according to the different activation engineering 
dimensions, we classified the different types of 2D materials as 
cathode catalysts and discussed the improved electrocatalytic 
performance, aiming to clarify the catalytic mechanisms of 
activated 2D materials in LOBs. The mechanistic perspective 
across 2D materials was discussed. Subsequently, in view of 
the issues in the anode, separator, and electrolyte, a concise 
analysis was made for the extended applicability of 2D mate-
rials from fundamental physicochemical perspective. Finally, 
we address the prevailing challenges and prospects with 2D 
material for the future development of the LOBs.

2 � Working Principle and Challenge in Li–O2 
Batteries

As a promising energy storage system with an exceptionally 
high theoretical energy density of 3500 Wh kg−1, the practi-
cal application of LOBs has been restricted by many techni-
cal challenges, including low round-trip efficiency, degraded 
capacity and cyclability. These major challenges are closely 
related to the function of each component of LOBs. Until 
now, considerable research efforts have been devoted into 
revealing the working principle, thus enhancing the cor-
responded performance. Basically, this section reviews the 
cathode reaction mechanisms and challenges in LOBs, and 
the role of other components.

2.1 � Fundamental Understanding in Cathode Reaction

Understanding the reaction mechanisms of LOBs bears 
profound guiding implications for the design of the 
cathode. Considerable research efforts have been devoted 
to ORR and OER processes in LOBs, demonstrating the 
circumstance of single-electron [50], two-electron [51], 
and four-electron [52, 53] reduction of O2 to LiO2, Li2O2, 
and Li2O products, respectively. Actually, the reaction path 
greatly depends on the competition effects of various factors, 
e.g., electrolyte properties [54, 55], electrolyte additives 
[56], and electrocatalysts [57, 58]. General speaking, it is 
currently hard to set a consensual product target considering 
the complex reactivity in LOBs. Take the widely studied 

Li2O2 as example, the formation process can be described 
as follows:

Oxygen molecules is firstly reduced on the catalysts sur-
face Eq. (1) and combined with Li+ for LiO2 Eq. (2). Next, 
there are two paths from LiO2 to Li2O2 as follows Eqs. (3–4), 
experiencing the disproportionation involving two LiO2 
molecules or adsorbed LiO2 continuous reduction with an 
additional Li ion, respectively. The former is the solution-
mediated mechanism with large toroidal products, while the 
latter is the surface growth mechanism with film-like prod-
ucts, influenced by the solvation effect of electrolyte [54]. 
The fundamental reaction steps offer insights into diverse 
electrochemical performance, where the product amounts, 
reaction kinetics and reversibility, are closely correlated with 
the specific capacity, rate capability, and energy efficiency 
[14, 17, 59, 60]. Accordingly, recent attention has been paid 
to exploring efficient cathode catalysts and constructing 
catalytic mechanisms [14, 27, 61].

Two major issues regarding the discharge products bring 
challenges to the development of catalysts. The insulation of 
discharge products Li2O2 is the first challenge, leading to high 
recharging voltage and low energy efficiency [27]. Although 
noble metal catalysts display high electron conductivity and 
catalytic activity in the cathode of LOBs, the high cost limits 
their application in large scale [61]. It is an effective way 
to induce the formation of film-like Li2O2 products with 
high electron conductivity and ion transport, which can be 
decomposed at low voltage [31, 62]. According to Sabatier 
relations, appropriate adsorption strength and electron 
transfer are critical for the reversibility of electrochemical 
reactions [63]. The d-band center is a famous descriptor to 
evaluate the adsorption strength of reaction species on the 
catalysts surface, where the center sites can be modulated 
by alloying [64, 65], heterostructure (such as MoS2/NiS2 
[29]), and single-atom-doped graphene [66]. Moreover, 
adjusting the electronic structure of catalysts could activate 
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the discharge products by injecting the electron, for example, 
via d-p orbital hybridization between the catalysts and O2 
molecules [67], thus promoting the decomposition process. 
Another challenge stems from the undesirable side reactions, 
which can be attributed to degradation of carbon materials 
and electrolyte [17, 59]. In return, the side products accelerate 
the above passivation process, significantly decreasing the 

performance of LOBs. It is a good way to build multifunction 
co-catalysts for the decomposition of Li2O2 and side 
products. However, there is limited exploration restricted 
by the complex reaction products and environment [68]. 
In Li–CO2/O2 batteries, some of composite (e.g., Pt/FeNC 
[69], Ru/NiO [70]) catalyst present highly efficient catalytic 
properties for the decomposition of LiOH, Li2CO3, and 

Fig. 1   Schematic illustration of typical 2D materials, modification methods, and mechanisms in LOBs [185, 186, 247].  Copyright 2024, Else-
vier. Copyright 2022, John Wiley and Sons. Copyright 2021, John Wiley and Sons
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Li2O2. Overall, the slow reaction kinetics are the main reason 
for the poor performance and parasitic reactions; developing 
highly efficient cathode catalyst is the broad way to LOBs.

2.2 � Critical Role of Anode, Separator, and Electrolyte

In LOBs, lithium anode, separator, and electrolyte each play 
their own role while being interrelated. Lithium metal draws 
significant attention on account of its high specific capacity 
of 3860 mAh g−1 and low reduction potential of − 3.04 V 
versus the standard hydrogen electrode. It endows the bat-
tery with remarkable energy storage and output capacity. 
The separator is responsible for separating the cathode and 
anode, and providing channel for the transmission of lithium 
ions. As for the electrolyte, it serves as a medium that allows 
lithium ions to migrate freely within the battery. Although 
there are similar components between LOBs and lithium-ion 
batteries, the commercialized parts in lithium-ion batteries 
cannot meet the requirements of LOBs. Aspects such as 
electrolyte design [71], separator modification [49], lithium 
anode protection [15], and assembly structure design [72] 
all have a significant impact on the performance of LOBs. In 
particular, the stability of lithium metal is a critical challenge 
in all the lithium-based batteries [73]. During the continuous 
stripping and deposition process of lithium metal, the flat 
metal surface gradually evolves into dendrites, cracks, and 
particles, which significantly decrease the battery energy 
efficiency. In particular, the lithium dendrites can directly 
penetrate the separator, thus causing short circuit in the bat-
tery. Constructing a protective layer with high mechanical 
strength (such as BN [46] and MXene [45]) is an effective 
approach to suppress the dendrite. Furthermore, the uniform 
contact between the liquid and solid enables the electrolyte 
to possess multiple functions with the assistance of addi-
tives, in protecting the anode [74], accelerating the reaction 
kinetics [75] and stabilizing the chemical environment [71]. 
However, the semi-open condition in LOBs brings another 
challenge for the liquid electrolyte resulting from the leak-
age and volatilization. As mentioned above, the straightfor-
ward working processes of the anode, separator, and elec-
trolyte are confronted with serious challenges, and many 
of these issues have not been satisfactorily resolved yet. 
Understanding the cooperation of each part and exploring 

the functionality of 2D materials are of crucial importance 
for the improvement of battery performance.

3 � Active 2D Cathode Catalysts for Li–O2 
Batteries

3.1 � Graphene‑Based Materials

Graphene and correlated derivatives have been widely stud-
ied as the cathode catalysts in LOBs, which can be attrib-
uted to its many good qualities [5, 35, 60]. Firstly, the high 
specific surface area (2630 m2 g−1) and electronic conduc-
tivity allows high density surface to support active sites 
and insoluble discharge products. Secondly, the excellent 
mechanical properties and stability of graphene allow it to 
maintain original structure during various activity modifica-
tions. Generally speaking, the pristine graphene with perfect 
honeycomb is inert for catalytic processes [1]. Hence, most 
researches are concentrated on the activated graphene with 
modulation strategies, e.g., edge/defects graphene [23, 76], 
metal or non-metal-doped graphene [25, 77], and decorated 
graphene with other catalysts [78].

3.1.1 � Edge and Defects

The edge boundary of graphene is generally considered as 
the active sites, which benefit from the dangling groups and 
valences at corresponding places [19, 24]. Downsizing the 
materials is one of the efficient methods to produce edges/
defects, such as by way of graphene quantum dots. However, 
graphene dots passivate quickly with products deposition for 
its small surface area and aggregation tendence [19, 79, 80]. 
Vertical graphene is a complex thin-film material featuring 
good characteristics of graphene, such as high electron 
conductivity, chemical stability, and large surface area. The 
vertically aligned sheets provide sufficient space for products 
storage and mass transference [81, 82]. More importantly, 
it has the highest ratio of edge atoms among any allotrope, 
giving many active sites [83]. Typically, Su et al. prepared 
Ru decorated vertical graphene sheets for LOBs, and the 
large space realized a high capacity of 23,864 mAh g−1 and 
a low charge overpotential of 0.45 V at a current density 
of 200 mA g−1 [84]. Furthermore, Kumar et al. prepared 
vertical graphene layers via chemical vapor deposition 
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method in which the number of layers can be precisely 
controlled [34]. The high O2 capture capability on the edge 
site induces the formation of thin flake-like Li2O2, which 
can be easily decomposed in the following charging process.

For graphene edges, two typical edge structures are often 
observed: along with the zigzag or armchair direction. The 
former keeps a fraction of active unpaired π electrons, while 
atoms at armchair edges tend to pair each other, maintain-
ing stable covalent bonds [76, 85]. As a result, the zigzag 
edge with localized electronic states at the Fermi level dis-
plays higher electron transfer and better catalytic activity 
(Fig. 2a) [86]. A comprehensive calculation conducted by 
Zheng and co-workers also confirmed these points in LOBs 
[87]. The zigzag edge as cathode reaction site in LOBs real-
ized an extremely low overpotential of 0.025 V compared 
to that of the armchair edge about 0.7 V. It is noting that 
most research of the catalytic difference between zigzag and 
armchair graphene is theoretical calculations works, which 
can be attributed to the complex and uncontrollable edge 
structure in graphene [88, 89]. The catalytic mechanism of 
different edge types in LOBs can be further explored when 
overcoming the above problems.

Apart from the boundary edge, the point defects and holes 
are also active sites in the inside graphene matrix [24]. A 
point defects are created by removing several carbon atoms, 
and the remaining atoms are connected to form the pen-
tagonal and heptagonal rings. The rebuild bond increases 
the electron density and correspondingly improves the cata-
lytic properties [90, 91]. Jiang et al. theoretically evaluated 
the properties of five defective graphene in LOBs, where 
DV5555-6–7777 and SW defective graphene exhibit zero-
band-gap semiconductor behaviors as well as good stability 
to electrolyte, resulting in low discharge/charge overpoten-
tials (Fig. 2b) [92]. The holes are one of the large defects, 
and the inner edge was bound as zigzag or armchair con-
figuration. Besides the high activity of the hole similar to 
the boundary edge, it also shows additional benefits, such as 
an increase in surface area and facilitation of mass transport 
[23, 93]. Zhu et al. applied Ni ions as ignition source to etch 
carbon atoms and generate controllable hole in graphene 
layers, forming a tri-continuous path of electrons, ions, and 
oxygen [93]. The efficient mass transfer and charge transport 
through the hole accelerate the formation of Li2O2 on both 
the outside and inside of the graphene. Therefore, the holey 
graphene realized a discharge capacity of 7400 mAh g−1, 1.7 

times increase compared to the original graphene cathode 
(4300 mAh g−1).

Despite the high catalytic properties of carbon atoms near 
the edge, unfortunately, those atoms tend to contribute to the 
decomposition of electrolyte molecules or to be attacked by 
oxygen intermediate and singlet oxygen, forming undesir-
able side products (e.g., Li2CO3, HCO2Li, and CH3CO2Li) 
[14]. Hence, a novel type of graphene mesosponge (GMS) 
with an extremely small number of edges was synthesized 
to address this trade-off [94]. Recently, Yu et al. conducted 
some work about edge-site-free GMS cathode catalysts. 
(Fig. 2c–f) [95–97]. The graphene with different orienta-
tions coalesces each other under high temperatures, build-
ing active topological defects in the synthesis process. Den-
sity functional theory (DFT) calculation results show that 
topological defects display high adsorption affinity to LiO2 
intermediates, leading to the formation of floc-like products 
that can be completely decomposed under 4.0 V [95]. Mean-
while, the GMS cathode can work for 52 cycles at a high 
current density of 0.4 mA and large capacity of 0.5 mAh, 
much better than other types of carbon materials.

3.1.2 � Dopant Functions of Non‑Metal/Metal Atoms

Heteroatom doping is an efficient activity strategy by 
causing the uneven electron distribution or spin density 
on neutral graphene matrix, which can be ascribed to 
the different electronegativities and electronic structure 
between carbon atoms and the heteroatoms, such as N, 
B, P, and S, etc. [61, 98]. In particular, the doped–N 
atoms with high electron-withdraw ability can increase 
the positive charge density on the adjacent carbon atoms 
as well as the amount of unsaturated state, increasing 
electron conductivity of the system and enhancing 
the ORR performance [82, 85]. In contrast, B atom 
promotes the electron transfer from Li2O2 to substrate 
for its p-type behavior, and thus, B-doped graphene 
activates the Li–O bond and promote the decomposition 
of products in the OER process [90, 99]. In light of 
the role of N and B, Xu group conducts experiment to 
evaluate the performance of N–B co-doping graphene 
cathode in LOBs [100]. Furthermore, some of other dual 
non-metal atom doping carbon systems, for example, 
N–I [101], N–S [102], and N–P [77, 103] systems, have 
been studied in LOBs, in which the N atom gives rises 
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to electron conductivity, whereas the second heteroatoms 
act in increasing active sites, tuning products nucleation 
and crystallization, prohibiting side products formation, 
or changing the reaction processes, and therefor exhibit 
better electrochemical performance as cathode catalysts 
in LOBs.

Putting aside the types of heteroatoms, there is still con-
troversy regarding the function of heteroatom coordination 
structure, such as graphitic N, pyridinic N, and pyrrolic N in 
the graphene-based matrix. As shown in Fig. 3a, graphitic 
nitrogen forms three σ bonds with adjacent carbon atoms, 
while one electron participates in the delocalized π system, 
rendering nitrogen an electron donor (n-type) and enhancing 
the electronic conductivity. Pyridinic N contains a lone pair 
of electrons without participating in π-conjugated system, 

resulting in p-type behavior [104]. Pyrrolic N is unstable and 
exhibits weak catalytic properties and has therefore been less 
studied in applications. Jing et al. calculated results found 
that pyridinic N exhibits lower overpotential than graphitic 
N from the reaction diagrams, which favors the nucleation 
of (Li2O2)2 cluster (Fig. 3b) [105]. However, Yun et al. con-
structed a potential dependent phase diagram (Fig. 3c) and 
displayed that the formation of (Li2O2)n clusters is energeti-
cally favorable at graphitic defective site [106]. They also 
claimed that pyridinic N only facilitates the charge transfer 
with Li site, which cannot be considered as ORR reaction 
due to positive total charge transfer in LiO2. In contrast, gra-
phitic N plays a pivotal role for LiO2 formation by donat-
ing electrons to oxygen atoms. For experiments, Wang et al. 
obtained graphitic N (42.8%) dominates catalysts from 

Fig. 2   a Electrochemical activity mapping of graphene and electro transfer rate on the edge plane [86].  Copyright 2019, American Chemical 
Society. b Electron density counter of defective graphene and corresponding reaction energy diagrams [92]. Copyright 2016, American Chemi-
cal Society. c GMS model and gas evolution patterns during the temperature programmed desorption measurements. d Atomic-resolution TEM 
image of GMS. e Relationship between the physicochemical properties of carbon materials and the cycle performance of LOBs. f Charging 
mechanisms of LOBs for GMS cathode [95]. Copyright 2023, John Wiley and Sons
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soybean-derived carbon under strong KOH etching. The 
control group etched with KHCO3 possess 44.4% propor-
tion of total graphitic N and pyridinic N. The electrochemi-
cal results displayed that former exhibits a specific capacity 
of 9172 mAh g−1, about 1.5 times higher than that of the 
KHCO₃-etched electrode [107]. Li et al. prepared N-doped 
structure from chitin-derived carbon via H3PO4 and KOH 
activation. The H3PO4 activated materials contain 48.4% 
graphitic N and 29.8% pyridinic N, whereas KOH etched 
sample shows 52.6% and 14.6%, respectively. The electro-
chemical performance indicates that the H3PO4 activated 
electrode realizes a capacity of about 8400 mAh g−1, which 
is about 5 times higher than that of the KOH activated mate-
rials [108]. It should be emphasized that morphologies dif-
ferences make it difficult to directly identify N species role 
in these samples from electrochemical performance. Most of 
the results present the “collective contributions” for the mul-
tiple N-doping species. Ning et al. reported that the electron 

transfer efficiency follows an “inverse volcano” relationship 
in pyridinic N and graphitic N, explaining their synergistic 
catalytic roles [109]. Zhang et al. also emphasized that not all 
pyridinic N sites are equally active for the ORR, as revealed 
by their basicity. This variation can be attributed to the fact 
that pyridinic N is susceptible to the influence of adjacent 
nitrogen atoms [110]. It can be concluded that complex roles 
of different N-doped graphene species originate from the dif-
ferent electronic characters, computation methods, and com-
positional complexity of during electrochemical performance 
evaluation. Therefore, it is important to investigate the spe-
cific roles of different N species in graphene in future studies. 
A review has summarized the precise synthesis strategies 
of N-doped graphene [111]. Meanwhile, synergistic effects 
should be considered in model construction for theoretical 
calculations.

Another carbon derivative with high N content, g-C3N4, 
has been widely applied in catalytic reactions. Wang 

Fig. 3   a Schematic illustration of the graphitic N and pyridinic N-doped graphene [104].  Copyright 2017, American Chemical Society. b Sche-
matics for the reaction mechanism on the N-doped graphene [105]. Copyright 2015, American Chemical Society. c Potential dependent Li–O 
intermediate surface phase diagram on graphitic N substrate. Adsorption configuration of LiO2 species is compared on graphitic N (left) and 
pyridinic N site (right). The negative and positive value indicates the increased and decreased number of electrons [106]. Copyright 2015, Else-
vier. d Differential charge densities of O2-adsorbed NV–C3N4 and C3N4. e Electrochemical performance of Au/NV–C3N4 cathode and plasmonic 
effect of Au particles from IPCE at different wavelengths [112]. Copyright 2021, National Academy of Sciences
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et  al. recently reviewed the literature on g-C3N4 based 
cathode catalysts in photo-assisted LOBs [6]. Improving 
photocatalytic activity is an effective way to improve the 
performance of the g-C3N4 cathode in LOBs. For this 
purpose, Zhu et al. use plasmonic heterojunction of Au 
particle decorated C3N4 with N vacancies as a bifunctional 
catalyst to promote catalytic activities of the visible light-
responsive LOBs [112]. The N vacancies accelerate the 
electron transfer from substrates to adsorbed O2, enlarging 
the O–O bond length (Fig. 3d). Plasmonic metal Au particles 
were closely attached to the C3N4 surface, which exhibits 
a low electron–hole recombination rate, enhanced light 
harvesting, and wide response wavelength. As a result, the 
photocathode achieves a high discharge voltage of 3.16 V 
under illumination, and a low charge voltage 3.26 V with 
good rate capability and cycle stability (Fig. 3e).

The above strategies mainly modulate and utilize the 
intrinsic properties of graphene, which could not meet the 
multifunctional requirements of the cathode in LOBs. At the 
same time, the identity of the catalytic center remains elusive. 
To this purpose, the single-atom catalysts (SACs) doped in 
graphene have gained significant attention for their high cata-
lytic nature, good selectivity, and stability, acting as impor-
tant and accurate catalytic centers [3, 20, 113]. The atomi-
cally dispersed metal usually anchors near the N environment 
with MN4 configuration and promotes electron transfer from 
metal to adjacent N atom (e.g., PdN4 [114], RuN4 [115]), 
which weakens its adsorption strength to reaction interme-
diates in LOBs. Non-precious metal represents an emerging 
system with multiple valency states, balanced catalytic activi-
ties and costs, allowing for versatile reactant interactions and 
diverse catalytic mechanisms. For example, the metal in NiN4 
and CoN4 possess positive charge from 0 to + 2, which can 
modulate the crystallization of Li2O2 products [116, 117]. 
Zheng et al. compared the performance of CoN4 and CoN3 
coordination, and near-free CoN3 tends to form the O–Co–N2 
structure during the ORR process. This evolution conductive 
to the surface adsorption and activation of key oxygenated 
intermediates for efficient ORR [118]. In addition, the near-
free Co has a better lattice match with the (100) plane of 
Li2O2, forming oriented sheet-like Li2O2. In LOBs, CoN3 
presents high capability to decompose the products with low 
charging overpotential of 0.51 V even after 3500 h.

Recently, some studies have confirmed that the SACs play 
a role in tuning reaction routes from the 2e− pathway of 
Li2O2 to the desired 4e− pathway of LiOH under a moisture 

environment, where the LiOH products can be easily decom-
posed at low charging voltage, further improving the electro-
chemical performance of LOBs. For instance, Zhang et al. 
reported that CoN4 acts as “water-trapping” catalyst and 
induces the transformation of LiO2 to LiOH [119]. Further-
more, Huang et al. calculated that the LiOH displayed lower 
thermodynamic free energy than Li2O2 on the CoN3 SACs 
surface (Fig. 4a, b) [57]. The experimental results displayed 
that the LiOH is directly formed, which can be ascribed to 
the cleavage of O–O bond on the CoN3 site (Fig. 4c, d). In 
consequence, the direct pathway with 4e− avoids the forma-
tion of side products and maintains the good electrochemical 
performance of LOBs.

On the basis of SACs, introducing another active single 
atom is an effective way to form diatomic center, which boosts 
both ORR and OER performance. Currently, the research 
about dual-atomic catalysts (DACs) in LOBs is primary stage 
due to the challenges posed by increased selection and com-
plexity of possible binary element combinations. Lim et al. 
proposed that the loading sequences between Ni and Fe atoms 
in DACs affect the electrochemical performance of LOBs 
[120]. They found that the loading order affects the metal 
yield, and the first loading of Fe atoms leads to the increase 
in metal yield. Finally, the NiFe DACs with Fe first loading 
achieve a long cycle life over 200 cycles with limited capacity 
of 1000 mAh g−1. Furthermore, Fu et al. synthesized dual Co 
single-atom catalysts with precise pair spacing configuration 
at angstrom scale [121]. This special configuration increases 
the interaction between substrate and reaction intermediates 
and also distorts the structural alignments of products, thereby 
facilitating delithiation and oxidation in the charging process. 
Theoretical calculations provide an efficient method for rapidly 
screening and rationally designing advanced electrocatalysts 
for LOBs [66]. In a recent study conducted by Mao and co-
workers [66], 3d, 4d, and 5d transition atoms are selected as 
dopant metal M for FeN4 with total of 27 types of FeM dimers 
(Fig. 4e). Two reaction pathways are considered for the initial 
ORR process, based on the favorable adsorption of Li or O2, as 
well as the formation of different products of Li2O2 and Li4O2 
(Fig. 4f, g). Ultimately, the FeNi and FeCu dimers stand out 
with the lowest total overpotential of 0.54 and 0.55 V (Fig. 4h), 
demonstrating significant potential for the high-performance 
cathode catalysts of LOBs.
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3.1.3 � Catalysts Decoration

A layer of highly active catalysts decorated on the graphene 
surface can shift the catalytic center and protect the car-
bon surface, enhancing the electrochemical performance of 
LOBs [27, 98, 103]. In this circumstance, the decoration cat-
alysts act as active sites with high ORR/OER performance, 
while the graphene supports a large amount of discharge 
products. Li et al. demonstrate that CoRu nanoparticles 
could effectively suppress side reactions caused by exposed 
carbon sites [122]. Palani et al. designed well-distributed 
GrZnCo3 particles on graphene, and the catalysts enable 
LOBs to achieve high discharge capacity of 13,500 mAh 
g−1 and long cycle life over 400 cycles at 100 mA g−1 with 
limited capacity of 500 mAh g−1 [123]. The active sites on 
the functional graphene can also be enhanced by extra deco-
rations [25, 124]. Guo et al. reported a cross-scale catalytic 

mechanism in the RuPt-loaded graphene catalysts (Fig. 5a) 
[25]. Pt nanocrystals are fully activated by Ru atoms, which 
promote the ORR kinetics for the formation of easily decom-
posed nanoflower Li2O2, realizing improved electrochemi-
cal performance with low overpotentials about 0.43 V at a 
current density of 200 mA g−1 (Fig. 5b–d). Li et al. dem-
onstrate durable bifunctional electrocatalysts by coupling 
advanced ORR catalysts Pt single atom with effective OER 
catalyst RuO2, strongly anchored on graphene (Fig. 5e) [78]. 
The combined merits come from efficient spatial confine-
ment by integrating Pt cluster into ultra-small RuO2 nano-
particle, exerting improved electrochemical performance 
(Fig. 5f–h). In addition, graphene can avoid agglomeration 
of catalysts in the synthesis process, increasing the capacity 
of LOBs. The Mn3O4 nanosheets are uniformly deposited 
on the graphene surface and applied as cathode catalysts 
(Fig. 5i) [125]. Compared with the pure Mn3O4 cathode, 

Fig. 4   a Atomic structures of NG and CoN3-G. b Free energy diagram of ORR for CoN3-G and NC. c Illustration of electrochemical reaction 
mediated by CoN3-G in LOB system. d Ex situ SEM images for the observation of discharge products on NG and CoN3-G cathode at differ-
ent discharge states [57].  Copyright 2024, Chinese Chemical Society. e Structural prototype of FeM@NC and 27 transition metals candidate. f 
Schematic diagram of reaction pathways for the ORR process and five proposed O2 adsorption modes on the FeM@NC. g Adsorption energy of 
O2 and Li elucidates the nucleation pathway of LiO2 on FeM@NC following Path II. h Volcano plot for total overpotential versus charge transfer 
of O2 [66]. Copyright 2024, American Chemical Society
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the Mn3O4/graphene cathode significantly increases the 
discharge capacity to 35,583 mAh g−1 at current density of 
200 mA g−1 with low-voltage working window.

3.1.4 � Correlation among a Different Activation 
Engineering and Electrochemical Performance 
in Graphene

Graphene provides an ideal platform to probe the 
correlation between different activation engineering and 
catalytic mechanisms. The different activation engineering 
accompanies varying degrees of electronic structure 
modulation and adsorption behavior and enhances the 
catalytic activity, which in turn guides the next design and 
development: (1) Balance between activity and stability. 
Pore defects and edge boundary exploit the properties of 
graphene, in which the modulated electronic structure is the 
catalytic initiator for the ORR process. However, the low 
stability of activated atoms leads to side reactions during 
working process, gradually decreasing the electrochemical 
performance of LOBs. Non-metal doping provides an 
activated point in the graphene without compromising 
structural stability. (2) Precise design and synthesis. 
Although the multitude of elements offers various potential 
choices for the graphene, the complex coordination 
structures obscure the catalytic mechanisms, resulting from 
the challenges of precisely controlling dopant structure, 
quantity, and locations. Hence, studies on simple and 
controllable synthesis processes for functional graphene 
are essential. This is a crucial step, not only to utilize the 
catalytic activity of graphene as much as possible but also 
to enhance its effectiveness as a substrate for other catalytic 
components. (3) Synergic function. The metal single atoms 
doping or catalyst decoration significantly regulates the 
electronic structure of graphene at a large scale, which 
greatly enhances the catalytic performance. The morphology 
design of graphene also affects the loading of the active 
ingredient as well as the deposition of products. Overall, 
rational activation engineering is necessary to maximize the 
performance of graphene materials, enabling their realistic 
application in LOBs.

3.2 � Transition Metal Oxide and Hydroxides

Transition metal oxides (TMOs) and hydroxides (TMHs) 
have been applied for kinds of electrocatalytic processes 
owing to their many advantages, including efficiently cata-
lytic activity, multiple valences, good stability, and low cost 
[7, 8]. In contrast to bulk phases, 2D TMOs and TMHs are 
becoming more promising candidates with enhanced con-
ductivity, large exposed area, and activated metal sites. 
Meanwhile, it is easy to modulate these materials through 
activation engineering such as vacancies [126], doping [37], 
heterojunctions [127], and therefore boosting their catalytic 
performance in cathode of LOBs.

3.2.1 � Transition Metal Oxides

There exist two main classes of 2D TMOs in terms of crystal 
structure: layered TMOs and non-layered TMOs [7, 128]. 
The former with a graphene-like structure consists of a few 
materials such as MoO3, WO3, and V2O5, in which the layers 
are connected by van der Waals forces. Instead, the non-
layered TMOs with typical 3D structures occupy a large 
group and stand out for that with ultrathin morphologies. 
However, the main challenge for preparing 2D non-layered 
TMOs comes from the strong chemical bond in the struc-
ture. Accordingly, a simple and general strategy is applica-
ble to prepare various TMOs that use water-soluble salt as 
growth templates, with the thickness of below 2 nm [129]. 
It is a better way to prepare thin TMOs by converting thin 
precursor into corresponding oxides [32, 130–132]. Taking 
Mn-based oxides as an example, Mn2O3 thin nanosheets are 
synthesized by inducing phase transition of layered MnO2 
under thermal conditions [133]. The heat treatment led to the 
formation of holes in the surface, which exposes more active 
metal sites. In LOBs, the holey Mn2O3 cathode displayed 
better performance than bulk Mn2O3, especially in enhanc-
ing the Coulombic efficiency. Furthermore, other strategies, 
such as facet modulation [125, 134], composition [135, 
136], and heterojunction [67, 137], have also been shown to 
improve the catalytic performance of Mn-based TMOs in the 
LOBs. Ma et al. reported a composite with δ–MnO2 wrapped 
on the surface of multiwall carbon nanotubes (CNT) in the 
form of a monomolecular layer through the chemical bind-
ing (Fig. 6a) [135]. The dominant (002) facet and abundant 
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oxygen vacancies of the δ–MnO2 increase the adsorption of 
O2 and activate the O–O bond, promoting the ORR process.

Among 2D layered TMOs, MoO3 consists of distorted 
[MoO6] octahedral layers in an orthorhombic structure, 
where the octahedra are corner-sharing along the a and z 

Fig. 5   a Schematic illustration of the synthetic process for RuPt-loaded graphene. b CV curves of different electrodes. Electrochemical curves 
of the different electrodes c with limited capacity of 1000 mAh g−1 and d full discharge/charge capacity at current density of 200 mA g−1 [25].  
Copyright 2024, Elsevier. e Scheme of the fabrication procedure of Pt/RuO2/G. f TEM and g HADDF-STEM images of Pt/RuO2/G. h Cyclabil-
ity of Pt/RuO2/G cathode at 200 mA g−1 under a cutoff capacity of 1000 mAh g−1 [78]. Copyright 2023, Elsevier. i Electrocatalytic performance 
of Mn3O4/graphene cathode catalysts in LOBs [125]. Copyright 2022, American Chemical Society
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axes and edge-sharing along the b axis. Introducing oxy-
gen vacancies in MoO3 can create negative-charge surface 
to provide strong adsorption to active oxygen and at the 
same time, the exposed metal can serve as an efficient site 
for decomposition of products [138]. Nevertheless, as the 
deposit of insulation Li2O2, the low conductivity of MoO3 
restricts its catalytic performance. It has been reported that 
composite with CNT or building heterojunctions in MoO3 
will promote electron transfer and improve the electrochemi-
cal performance in LOBs [139, 140]. Sun et al. studied the 
MoOx@Ti3C2 MXene catalysts by in situ incorporation 
of interfacial oxygen bridge binding with Mo–O–Ti units, 
optimizing the interface electronic structure and improv-
ing the conductivity. Finally, the MoOx@Ti3C2 MXene 
cathode delivers a low overpotential of 0.75 V and a stable 
working state over 300 cycles at a high current density of 

2500 mA g−1 [139]. Furthermore, the 2D TMOs have also 
been studied as photocatalysts in LOBs due to the typical 
semiconductor characteristics. Recently, MoO3@Fe2O3 
[141] and WO3@TiO2 [142] heterostructures are prepared 
to boost the photocatalysis performance in LOBs. Moreover, 
the oxygen vacancies in MoO3 have been demonstrated to 
enhance light-harvesting capability [138, 143]. Meanwhile, 
WO3 has also been studied in photocatalytic Li–O2 systems 
owing to its good stability and narrow band gap. Chen group 
investigated the facet-engineering and active sites relation-
ships for WO3 photocatalysts in LOBs [31, 144]. The results 
confirm that the controllable pathways of Li2O2 formation 
can be realized from solution growth mechanism to surface 
growth mechanism by increasing exposed (002)/(020) facet 
ratio (Fig. 6b). These can be attributed to the high adsorp-
tion strength of (002) facet to oxygenated intermediates. 

Fig. 6   a Morphological evolution of discharge products on surface of δ–MnO2 wrapped CNT [135].  Copyright 2019, American Chemical 
Society. b Schematic of the facet-controlled Li2O2 growth routes and WO3 photocatalytic activity in photo-assisted LOBs. c Galvanostatic dis-
charge profiles of the three photocathodes at 50 mA g−1 (0.02 mA cm−2) with and without illumination [31]. Copyright 2023, Royal Society of 
Chemistry. d Schematic illustration for preparation of Ni–Fe LDHs with Ni vacancies [151]. Copyright 2021, Elsevier. e Schematic illustration 
of cathode reaction on Ni-based LDHs with conformal contacts to CNTs. f Substitute CrO4

2− for CO3
2− and replace part of Ni2+ with M = Fe3+, 

V3+, and Co2+. g Cycling stability test with an area capacity limit of 0.5 mAh cm−2 at 0.5 mA cm−2 [156]. Copyright 2022, Elsevier
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The WO3 can distort the structure of Li2O2 with Z-type het-
erojunction under light irradiation, which favors the further 
formation of Li2O2 and delivers a high capacity of 10,500 
mAh g−1, three times higher than that of the cathode without 
illumination (Fig. 6c).

3.2.2 � Transition Metal Hydroxides

For typical TMHs, layered double hydroxides (LDHs) con-
sist of brucite-like layers containing multiple positively 
charged cations, along with an interlayer region that com-
pensates with charge-balancing anions and solvation mol-
ecules. These characteristics allow LDHs to receive exten-
sive attention for their favorable properties, such as tunable 
surface chemical properties, abundant host metal ions, and 
interlayer anions, which enable them to exhibit efficient 
performance in processes like water splitting [145], ORR/
OER [146], and other electrocatalytic reactions [147, 148]. 
However, LDHs still suffer from low conductivity, which is a 
significant obstacle to their further development. Therefore, 
the carbon matrix CNT and graphene are introduced to com-
posite with LDHs [81, 149, 150]. While the LDHs act as the 
catalytic center, and the carbon matrix provides a conductive 
network that facilitates the rate capability. Moreover, LDHs 
exhibit great flexibility in terms of composition, electronic 
states as well as intrinsic properties. For example, Zhou et al. 
implanted cationic Ni vacancies in NiFe-LDHs, which accel-
erated the rate-limitation step for LiO2 oxidation, resulting in 
low charge overpotential of 0.48 V at 0.1 A g−1 with capac-
ity cutoff of 500 mAh g−1 (Fig. 6d) [151]. In another work, 
anionic oxygen vacancies are applied to form the unsaturated 
metal ions in NiCo-LDHs, which greatly enhance electro-
chemical performance for the ORR process [152].

The large interlayer space is a great treasure for LDHs in 
modulating a wide range of properties, such as electronic 
regulation, avoiding aggregation, and maintaining func-
tional moleculars [153–155]. Typically, Lu et al. interca-
late negatively charged RuO2.1 into the layers of CoFeNi 
LDHs, which serve as efficient carbon-free cathode cata-
lysts in LOBs [154]. The structure results in strong interfa-
cial electronic coupling and better electrical conductivity, 
thereby accelerating catalytic performance. Zhao et al. adopt 
CrO4

2− assisted in situ growth method to obtain thin flexible 
Ni-based LDHs with conformal contacts to CNTs (Fig. 6e, 
f), and the micro-morphology can be tailored by another 

coupling metal ions (e.g., Fe, Co, V) [156]. Finally, the opti-
mized NiFe-LDHs cathode delivers a long working life of 
300 cycles with a limited capacity of 0.5 mAh cm−2. Con-
sidering the inevitable function of redox mediators (RMs) in 
LOBs, the layer space can serve as catalytic space for active 
RM molecule and avoid side reactions due to the shuttle 
effect [153]. Recently, high-entropy MnFeCoNiCu LDHs 
have also been studied in water splitting and demonstrate 
high OER activity and promising stability, further widening 
the choice of LDH categories [145]. As discussed above, 
we believe that the easily adjustable LDHs will show great 
potential as cathode catalysts for LOBs in future studies.

3.3 � MXene‑Based Catalysts

MXenes, one of new 2D materials, have been extensively 
studied due to their high metallic conductivity, large surface 
area, tunable layer structure, and surface chemistry, mak-
ing them highly desirable for electrocatalytic conversion 
reactions [9, 157–159]. Until now, MXene family has more 
than 30 stoichiometric compositions that have been experi-
mentally synthesized and most are theoretically determined. 
Zheng et al. reviewed the application of MXene materials in 
LOBs, which listed the performance of MXene with differ-
ent functional groups, defects, and other decorations [10]. 
In this section, we concentrate on the different catalytic sites 
of MXene materials reported in recent studies, including the 
sources, differences, and catalytic mechanisms.

3.3.1 � Active Sites from MXene Compositions

MXene materials are synthesized by selectively etching the 
“A” element from the parent MAX phases, resulting in the 
general formula of Mn+1XnTx (Fig. 7a) [9]. Here, M, X, and 
Tx represent d-block transition metals, N and/or C atoms, 
and terminal surface groups (such as –F, –O, and –OH), 
respectively. Currently, various pristine MXenes, such as 
Ti3C2 [160], Ti2C [161], Nb2C [30], and V2C [162], have 
verified the electrochemical performance of the cathode in 
LOBs. A theoretical calculation was conducted to evaluate 
the properties of nine different M2C MXenes when anchored 
with a series of metal atoms (Fig. 7b, c) [163]. There are 
both similarities and differences among the various MXene 
candidates. Firstly, the adsorption process for all adatom@
M2C systems is exothermic, with the hcp and fcc sites 
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being the most often preferred regardless of the types of 
both adatoms and MXenes. Secondly, it is also noticed that 
the adatoms follow similar trends on all MXenes but with 
marked differences, which are noticeably large for the early 
3d metals and decrease when moving along the series. These 
can be attributed to the different electronic configurations of 
“M” in the d2, d3, and d4-M2C systems. Therefore, altering 
the types of “M” in MXenes can effectively regulate their 
intrinsic properties and catalytic capability for electrochemi-
cal reactions. In addition, theoretical studies show that the 
number of layers has an effect on the catalytic performance 
[164, 165]. Increasing the number of layers will improve the 

electronic conductivity and shift down the d-band center of 
the materials, which can decrease the adsorption strength of 
reaction intermediates and promote the OER process. For 
Tin+1Cn, the calculated catalytic capability follows a trend: 
Ti2C < Ti3C2 < Ti4C3 < Ti4C3O2 < Ti3C2O2 < Ti2CO2 [164]. 
Indeed, electrochemical performance confirms that Ti3C2 
catalysts exhibit favorable long-period stability for about 
240 cycles with a high limited capacity of 1000 mAh g−1, 
while the Ti2C only works for 116 cycles at a 600 mAh g−1 
capacity [160, 161].

Moreover, there are usually functionalized terminal 
groups inevitably on the MXene surfaces, which are 

Fig. 7   a Schematic illustration of the structures of M2XTx, M3X2Tx, M4X3Tx, and M5X4Tx from the structures of corresponding MAX phases 
[9].  Copyright 2023, Royal Society of Chemistry. b Adsorption energy of 3d adatoms on the MC2 MXene surface. c Bader analysis of the 
adatom charges (ΔQ) anchored on MC2 MXenes surface [163]. Copyright 2022, American Chemical Society. d Overpotential comparison 
including ORR, OER, and total overpotentials for Nb2C MXene, graphene, and CNT [30]. Copyright 2021, John Wiley and Sons. e Structure of 
mildly oxidized V2CTx MXene, and f initial full discharge/charge capacity [162]. Copyright 2021, American Chemical Society
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correlated with synthesis methods and thermal treatment 
in terms of group types and termination stability. The 
properties of functionalized groups are identified as playing 
a crucial role in ORR and OER processes by regulating 
the electronic conductivity, ionic transference rate, and 
adsorption strength [10]. For instance, –OH terminations 
on MXene inhibit the I3

− migration, preventing the 
detrimental shuttle effect of RM species in LOBs [166]. 
Li et  al. calculated the adsorption strength and plotted 
the reaction diagrams for the Nb2C surface with different 
terminations (Fig. 7d) [30]. The –F terminations exhibit low 
charge transference after adsorbing LiO2, suggesting that the 
catalytic sites will quickly become saturated and degrade the 
catalytic activity. In contrast, Nb2C with –O terminations 
shows improved electrochemical performance due to its 
appropriate affinity to reaction species, delivering about 65 
cycling life with a limited capacity of 1000 mAh g−1 under a 
high current density of 3 A g−1. Luckily, the –O terminations 
are preferred on the MXene surface regardless of thermal 
stability and synthesis conditions. Jiang and co-workers 
investigated a series of mildly oxidized MXenes (Nb2C, 
Ti3C2, and V2C) as cathode catalysts in LOBs, in which 
V2C delivers the smallest onset OER potential and a large 
response current density (Fig. 7e) [162]. Meanwhile, the 
mo–V2CTx contains remarkably fewer F groups compared 
to HF–V2CTx, contributing to a high capacity of 12,304 
mAh g−1 at current density of 500 mA g−1 (Fig. 7f). This 
indicates that the formation of –O terminations create more 
catalytic sites and expedites the reaction kinetics of ORR/
OER process, resulting in high-performance LOBs. In 
conclusion, besides the common MXenes, it is still urgent 
to synthesize more novel MXene materials based on the 
calculated predictions and impose appropriate functional 
groups to further enhance their catalytic properties.

3.3.2 � Active Sites from Incorporated Species

Like graphene, MXenes have also been widely studied as 
the substrate for extra active atoms and particulate cata-
lysts, utilizing their characteristics of large surface area, 
good conductivity, and efficient mass transfer. One of the 
breakthroughs for MXene substrates is overcoming the sin-
gle composition of graphene, as discussed in Sect. 3.3.1. On 
the one hand, MXenes with various types provide multiple 
dimensions and degrees of regulation in electronic structure, 

adsorption strength, and catalytic performance when incor-
porated with other species. On the other hand, introducing 
atomic dopants into MXenes, such as N, P, and S, can gener-
ate extra catalytic sites on separation layers, modulate the d 
orbital electronic states, and adjust the interaction behaviors. 
Chen’s group reviewed the MXene-based single-atom cata-
lysts for energy conversion applications [158]. For instance, 
the N dopant in Ti3C2 MXene effectively modulates the 
3d orbital occupation of Ti and accelerates the electron 
exchange between Ti 3d and O 2p orbitals, improving the 
ORR performance [167]. In addition, the N content is closely 
related to the conductivity of MXene where the proper sub-
stitution of C with N atoms can effectively improve the con-
ductivity [168]. Among single metal atoms (Mn, Fe, Co, Ni, 
Cu, Zn, etc.), the Cu-anchored Ti2NO2 MXene shows the 
best OER performance by increasing the electronic states 
at the Fermi level and maintaining stable interactions on 
the surface without aggregation [157]. Precious Pt atoms 
doped into the Mo vacancies of Mo2TiC2 MXene, in which 
the positively charged Pt atoms and MXene contribute to the 
exceptional hydrogen evolution performance and stability 
(Fig. 8a) [169]. The exposed Mo atoms also catalyze hydro-
gen reduction, and the produced hydrogen further expands 
the layer structure, resulting in more active sites. In LOBs, 
the semi-metallic Se atoms are doped into the Ti sites of 
Ti3C2 MXene as catalytic centers, accompanied by the elec-
tron transfer from C atoms to Se atoms through Se–C bonds 
(Fig. 8b, c) [170]. During the ORR process, the Se-involved 
moieties possess high adsorption strength for LiO2 interme-
diates, endowing full interface contact between the active 
sites and Li2O2 nanoarrays. Furthermore, the large surface 
area of MXene provides a uniform deposition substrate for 
catalytic particles. Pt nanoparticles with low loading content 
are embedded into the surface or layer spaces of MXene, 
where the Pt particles are chemically adsorbed by Ti atoms 
[171]. The abundant pores and active sites in Pt–Ti3C2 also 
facilitate oxygen diffusion and the accumulation/decomposi-
tion of Li2O2 during the cycling process. Therefore, it is vital 
to rationally design the type and structure of incorporated 
species on the MXene to maximize the catalytic properties.
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3.3.3 � Dual Active Sites from Both MXene 
and Incorporated Species

For the reversible catalytic processes with multiple reaction 
steps, it has been established that the electrocatalytic 
performance has a close correlation in bifunctional catalytic 
capability and proper adsorption strength (neither too strong 
nor too weak) of reaction species. Constructing the face-
to-face heterostructure will greatly exert this modulation 
strategy for MXene cathodes in LOBs [139, 172–174]. In 
particular, the Ti0.87O2 and Ti3C2 MXene monolayers are 

applied to construct 2D heterostructure, which balanced the 
adsorption strength to the reaction species (Fig. 8d) [173]. 
The heterostructure provides abundant active sites and 
electronic compensation through the built-in electronic field, 
endowing the rapid reaction kinetics and long cycling life 
spans (Fig. 8e). Recently, the Ti3C2 MXene and Mo4/3B2-x 
MBene superlattice is fabricated, and large work function 
difference between each other powers the charge transfer at 
the interface from Ti to Mo site [175]. This decreases the 
d-band center of Mo atoms, thus optimizing the adsorption 
of intermediate product LiO2. In situ surface oxidation is 

Fig. 8   a Illustration of the synthesis mechanism for Mo2TiC2O2 with Pt single atoms [169].  Copyright 2018, Springer Nature. b Schematic 
illustration of the synthesis process and c HADDF-STEM image of the Se doped Ti3C2 catalyst [170]. Copyright 2021, John Wiley and Sons. d 
Electrocatalytic mechanism of Ti0.87O2/MXene catalysts in LOBs. e Rate performance of Ti0.87O2/MXene electrode with a fixed capacity of 600 
mAh g−1 [173]. Copyright 2024, John Wiley and Sons. f Working principle and g electrochemical performance of cobalt-manganese organic 
framework-MXene bifunctional electrocatalyst with an electron hopping mechanism in LOBs [36]. Copyright 2023, John Wiley and Sons
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another simple and direct methods to modulate the catalytic 
performance for MXene materials [176]. In contrast, 
in order to avoid the overoxidation of MXene to metal 
oxide, Nam et al. reported bimetallic cobalt-manganese 
organic framework-Ti3C2Tx MXene with strong oxidation 
resistance [36]. The formed metalloporphyrin structure 
and unpaired electrons between cobalt–manganese organic 
framework and Ti3C2Tx MXene improve the electrocatalytic 
activity, durability, and electrical conductivity through 
electron hopping mechanism (Fig. 8f, g). Moreover, carbon 
decorations are one of popular strategies by increasing 
the system electron conductivity, ion transport rates, and 
final catalytic performance [177, 178]. The rich research, 
especially in theoretical calculations, demonstrated that the 
MXene catalysts play a key role in the application of LOBs. 
However, there are still some issues that need to be addressed 
and elucidated, such as the selection between oxidation 
for building heterostructure and the surface protection for 
stability. All in all, with the exploration of novel synthesis 
and modulations, it is confident that MXene materials will 
achieve more progress in electrocatalytic reactions.

3.4 � 2D Transition Metal Dichalcogenides

Recently, 2D TMDs have received broad research interests, 
owing to their good catalytic activity features and higher 
conductivity than oxides [37, 179]. TMDs are represented in 
MX2 stoichiometry, where M is transition metal belonging 
to groups IVB-VIIIB and X is a chalcogen from group 
VIA. For the crystal structure, take MoS2 as instance, the 
stacked units consisted of two layers of S and one metal 
Mo layer in unique S–Mo–S structure. Besides, contingent 
on the d electron configuration, TMDs manifest different 
coordination patterns within the stacked layers, e.g., 1T, 2H 
and 3R phases, resulting in the different catalytic characters 
[180]. In addition, selenide-based TMDs typically exhibit 
higher electrical conductivity than sulfide analogues owning 
to their larger atomic radius and enhanced electronic 
delocalization. Here, this section first elucidated the special 
catalytic behavior between the uniform surface and edge 
plane. Meanwhile, the recent advancements of 2D metal 
sulfides and selenides as high-performance cathode catalysts 
are reviewed, including the electronic modulation from point 
sites to surface, and structural designment.

3.4.1 � Catalytic Anisotropy between the Surface and Edge 
Facets

TMDs, bearing resemblance to graphene, possess unique 
electron transfer properties for edge and basal planes, in 
which the conductivity of the edge direction greatly sur-
passes that of basal plane. Indeed, this phenomenon induces 
anisotropy on the two planes in catalytic processes [11, 12]. 
It is well known that the edge metal Mo atoms with high 
electron conductivity serve as catalytic sites for MoS2 dur-
ing HER process [181]. However, this situation appears to 
be totally distinct in the cathode reaction of LOBs involving 
the ORR and OER processes. The edge metal Mo atoms in 
MoS2 exhibit a strong adsorption affinity toward oxygen-
ated species accompanying the dissociation of O–O bond. 
This process not only deactivates the edge sites by oxida-
tion but also obstructs the decomposition of the product due 
to high adsorption strength [182, 183]. Asadi et al. applied 
the EMIM+ ionic-liquid electrolyte to the LOBs, in which 
the EMIM+ molecules randomly cover the edge Mo sites, 
thus preventing the direct dissociation of O2 by two adjacent 
exposed Mo atoms (Fig. 9a) [183]. In their subsequent work, 
this approach enabled the MoS2 catalysts to exhibit excellent 
electrochemical performance in a simulated air atmosphere 
with a long cycle life of up to 700 cycles [184].

In following, Dang group conducted a series of work to 
thoroughly study the correlations in stacked layer structure 
and catalytic anisotropy of 2D selenides [185–188]. 
Specifically, for SnSe with simple two-atom layer structure 
in one stacking unit, the 2D SnSe features facet-dependent 
selective Li2O2 growth in the discharging process (Fig. 9b, 
e) [187]. The results demonstrate that the growth of products 
is initially concentrated on the surface plane, rather than 
the stacking edge plane, because the absence of electrons 
in layer space on edge plane disturbs the structure of 
Li2O2 and restricts the nucleation and growth of products. 
In addition, the SnSe2 with three-atom layer further 
presented selective catalytic properties [185]. Notably, 
the Ag ions are intercalated into the SnSe2 layer space, 
which can compensate the rare electron in layer space and 
act as electronic bridge in increasing the interaction and 
diminishing catalytic anisotropy (Fig. 9f). The layer number 
is another factor for catalytic capability of 2D TMDs. The 
few layer MoSe2 displays intrinsic catalytic properties and 
promote the direct formation/decomposition of Li2O2 [186]. 
Previous research has shown that the step edge structure 
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of anisotropic Pt catalysts has shown enhanced ORR/OER 
performance in LOBs [189]. However, for TMDs catalysts 
in LOBs, more studies are needed to elucidate the catalytic 
activity about the step structure with coexistence of edge 
and basal plane.

3.4.2 � Electronic Modulation and Structural Designment

2D TMDs have been widely studied as cathode catalysts 
in LOBs; nevertheless, most of the highly efficient TMDs 
require further adjustment and modification to improve 
the thermodynamic and kinetics processes [179, 190, 
191]. Recently, Cheng et  al. calculated the theoretical 

catalytic performance of nine typical 2D materials for LOBs 
(Fig. 10a–c). The results indicate that MoS2 with appropriate 
Li–X (X represents chalcogen elements) bond energy and 
lattice constant has the best electrochemical performance 
[191]. In addition, constructing the non-metal vacancies and 
defects in TMDs can adjust the adjacent atomic arrange-
ment and electronic structure. For instance, the S vacancy 
in MoS2 exposes more active inner Mo sites and increases 
the electron transfer, thereby affecting the discharge products 
and exhibiting superior electrocatalytic activities [62, 126]. 
This process becomes more pronounced with the increase in 
the concentration of S vacancies [192]. In TMDs, the high 
similarity of non-metal S and Se atoms enables them to be 
easily and controllably incorporated into the same material 

Fig. 9   a STEM image of MoS2 nanoflake and edge protection strategy [183]. b Schematic illustration of catalytic mechanism on the SnSe sur-
face. c TEM image of initial discharge products on the SnSe surface. d Charge density difference of Li2O2 adsorbate on the SnSe edge plane. e 
Electrochemical performance of SnSe cathode with limited capacity of 600 mAh g−1 and current density of 500 mAh g.−1 [187]. f Illustration of 
Ag-doped SnSe2 and charge density difference after adsorbed reaction species [185]. g Schematic illustration of the direct formation/decomposi-
tion of Li2O2 on the surface of MoSe2 [186]
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for the regulation of electronic structure [193–195]. Zhang 
et al. prepared metastable MoSSe solid solution to distort the 
lattice structure and tune its catalytic activity for the LOBs 
[193]. It is found that properly tailored atomic structure in 
MoSSe is to be efficient on significantly improving the elec-
trochemical activity and facilitating the fast ion transport.

The electronic modulation can also be well realized on a 
large scale by constructing heterostructures in 2D TMDs. 
Recently, some MoS2-based heterostructures have been 
reported as cathode catalysts in LOBs, such as those incor-
porated with NiS2 [29], and MnS [28]. Due to the synergistic 
effect among different components, the TMDs heterostruc-
tures present improved electrochemical performance via Eg 
orbital modulation, d-band center regulation as well as the 
adsorption strength optimization. Specifically, the incorpo-
ration of MnS within the MnS/MoS2 heterostructure avoids 
the agglomeration of MnS and restricts the stacking growth 
of MoS2 (Fig. 10d) [28]. Consequently, with the assistance 
of the built-in electrical field, the well-defined MnS/MoS2 
heterostructure increases electron densities and expedites the 
electron transfer (Fig. 10e), which optimizes the adsorption 
strength of reaction species and finally modulates the reac-
tion pathways. Long et al. showed that the heterogeneous 
interface in Ni0.85Se/MoSe2 is highly matched to the Li2O2 
(100) plane, facilitating epitaxial growth of Li2O2, as well 
as the decomposition of products during the cycles [127]. In 
addition, phase modulation engineering is another method 
by building heterojunctions to boost catalytic activity. The 
combination of 1 T/2H MoS2 utilizes the high electronic 
conductivity of metallic 1 T phase and good stability of 2H 
phase, synergically improving the electrochemical perfor-
mance of LOBs [37, 196].

Additionally, considering the triple-phase interface in 
the cathode reaction, the catalyst morphology plays a key 
role in Li+ transport and O2 diffusion, determining the 
rate performance and discharge capacity of LOBs. Cur-
rently, the morphologies of nanoflowers [28, 197] and 
nano-flakes/sheets [182, 193] for MoS2 have been widely 
studied in the LOBs. Furthermore, conductive additives, 
such as graphene, CNTs, and carbon spheres, are also 
applied into the synthesis process to diversify the mor-
phology designs [62, 126, 186]. The conductive addi-
tives contribute to a large surface area and high electron 
conductivity, and these provide more sites and spaces for 
discharge product deposition. In turn, the active TMDs 
coverage prevents the carbon materials from electrolyte 

corrosion. Song et al. fabricated an integrated cathode that 
contains an amorphous MoS2 thin layer deposited on 3D 
conductive carbon scaffold (Fig. 10f) [198]. The highly 
conductive, lightweight, and macropore GF-CNTs@MoS2 
network has facilitated ions/gas transport, maintained the 
high activity during long cycles, and offered mechanical 
flexibility of the LOB cell. Given that TMDs are typical 
semiconductive materials, the implementation of external 
field-assisted strategies will efficiently improve the reac-
tion kinetics in LOBs [38]. For instance, Tian et al. utilize 
the piezoelectric effect of MoS2/Pd nanocomposites and 
establish force-field-assisted LOBs systems by concerting 
the mechanical energy from ultrasound [39]. Wei et al. 
fabricated freestanding WSe2 nanofiber and facilitated the 
charge carrier under light assistance, thereby enhancing 
the electrochemical performance in LOBs [199]. Further-
more, Ren et al. proved that light induced a change of 
reaction pathways on the MoS2 surface, which benefited 
from the fast response triggered by photogenerated elec-
trons and holes during working processes [200]. In conse-
quence, the spherical-like Li2-xO2 particles were generated 
via single surface growth path under illumination and were 
fully decomposed without formation of by-products in the 
following charging process (Fig. 10g).

3.5 � Other 2D Structure Materials

Considering special advantages of 2D structures, some 
other advanced 2D materials have been reported in LOBs 
from theoretical predication and experimental tests. The 
electrocatalytic capability of single atomic layer materials, 
such as silicene [201], phosphorene [202], and germanium 
[203] was evaluated by theoretical calculations. Among 
them, silicene was prepared from Si powder through 
continuous lithiation/delithiation methods and tested as 
cathode catalyst in LOBs [204]. Furthermore, MOFs, 
which are comprised of organic ligands coordinated to 
various metal ions, are a type of crystalline porous polymer 
networks. Ultrathin MOF sheets display a spatially infinite 
network configuration in two-dimensional directions and 
have attracted much attention as catalysts because of their 
merits of large specific surface area, high porosity, and 
rich exposed redox-active centers [205]. Meanwhile, the 
2D structure favors shortening ion diffusion distance and 
increasing the carrier concentration and conductivity, which 
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further enhance the electrochemical performance. The first 
wide application of MOFs is their derived carbon-based 
materials, which possess tunable morphology and accessible 
metal sites and enable them to become great candidates for 
the cathode catalysts in LOBs [114, 119, 122, 123]. Here, 
besides MOFs derivatives, we mainly concentrate on the 
pristine 2D MOFs materials and Lin et al. reviewed their 
intrinsic catalytic properties [205].

In the context of 2D MOFs, the metal sites normally 
serve as the catalytic centers and exert influence on the cat-
alytic performance by regulating the electronic structure, 

moderating the adsorption strength, and changing the 
reaction paths [206–211]. For instance, Lv and colleagues 
demonstrated that increasing the spin state of Ni metal in 
Ni-MOF can facilitate electron exchange between the Ni 
sites and oxygen adsorbates and accelerate the oxygen redox 
kinetics [207]. MOFs with three different metal clusters (Fe, 
Ti, and Zr) were synthesized by Tao et al. and applied as 
cathode catalysts in LOBs [208]. The results indicate that 
Fe-MOF exhibits a large surface area and excellent O2 
adsorption ability, which contributes to long cycle life of 
195 cycles and high energy efficiency of 93%. In addition, 

Fig. 10   a Nine 2D materials composed of Group VIB, VA, and VIA elements. b Differential charge density of LiO2 adsorbed on typical 2D 
materials. c Trend chart of overpotential variation with catalytic merit value η for 9 materials [191]. d Schematic illustration of the fabrication 
procedures of MnS/MoS2 heterostructure. e Density of states of different catalysts [28]. f Fabrication of GF-CNTs@MoS2 [198]. g Illustration of 
the light assistance effect for the growth mechanisms of Li2O2 on MoS2 surface [200]
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the rich pores in 2D MOFs provide mass transfer pathways 
for reaction and influence the reaction kinetics. Min et al. 
proposed an encapsulation mechanism, in which the pore 
size of 2D MOFs shows a positive correlation with the trap-
ping number of ions, thus influencing the adsorption energy 
of ions as well as the conductivity of the system [212]. Wang 
et al. extended the pore size from 1.8 to 3.2 nm by inserting 
another ligand to build linear M-ligand-M units [213]. The 
electrochemical analysis demonstrates that the conjugated 
MOF with large pore size facilitates the diffusion of redox 
species. However, although remarkable progress has been 
made in the study of 2D MOFs for electrocatalysts, the low 
conductivity due to organic ligands restricts further develop-
ment. The low stability of 2D MOFs to electron beam also 
brings challenges to the observation of catalytic sites. There-
fore, the future potential solutions should lie in rationally 
designing the structure and establishing structure–activity 
relationships to fully exert their catalytic capability.

4 � Mechanistic Perspective across 2D Cathode 
Catalysts for Li–O2 Batteries

Despite the diverse materials categories of 2D catalysts, a 
comprehensive understanding based on fundamental ele-
mental properties and basic reaction mechanisms in LOBs 
will accelerate the establishment of a unified mechanistic 
framework that links intrinsic electronic structure, interme-
diate adsorption, and catalytic performance. The intrinsic 
electronic structure of 2D materials governs the adsorp-
tion strength to key intermediate (e.g., LiO2), which deter-
mines the thermodynamics of intermediate stabilization 
and decomposition. Meanwhile, the solvent effect should 
be explicitly considered, as they balance the stabilization and 
dissociation of LiO2 intermediates in the electrolyte. There-
fore, in this section, we summarize the electrochemical per-
formance of 2D catalysts in LOBs, with an emphasis on the 
important role of machine learning in guiding experimental 
design and establishing structure–property relationships. In 
addition, advanced in situ characterization techniques are 
highlighted to provide more direct insights into the reaction 
mechanisms. Furthermore, theoretical model construction is 
also introduced to enable more comprehensive information.

4.1 � Catalytic Principles and Activity Descriptors of 2D 
Catalysts

Bruce et al. established two Li2O2 formation pathways—
surface growth and solution-mediated growth—which has 
been widely adopted as a fundamental framework in subse-
quent studies [54]. According to the theory, the adsorption 
energy of LiO2 on the electrode surface is often selected as 
descriptor to explore the disparate morphology and struc-
ture of Li2O2 [214, 215]. To better compare the adsorption 
behavior of different 2D catalysts, we selected and classi-
fied representative 2D materials and plotted the relation-
ship between adsorption strength of LiO2 and overpotential. 
As shown in Fig. 11a, N-doped graphene strengthens the 
LiO2 adsorption by introducing extra electrons and modulat-
ing coordination [105, 106]. In LOBs, a proper adsorption 
strength is necessary for reversible formation/decomposi-
tion products. It should be noted that metal atom-doped gra-
phene demonstrates a much broader modulation range of 
adsorption strength compared to heteroatom-doped systems. 
This behavior arises from the participation of d orbitals, 
which endow the active sites with multiple tunable features, 
including electronic structure, coordination geometry, and 
valence states. As a result, metal-doped systems provide an 
expanded adsorption descriptor space, enabling access to 
different catalytic regimes. For MXene materials, surface 
terminal groups play a key role in determining their phys-
icochemical properties. The terminal groups in MXenes are 
an integral part of the surface structure and directly partici-
pate in adsorption and catalysis. They strongly modulate the 
electronic structure, charge distribution, and coordination 
environment of transition metal sites, thereby significantly 
affecting the adsorption strength of reaction intermediates. 
When the target shifts to morphology of discharge products 
(Fig. 11b), the situation becomes different and varied mor-
phologies are observed on the cathode. It reveals the gap 
between the calculation and experiential results, which can 
be attributed from the solvation effects and other experimen-
tal optimization parameters. The summary of the typical 2D 
catalysts used in LOBs is provided in Table 1. Khetan et al. 
demonstrated that solvent stability, proton/hydrogen abstrac-
tion via nucleophilic attack, and the ability to facilitate 
solution-mediated discharge collectively determine battery 
performance, with appropriate solvent environments leading 
to enhanced discharge capacities [216].
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In Fig. 11c, a ternary phase diagram-inspired mechanis-
tic framework was adopted to connect electronic structure, 
intermediate adsorption, solvation effect, and electrochemi-
cal performance. Various activation strategies work in elec-
tronic structure regulation region, where they modulate 
electronic behavior and develop various orbital descriptors 
to explain the subsequent catalytic performance. As a result, 
this region governs the subsequent reaction evolution, par-
ticularly the behavior to key reaction intermediates (inter-
mediate dominated region), such as LiO2, whose adsorption 
strength and configuration dominate the reaction pathways 
and products morphology evolution, thereby determining 
the capacity performance. Meanwhile, the solvation effect 

modulates the stability of LiO2 in the electrolyte, thereby 
influencing Li2O2 morphology and mass transport, while 
electrolyte stability is critical for suppressing side reactions 
and maintaining system reversibility. Overall, through the 
rational regulation of these regions, an optimal working 
condition can be achieved, leading to best electrochemical 
performance in LOBs. However, given the multi-dimen-
sional parameter space and massive data sets, it is a great 
challenge to establish quantitative structure-electronic-
intermediate–performance relationships. Machine learn-
ing, a very powerful data-driven approach and subset of 
artificial intelligence, is accelerating this analytic process. 
Recently, Liu et al. employed classical machine learning 

Fig. 11   a Summary and classified LiO2 adsorption energies on different substrates, where the heat-map color represents the calculated over-
potential. b Summary and classified Li2O2 morphologies on different substrates. c A ternary phase diagram-inspired mechanistic framework in 
LOBs. d A general workflow for the application of machine learning in LOBs
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algorithms combined with Bayesian optimization to explore 
dual-solvent (DMSO/TEGDME) and single-salt (LiTFSI) 
electrolyte systems [217]. The data-driven results revealed 
that an optimal electrolyte composition of DMSO/TEGDME 
97.6%/2.4% with a LiTFSI concentration of 0.47 M can 
effectively reduce the Li+ desolvation energy and enhance 
battery performance. Zhang et al. integrated high-throughput 
workflow and machine learning framework to systematically 
investigate MXene-based catalysts in LOBs and identified 
the exceptional catalysts Mo3C2Cl2 with low overpotential 
0.01 V [218]. Aysegul et al. collected 1015 data points from 
the literature, which were then analyzed using association 
rule mining and decision tree algorithms [219]. A compre-
hensive set of factors was considered, including the anode, 
separator, reactant, operating pressure, gas diffusion layer, 
catalyst, binder, mass loading, and electrolyte. Association 
rule mining and decision tree algorithms show that bulk 
cathode materials, especially N-doped carbons, graphene, 
and porous carbons, are beneficial for achieving high per-
formances. Figure 11d displays a general workflow for the 
application of machine learning in LOBs, which includes 
data collection, descriptor selection, model building, and 
prediction. Several key descriptors, including facet struc-
ture, charge distribution, adsorption energy, and electrolyte 
properties, play a critical role in predicting catalytic perfor-
mance. Nevertheless, further studies result about machine 
learning in LOBs are still required to establish a clear and 
unified mechanistic understanding.

4.2 � Advanced Analytic Techniques

A rational design of catalysts combined with the leverage 
of advanced analytical techniques can significantly deepen 
our understanding of reaction mechanisms. Here, several 
recent advanced characterization techniques are introduced 
for probing the reaction processes and electronic structures. 
Raman spectroscopy, as an ultrasensitive characterization 
technique with single-molecule-level sensitivity, plays a 
powerful role in understanding interfacial electrochemistry. 
Based on the inelastic scattering of photons, it can sensi-
tively detect the formation of intermediates and products 
such as LiO2 and Li2O2 by probing molecular vibration 
[220]. Figure 12a shows a representation in situ Raman cell 
model; incident laser penetrates the optical window reaching 
the surface of work electrode. Guan et al. used in situ Raman 

spectroscopy to elucidate the catalytic roles of geometry and 
spacing of dual-atom catalytic centers (Fig. 12b, c) [221]. 
The broad peak centered at approximately 1129.8 cm−1 was 
identified as the LiO2 intermediate. These results show that 
the TiIn–N–C exhibited an earlier LiO2 emergence window 
and more efficient Li2O2 formation than single In–N–C 
catalyst, which demonstrate that the introduction of Ti sites 
reshapes the orbital interactions and coordination environ-
ment, thereby enabling improved electrochemical perfor-
mance. Furthermore, Zhang et al. monitor the reversible 
nucleation and decomposition of Li2O2 (808 cm−1) through-
out the discharge/charge cycle. The Eg and F2g orbitals of 
Co metal/oxide exhibit splitting firstly, indicating strong O2 
adsorption in an oxidizing environment [220]. Despite the 
clear spectral distinctions, Raman spectroscopy still faces 
challenges in signal sensitivity as well as spatial and tempo-
ral resolution. Meanwhile, the spectral results are primarily 
qualitative and often lack quantitative information regarding 
the reaction processes.

Differential electrochemical mass spectrometry (DEMS) 
is another powerful analytical technique that enables 
quantitative assessment of gas species and compositions 
during reaction processes [222]. In the field of LOBs, DEMS 
serves as a pivotal tool for elucidating reaction mechanisms, 
identifying parasitic reaction pathways, and evaluating 
electrolyte stability. The charge-to-mass ratio (e−/O2) 
obtained from the gas evolution platform can be categorized 
into three distinct scenarios: ratios approaching 1.0, close to 
2.0, and exceeding 2.0, which correspond to the formation 
of soluble LiO2, the decomposition of insoluble Li2O2, and 
contributions from additional side reaction, respectively 
[223]. Such differentiation allows for effective determination 
of reaction pathways and the occurrence of irreversible side 
reactions; however, these side reactions can also be directly 
monitored by detecting the release of gases such as CO2 
and H2. When combined with fluorescent probes, such as 
dimethylacetamide for singlet oxygen detection or isotopic 
labeling techniques—such as using 13C-labeled electrodes 
and 18O2 atmospheres, it reveals the pathways of byproduct 
gas release, indicating degradation of carbon cathode and 
organic electrolytes under electrophilic attack by highly 
reactive oxygen species [224, 225].

Synchrotron K-edge X-ray absorption spectroscopy 
(XAS) technique can probe the local electronic and geo-
metric structures of specific elements by measuring the 
absorption coefficient as a function of X-ray energy. The 
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Table 1   Selective summaries of 2D cathode catalysts used in LOBs

2D catalysts Current (mA 
g–1 or mA 
cm–2)

Capacity (mAh 
g–1 or mAh 
cm–2)

Cycle number Descriptor Modification 
strategies

Electrolyte Product mor-
phology

Refs

Graphene quan-
tum dots

1400 68,900 300 structural/edge 
defect density

edge engineer-
ing (2)

LiTFSI/TEG-
DME

toroidal [79]

Graphene quan-
tum dots

0.1 7672 500 electronic con-
ductivity

edge engineer-
ing (2)

LiTFSI/TEG-
DME

flower-like [80]

GMS 0.2 6727 70 LiO2 adsorp-
tion energy

topological 
defect (2)

LiTFSI/TEG-
DME

toroidal [95]

Porous gra-
phene

200 7400 400 mass transfer 
efficiency

porous architec-
ture (3)

LiTFSI/TEG-
DME

toroidal [93]

100N GMS 0.4 23 185 number of 
stacking 
layers

stacked graphene 
(3)

LiTFSI/LiNO3 
TEMPO/
TEGDME

toroidal [97]

PdN4-graphene 200 10,000 60 d-band center 
and LiO2 
adsorption 
energy

single-atom Pd 
doping (1)

LiTFSI/TEG-
DME

sheet-like [114]

RuN4-graphene 0.02 12,724 – LiO2 adsorp-
tion energy

single-atom Ru 
doping (1)

LiTFSI/TEG-
DME

flower-like [115]

Ru@graphene 200 21,753 200 mass transfer ruthenium-modi-
fied (2)

LiNO3 in 
DMSO

toroidal [245]

FeSA-RuO2/
HPCS

200 23,628 232 d-band center 
and LiO2 
adsorption 
energy

Fe doping (1) LiSO3CF3/
TEGDME

toroidal and 
sheet-like

[124]

Mn3O4@
graphene

200 35,583 130 Li2O2 adsorp-
tion energy

surface engineer-
ing (2)

LiTFSI/TEG-
DME

film-like [125]

CoN4-graphene 100 13,544 98 LiO2 adsorp-
tion energy

single-atom Co 
doping (1)

LiTFSI/TEG-
DME

Sheet-like [246]

Ti3C2 QDC/N–
C

200 16,022 240 d-band center quantum dot and 
heterostructure 
(2)

LiTFSI/TEG-
DME

flower-like [160]

Ti2CO2 MXene 100 15,635 250 Li2O2 adsorp-
tion energy

surface modifica-
tion (2)

LiNO3/DMSO sheet-like [161]

N-Ti3C2O2 100 11,679 372 3d orbit occu-
pancy

N doping (1) LiTFSI/TEG-
DME

film-like [167]

Ti0.87O2/Ti3C2 100 13,596 407 LiO2 adsorp-
tion energy

heterostructure 
(3)

LiTFSI/TEG-
DME

film-like [173]

P-doped TiO2/
Ti3C2Tx

100 13,482 190 Li2O2 adsorp-
tion energy

P-doping (1) LiNO3/DMSO flower-like [174]

Ti3C2/Mo4/3B2-x 
superlattice

100 17,167 475 d-band center superlattice (2) LiTFSI/TEG-
DME

film-like [175]

F-Nb2C MXene 200 19,785 130 LiO2 adsorp-
tion energy

O-terminated (2) LiNO3/DMSO sheet-like [30]

6Ag-SnSe2 100 16,871 144 LiO2 and Li2O2 
adsorption 
energy

Ag Intercalation 
(1)

LiNO3/DMSO sheet-like [185]

MoS2-x 200 19,989 355 LiO2 and Li2O2 
adsorption 
energy

sulfur defect (1) LiTFSI/TEG-
DME

film-like [62]

MnS/MoS2 100 11,696 248 LiO2 and Li2O2 
adsorption 
energy

heterostructure 
(3)

LiTFSI/TEG-
DME

film-like [28]



	 Nano-Micro Lett.          (2026) 18:389   389   Page 26 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

absorption spectrum is typically divided into two regions: 
X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS). XANES is highly 
sensitive to the electronic states of the atom and is widely 
employed for valence state analysis. The absorption edge 
position exhibits a characteristic shift depending on the oxi-
dation state, enabling the valence of the target element in 
an unknown sample to be determined through comparison 
with reference compounds. Wang et al. demonstrated that 
the white-line peak energy of Ti3C2 QDC/N–C is positively 
shifted in reference to Ti3C2 MNS/N–C due to the more 
positively charged state of Ti atoms (Fig. 12d) [160]. Impor-
tantly, XANES signals are strong and exhibit excellent pen-
etration, making this technique particularly suitable for ana-
lyzing samples with low dopant concentrations or defects, as 
well as for real-time monitoring of valence state changes in 
two-dimensional materials during electrochemical cycling in 
batteries. EXAFS offers atomic-scale resolution of the coor-
dination environment by analyzing the oscillatory pattern in 
the energy range of 50–1000 eV on the high-energy side of 
the absorption edge. Zhang et al. demonstrated successful 
doping of single-atom platinum sites in the Mo2TiC2Tx-PtSA 
system, as no Pt–Pt bonds were detected in the EXAFS 
fitting results and only three Pt–C bonds were present 
[169]. The synchrotron L-edge X-ray absorption spectros-
copy arises from electric dipole-allowed transitions of 2p 

electrons to unoccupied d orbitals (2p63dn → 2p53dn+1). The 
resulting spectra exhibit two characteristic absorption edges, 
L3 and L2, due to spin–orbit coupling of 2p5 core configura-
tion. The sharp “white-line” feature makes L-edge spectros-
copy a powerful tool for directly probing the d-electronic 
states of transition metals and lanthanides. Although this 
technique requires high vacuum conditions and soft X-rays 
have limited penetration depth, the intensity of L-edge tran-
sitions is directly related to the d-character of the metal in 
unoccupied valence orbitals. Consequently, L-edge spectros-
copy is highly sensitive to the oxidation states, spin states, 
and crystal field splitting of elements, providing a more pre-
cise elucidation of local electronic structures and reflection 
of metal–ligand covalency compared to K-edge techniques. 
Yao et al. identified the occupied d orbital states (t2g and eg) 
of Ni in a typical octahedral field and the further splitting 
of Mn 3d orbitals (dxz/yz, dxy, dz

2, dx
2-y

2) in a distorted octa-
hedral field via L3 edges for Ni and Mn in Ni–MnO2. The 
observed blueshift in the Ni L3-edge indicates an increase 
in Ni’s oxidation state, while the redshift in the Mn L3-edge 
reflects a decrease in Mn oxidation state [226]. In addition 
to oxidation states, Zhang et al. determined the intermediate 
spin state of Fe in Ti0.6Fe0.4O2 by calculating the area ratio 
of the split peaks (eg and t2g) in the Fe L3-edge spectrum 
(Fig. 12e) [227].

The numbers (1–3) in the “Modification strategies” column denote different activation engineering approaches: (1) point activation engineering; 
(2) line and plane activation engineering; and (3) bulk activation engineering

Table 1   (continued)

2D catalysts Current (mA 
g–1 or mA 
cm–2)

Capacity (mAh 
g–1 or mAh 
cm–2)

Cycle number Descriptor Modification 
strategies

Electrolyte Product mor-
phology

Refs

1 T MoS2 100 7441 622 Electronic 
structure

phase transition 
(3)

LiTFSI/TEG-
DME

toroidal [37]

MoSe2 100 32,576 270 LiO2 and Li2O2 
adsorption 
energy

core–shell struc-
ture (3)

LiNO3/DMSO sheet-like [186]

Ni0.85Se/MoSe2 100 15,994 175 Li2O2 adsorp-
tion energy

heterostructure 
(2)

LiTFSI/TEG-
DME

film-like [127]

Ni/Mn-MoS2 100 28,195 118 LiO2 adsorp-
tion energy

Ni-Mn co-doping 
(1)

LiNO3/DMSO film-like [197]

Def-MoS2 0.1 6.7 100 O2 adsorption 
energy

sulfur defect (1) LiClO4/DMSO film-like [192]

NiCo-LDHs-VO 200 26,853 100 Electronic 
structure

oxygen vacancy 
(1)

LiTFSI/TEG-
DME

flower-like [152]

CoNi-LDH 200 10,664 209 Layer structure terephthalic acid 
intercalation 
(2)

LiTFSI/TEG-
DME

flower-like [155]
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4.3 � Density Functional Theory Model Construction

Theoretical calculations by DFT-based first-principles 
calculation enable in-depth understand of the reaction of 
mechanists at atomic level from inherent natures of materials. 
2D materials exhibit a characteristic layered structure, which 
facilitates the rapid identification of the exposed crystal 
planes—the basal plane (in-plane direction) and the edge 
plane (interlayer termination direction). The differences 
in adsorption behaviors exhibited by the basal and side 

planes are crucial for exploring the catalytic anisotropy of 
2D materials. It presents that the catalytic anisotropy of 2D 
SnSe originates from the uniform adsorption of Li2O2 on the 
basal plane (200) and the confined adsorption on the side 
plane (002), as revealed through a comparative analysis of 
adsorption sites and energies [187]. As shown in Fig. 12f, 
adsorption energy as an important result provides insights 
into the feasibility of adsorption processes, determining the 
design of later reaction pathways. Compared with Li2O2 
molecules, small (Li2O2)n cluster will be better to describe 

Fig. 12   a Schematic of in  situ Raman spectroscopic model. b Schematic diagram of the in  situ Raman spectroscopic monitoring. c Time-
resolved in situ Raman 3D image of TiIn–N–C catalysts [221].  Copyright 2026, John Wiley and Sons. d Normalized K‐edge XANES of Ti3C2 
QDC/N–C, Ti3C2 MNS/N–C, and Ti–foil, TiO2 references [160]. Copyright 2021, John Wiley and Sons. e Fe L-edge and L3-edge XANES spec-
tra for FeTiO [227]. Copyright 2026, Elsevier. f Calculated energetic profiles of the initial nucleation of Li2O2 on different surfaces [105]. Copy-
right 2015, American Chemical Society. g Lowest energy structure of nLi2O2 on the NbC surface [228]. Copyright 2020, American Chemical 
Society. h Schematic of the interaction between solvent molecules and Li ions [229]. Copyright 2021, John Wiley and Sons
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the early state of nucleation and growth of discharge 
products. Figure 12g presents the structural relaxation of 
MXene materials with increasing Li2O2 layers. The Li–O 
bonds in the first Li2O2 layer are broken due to the strong 
interaction with the surface, leading to the formation of 
Li/O interfacial layers rather than intact Li2O2 molecules 
[228]. As additional Li2O2 layers accumulate, the initially 
formed interface becomes buried, and the system gradually 
evolves toward bulk-like Li2O2 growth, where structural 
distortions are reduced and the film ultimately approaches 
an insulating state. In addition, considering the significant 
influence of solvent effects on reaction pathways, solvation 
should be taken into account (Fig. 12h) [229]. However, the 
explicit inclusion of solvent molecules greatly increases 
computational cost. Therefore, simplified approaches, 
such as implicit solvation models or molecular dynamics 
simulations, are often employed to balance accuracy and 
computational efficiency.

5 � Functional Extension of 2D Materials 
for Li–O2 Batteries System

With the in-depth study and increasing application require-
ments, it has been acknowledged that not only the active 
2D catalysts, but also the functionality and coordination of 
various components, including electrolyte, separator, and Li 
anode, are crucial for enhancing the overall performance of 
the LOBs [43, 44, 49]. Particularly, the first concern is the 
formation of Li dendrites caused by irreversible stripping 
and deposition of lithium ions during cycling processes, 
which leads to the decrease in capacity, cycling life, and 
short circuit. Moreover, the physicochemical properties of 
electrolyte and separator are also necessary for the further 
improvement of the system. Fortunately, certain 2D materi-
als play a key role in anode and separator protection owing 
to their outstanding mechanical properties, such as high 
Young’s modulus and structural flexibility, which enable 
them to withstand high stress and strain without structural 
degradation. In addition, the uniform surface structure and 
tunable surface chemistry of 2D materials facilitate ion 
transport by reducing the dissociation energy of Li+ and 
weakening cation–anion interactions in the electrolyte, 
thereby enhancing ionic conductivity (Fig. 13a) [43, 73] 
Therefore, in this section, we mainly introduce the extended 

function of 2D materials in the LOBs system beyond cath-
ode catalysis.

5.1 � Mechanical Strength and Thermal Stability

Lithium dendrite is one of main challenges for lithium metal 
during the long-time cycling process. It is reported that the 
high elastic modules of lithium dendrite (4.0 GPa) can easily 
puncture the common separator (e.g., 2.1 GPa for polyole-
fin-type separators), leading to shortcut and safety issues 
in batteries [43, 49]. Introducing the protective layer in the 
anode side with high mechanical strength and fast ion trans-
port capability is direct and effective approaches to address 
these problems. It has been widely reported that covalently 
connected 2D materials, including graphene [230], h-BN 
[231], and MXene [45] are known for their good mechanical 
properties and electrochemical performance. For instance, 
robust graphene oxide backbones were introduced into 
commercial polypropylene (PP) separators, which greatly 
improved the mechanical properties of the separator and 
blocked lithium dendrite growth (Fig. 13b) [232]. Mean-
while, polyacrylamide chains with a large number of polar 
groups were integrated on the graphene oxide surface, which 
enables homogeneous and fast lithium ionic flux on the 
surface of Li metal. Although monolayer h-BN possesses 
exceptional in-plane mechanical strength with a Young’s 
modulus approaching ~ 1.0 TPa, its practical application 
is often limited by the presence of intrinsic defects, such 
as cracks and wrinkles, which can compromise its protec-
tive capability. Xie et al. prepared chemically and mechani-
cally stable hybrid LiF/h-BN films, which suppress lithium 
dendrite formation from chemical and physical properties, 
thereby enabling more than 300 cycles at high Coulombic 
efficiency [46]. Considering the high impedance and poor 
interfacial contact for the graphene, composite, and ceramic-
based protective layers, Cha et al. created a protective barrier 
between Li metal and electrolyte with atomic MoS2 layers 
(Fig. 13c) [233]. The results display that a large amount of 
Li atoms can intercalate into the MoS2 layer structure to 
reduce the interfacial resistance and facilitate a consistent 
flow of Li+ into and out of bulk Li metal.

Battery thermal stability is another important design con-
sideration that is shown to be improved by the proper choice 
of 2D materials. Polyolefin-type separators have been suc-
cessfully used commercially for their high electrochemical 
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stability. However, the low melting temperature of polyole-
fin, for example, 165 °C for PP, limits their further applica-
tion in operation situation [44]. Integrating the 2D materials 
into the polyolefin-type separator can greatly increase the 
thermal stability of separator [234]. In addition, the high 
thermal conductivity of 2D materials, such as BN and gra-
phene displays quick responsive capable of inhibiting the 
growth of lithium dendrite and homogenize thermal propa-
gation [231, 235, 236]. Han et al. conducted graphene-coated 
separator to eliminate the local hot spots, which come from 
the accumulated overpotential heat and poor local thermal 
diffusion [235]. The graphene layer affords timely diffusion 
of local heat generated by irregular Li growth and incipient 
dendrite formation, achieving the stable and uniform lithium 
deposition to deter further degradation (Fig. 13d).

5.2 � Electrochemical Stability

Stable reaction interfaces and environments play a pivotal 
role in the electrochemical reaction for uniform lithium 
stripping and deposition. For active lithium metal, an arti-
ficial solid–electrolyte interface (SEI) can be well designed 
by 2D materials, e.g., phosphorene [237]. SnS2 [238], and 
fluorinated graphene [74]. The phosphorene-derived Li3P 
layer avoids the decomposition of electrolyte for its high 
redox potential and realizes stable cycle performance over 
500 cycles in Li symmetric cells [237]. SnS2 will react spon-
taneously with Li metal and form a robust multifunctional 
SEI layer consisting of Li5Sn2, Li7Sn2 phases with high Li-
ion diffusion ability and superior Li affinity, and the Li2S 
phase can serve as blocking shield of electrons at the SEI/Li 
interface [238]. Consequently, the Li symmetric cells exhibit 
a stable cycling behavior of over 2700 h 1 mA cm−2 for 
1 mAh cm−2. Wang et al. designed a composite separator 
consisting of covalent organic framework (COF) nanosheets 

Fig. 13    a Overall diagram of harnessing the unique properties of 2D materials toward metal anodes [43]. Copyright 2021, John Wiley and 
Sons. b Schematic illustration of graphene oxide backbones suppressing the Li dendrite [236]. Copyright 2019, Springer Nature. c Schematics 
illustrate the fabrication method for a MoS2-coated Li anode via sputtering and subsequent lithiation [237]. Copyright 2018, Springer Nature. d 
Study of lithium deposition behavior under localized-temperature hotspots [239]. Copyright 2022, John Wiley and Sons. e Schematic illustration 
of the fabrication process of Ti3C2Tx MXene and lithiation morphology [241]. Copyright 2020, Royal Society of Chemistry.
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anchored onto cellulose nanofibers and integrated on PP 
separator. The 2D COF with abundant functional groups 
can simultaneously modulate Li-ion transport with high 
Li+ transference number about 0.65 mS cm−1 and robust 
SEI film components [47]. It is also identified that Li metal 
can effectively regulate Li⁺ transport, achieving a high Li⁺ 
transference number (~ 0.65) and promoting the formation 
of a stable SEI [239]. While soluble redox mediators (RMs) 
have been proved to be efficient in promoting the forma-
tion/decomposition of Li2O2 products, the shuttle effects 
of RMs across the separator accelerate the corrosion of Li 
metal and growth of Li dendrites. 2D materials were also 
leveraged to block the migration of RM. Shi et al. designed 
a chemical binding strategy based on Ti3C2 MXene modi-
fied separator to suppress the I3

− shuttling in LiI-involved 
LOBs [166]. The results show that –OH terminal groups on 
MXene functioned as effective binding sites for suppressing 
the migration of I3

−, which increases the cycle stability by 
three times in LOBs.

5.3 � Expedite and Homogenize the Lithium‑Ion Flux

Regulation of lithium-ion flux in transport rate and homo-
geneity has obvious advantages when compared with other 
strategies in enhancing the reaction dynamics and preventing 
the growth of lithium dendrites. MXene which has abundant 
surface functional groups, especially fluorinated terminals, 
tends to generate uniform, dense, and durable protection 
layer on the anode surface, effectively homogenizing the 
lithium flux and inducing uniform nucleation [43]. Wang 
et al. verified that fluorinated functional groups on Ti3C2Tx 
MXene could induce uniform nucleation of lithium. The 
protected Li anode displayed high stability for over 1300 h 
at 0.5 mA cm−2, which is about 3 times longer than the 
pristine Li anode (Fig. 13e) [240]. Ti3C2Tx MXene was also 
introduced into mixing with solid-state electrolyte, in which 
the O and F groups provide more plating sites and lower 
nucleation energy [48]. As a result, the arrangement of Li 
atoms inherits the atomic structure of MXene with sheet-
like structure and significantly suppresses the formation 
of dendritic Li. There are two paths for the penetration of 
lithium ions through the 2D materials: migration through 
gaps between the layers or diffusion through the pore struc-
ture directly. With atomic thickness, 2D materials can be 
assembled into ultrathin membranes, thereby minimizing 

the transport resistance to maximize the lithium-ion flux 
permeation. Meanwhile, uniform chemistry also reduces 
the diffusion barrier on the surface. For instance, Li et al. 
found that lithium-ion diffusion coefficient increased with 
the reduction of Ti3C2Tx MXene layers [241]. Integrating the 
CNT into the MXene interface can disrupt the alignment and 
promote the surface opening and internal expansion, real-
izing larger and faster ion transport channels [178]. In addi-
tion, Xiong et al. reported that the sub-nanometer pores at 
the Ti vacancies of ultrathin Ti0.87O2 nanosheets provide fast 
pathways for the diffusion of lithium ions [242]. In summary, 
2D materials play a key role across the anode, separator, and 
electrolyte components in LOBs. Their excellent mechani-
cal robustness enables effective suppression of lithium den-
drite growth, thereby enhancing cycling stability and safety. 
In addition, transition metal sulfides can exhibit favorable 
interfacial compatibility with Li metal, which helps reduce 
interfacial resistance and accelerate charge transfer kinetics. 
Among various 2D materials, MXenes stand out as one of 
the most extensively studied systems due to their metallic 
conductivity and abundant surface functional groups, ena-
bling efficient electron transport, interfacial regulation, and 
homogenized ion flux. Overall, a fundamental understand-
ing of the physicochemical properties of 2D materials is 
essential for guiding the rational design and performance 
optimization of LOBs systems.

6 � Summary and Perspective

This review systematically summarizes the recent progress 
of 2D materials applied in LOBs, focusing on engineering 
strategies, unique structural anisotropy, and performance 
relationship for accelerating ORR and OER processes. In 
particular, the catalytic properties of 2D materials arising 
from surface planes and edge sites are discussed in the con-
text of structural engineering at the point, plane, and bulk 
levels. These endow 2D materials with large surface areas, 
abundant active sites, and tunable electronic structures, col-
lectively enhancing catalytic activity, reducing overpoten-
tials, and improving reaction reversibility. In addition, 2D 
materials also exhibit great potential in other components, 
such as lithium anode protection, electrolyte stabilization, 
and fast lithium-ion transport, thereby enabling the con-
struction of more efficient and stable LOBs. Despite these 
advances, several fundamental challenges remain in the 
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controlled structural design, mechanistic understanding, 
and integrated optimization of 2D materials, which require 
further exploration and breakthroughs. Meanwhile, Table 2 
systematically summarizes the advantages, challenges, and 
opportunities of 2D materials.

First, exploring the synergistic roles of 2D materials 
within the whole battery system, e.g., cathode, electrolyte, 
and anode, is a promising route to achieve enhanced perfor-
mance. Owing to their mechanical robustness and favorable 
interfacial chemistry, 2D materials have also shown great 
potential in lithium anode protection and in facilitating rapid 
lithium-ion transport. These materials can effectively sup-
press dendrite growth, stabilize the solid–electrolyte inter-
phase, and ensure uniform ion flux across interfaces. The 
desirable paths should emphasize coordinated design of 
cathode, anode, and electrolyte to achieve functional com-
plementarity and interfacial compatibility, thus enabling low 
overpotentials and high reversibility even under high-rate 
operating conditions.

Second, controllable structure regulation and precise 
characterization are essential to build structure–performance 
relationships. Given that strategies such as defect engineer-
ing, heteroatom doping, heterostructure construction, and 
surface functionalization can effectively tune electron den-
sity and orbital occupation, they provide approaches for 
optimizing the adsorption strength and reaction pathways, 
reducing overpotentials, and improving the kinetics of prod-
uct formation and decomposition. It is feasible to identify 
the intrinsic catalytic performance governed by atomic con-
figuration and electronic structure through advanced experi-
mental techniques. Although some precise methods, such 
as chemical vapor deposition and plasma-assisted decora-
tion, have prepared well-defined 2D materials on specific 
substrates [243, 244], especially for semiconductor device 
applications, such approaches do not retain the advantage 
of large-scale production inherent to conventional chemical 
processes and thus remain challenging to meet the catalyst 
mass loading requirements in LOBs.

Third, catalytic performance is subject to the dynamic 
behavior of active sites and the evolution of products. It 
remains an urgent task to conduct in-operando characteri-
zations using cutting-edge experimental techniques (e.g., 
in situ Raman spectroscopy, electrochemical mass spec-
trometry, and multiscale simulations), which enable real-
time tracking of product formation and migration, provid-
ing mechanistic insight into discharge product evolution Ta
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and energy barrier modulation at the atomic and electronic 
levels. In particular, clarifying the reaction pathways and 
deactivation mechanisms of 2D materials during ORR/OER 
will provide critical insights for connecting their electro-
chemical performance with atomic structure and catalytic 
mechanisms.

Finally, the transition from Li–O2 battery to Li–air battery 
presents a core challenge in the complex chemistry of the 
system under ambient air. Components such as CO2 and H2O 
in ambient air can introduce additional reaction pathways 
alongside the intrinsic Li–O2 mechanism, leading to side 
reactions like Li–CO2 and Li–H2O pathways. The formation 
of by-products such as Li2CO3 and LiOH further passivates 
electrodes and reduces reversibility and lifespan of batter-
ies. Elucidating the formation/decomposition pathways of 
Li2O2, as well as understanding the impact of impurities 
like Li2CO3 and LiOH, is crucial for guiding the design of 
both catalysts and the overall system. Despite these chal-
lenges, the performance enhancement of Li–air batteries 
still primarily relies on system-level design strategies from 
the aspects of preventing the side reactions to purify the 
Li–O2 pathway. Beyond the design of efficient 2D cathode 
catalysts, common approaches include Li anode protection, 
the use of novel electrolytes (e.g., ionic liquids), solid-state 
electrolytes, gas-selective membranes, and redox mediators.

In summary, 2D materials, with their tunable structures, 
controllable electronic states, and versatile functionalities, 
show great potential for advancing LOBs. Future research 
should take an integrated strategy that combines rational 
structural design, clear mechanistic understanding, and 
systems engineering to advance overall performance and 
fundamental understanding. Such endeavors will pave 
the way toward efficient, stable, and rechargeable LOBs, 
accelerating their transition from laboratory research to 
practical application and contributing to the development 
of next-generation energy storage technologies.

Acknowledgements  This work was supported by the Major basic 
research project of Natural Science Foundation of Shandong Prov-
ince (No. ZR2023ZD12), National Key Research and Development 
Program of China (Grant No. 2023YFC2809000), and the National 
Natural Science Foundation of China (Grant Nos. 22422603, 
22266015, 22327807, U23A20104, U24B20194, and U2167220).
We thank the staff from BL08U1A beamline of Shanghai Syn-
chrotron Radiation Facility (SSRF) for assistance with mechanistic 
analysis.

Author Contributions  Guoliang Zhang contributed to writing—
original draft. Han Yu was involved in writing—original draft. 
Ruonan Yang provided software. Yuqi Fan contributed to investi-
gation. Ning Wang was involved in writing—review and editing. 
Zhanhu Guo contributed to investigation. Feng Dang was involved 
in writing—review and editing.

Declarations 

Conflict of interest  The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 D. Deng, K.S. Novoselov, Q. Fu, N. Zheng, Z. Tian et al., 
Catalysis with two-dimensional materials and their hetero-
structures. Nat. Nanotechnol. 11(3), 218–230 (2016). https://​
doi.​org/​10.​1038/​nnano.​2015.​340

	 2.	 F.R. Fan, R. Wang, H. Zhang, W. Wu, Emerging beyond-
graphene elemental 2D materials for energy and catalysis 
applications. Chem. Soc. Rev. 50(19), 10983–11031 (2021). 
https://​doi.​org/​10.​1039/​c9cs0​0821g

	 3.	 T. Bai, D. Li, S. Xiao, F. Ji, S. Zhang et al., Recent progress 
on single-atom catalysts for lithium–air battery applications. 
Energy Environ. Sci. 16(4), 1431–1465 (2023). https://​doi.​
org/​10.​1039/​d2ee0​2949a

	 4.	 L. Li, L. Chen, S. Mukherjee, J. Gao, H. Sun et al., Phos-
phorene as a polysulfide immobilizer and catalyst in high-
performance lithium–sulfur batteries. Adv. Mater. 29(2), 
1602734 (2017). https://​doi.​org/​10.​1002/​adma.​20160​2734

	 5.	 Q. Zhai, H. Huang, T. Lawson, Z. Xia, P. Giusto et  al., 
Recent advances on carbon-based metal-free electrocatalysts 
for energy and chemical conversions. Adv. Mater. 36(42), 
2470337 (2024). https://​doi.​org/​10.​1002/​adma.​20247​0337

	 6.	 G. Wang, Y. Yang, Q. Zhang, Z. Xie, Z. Zhou, Graphitic 
carbon nitride (g-C3N4) based photo-assisted Li–O2 batteries: 
progress, challenge, and perspective. Coord. Chem. Rev. 511, 
215879 (2024). https://​doi.​org/​10.​1016/j.​ccr.​2024.​215879

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1039/c9cs00821g
https://doi.org/10.1039/d2ee02949a
https://doi.org/10.1039/d2ee02949a
https://doi.org/10.1002/adma.201602734
https://doi.org/10.1002/adma.202470337
https://doi.org/10.1016/j.ccr.2024.215879


Nano-Micro Lett.          (2026) 18:389 	 Page 33 of 42    389 

	 7.	 H. Jin, C. Guo, X. Liu, J. Liu, A. Vasileff et al., Emerging 
two-dimensional nanomaterials for electrocatalysis. Chem. 
Rev. 118(13), 6337–6408 (2018). https://​doi.​org/​10.​1021/​
acs.​chemr​ev.​7b006​89

	 8.	 P. Roy Chowdhury, H. Medhi, K.G. Bhattacharyya, C. 
Mustansar Hussain, Recent progress in the design and func-
tionalization strategies of transition metal-based layered 
double hydroxides for enhanced oxygen evolution reaction: 
a critical review. Coord. Chem. Rev. 483, 215083 (2023). 
https://​doi.​org/​10.​1016/j.​ccr.​2023.​215083

	 9.	 Y. Zhao, J. Zhang, X. Guo, X. Cao, S. Wang et al., Engi-
neering strategies and active site identification of MXene-
based catalysts for electrochemical conversion reactions. 
Chem. Soc. Rev. 52(9), 3215–3264 (2023). https://​doi.​org/​
10.​1039/​D2CS0​0698G

	 10.	 X. Zheng, M. Yuan, Y. Zhao, Z. Li, K. Shi et al., Status 
and prospects of MXene-based lithium–oxygen batteries: 
theoretical prediction and experimental modulation. Adv. 
Energy Mater. 13(20), 2204019 (2023). https://​doi.​org/​10.​
1002/​aenm.​20220​4019

	 11.	 X. Chia, M. Pumera, Characteristics and performance 
of two-dimensional materials for electrocatalysis. Nat. 
Catal. 1(12), 909–921 (2018). https://​doi.​org/​10.​1038/​
s41929-​018-​0181-7

	 12.	 B. Ni, X. Wang, Face the edges: catalytic active sites of nano-
materials. Adv. Sci. 2(7), 1500085 (2015). https://​doi.​org/​10.​
1002/​advs.​20150​0085

	 13.	 H. Tao, Q. Fan, T. Ma, S. Liu, H. Gysling et al., Two-dimen-
sional materials for energy conversion and storage. Prog. 
Mater. Sci. 111, 100637 (2020). https://​doi.​org/​10.​1016/j.​
pmats​ci.​2020.​100637

	 14.	 T. Liu, S. Zhao, Q. Xiong, J. Yu, J. Wang et al., Reversible 
discharge products in Li–air batteries. Adv. Mater. 35(20), 
2208925 (2023). https://​doi.​org/​10.​1002/​adma.​20220​8925

	 15.	 K. Chen, D.-Y. Yang, G. Huang, X.-B. Zhang, Lithium-air 
batteries: air-electrochemistry and anode stabilization. Acc. 
Chem. Res. 54(3), 632–641 (2021). https://​doi.​org/​10.​1021/​
acs.​accou​nts.​0c007​72

	 16.	 T. Ogasawara, A. Débart, M. Holzapfel, P. Novák, P.G. Bruce, 
Rechargeable Li2O2 electrode for lithium batteries. J. Am. 
Chem. Soc. 128(4), 1390–1393 (2006). https://​doi.​org/​10.​
1021/​ja056​811q

	 17.	 Z. Lyu, Y. Zhou, W. Dai, X. Cui, M. Lai et  al., Recent 
advances in understanding of the mechanism and control of 
Li2O2 formation in aprotic Li–O2 batteries. Chem. Soc. Rev. 
46(19), 6046–6072 (2017). https://​doi.​org/​10.​1039/​C7CS0​
0255F

	 18.	 Q. Fu, X. Bao, Surface chemistry and catalysis confined 
under two-dimensional materials. Chem. Soc. Rev. 46(7), 
1842–1874 (2017). https://​doi.​org/​10.​1039/​c6cs0​0424e

	 19.	 Q. Zhang, C. Wang, Z. Xie, Z. Zhou, Defective/doped gra-
phene-based materials as cathodes for metal–air batteries. 
Energy Environ. Mater. 5(4), 1103–1116 (2022). https://​doi.​
org/​10.​1002/​eem2.​12293

	 20.	 Q. Xia, Y. Zhai, L. Zhao, J. Wang, D. Li et al., Carbon-
supported single-atom catalysts for advanced rechargeable 

metal-air batteries. Energy Mater. 2(3), 200015 (2022). 
https://​doi.​org/​10.​20517/​energ​ymater.​2022.​13

	 21.	 Y. Zhang, J. Liu, Y. Xu, C. Xie, S. Wang et al., Design and 
regulation of defective electrocatalysts. Chem. Soc. Rev. 
53(21), 10620–10659 (2024). https://​doi.​org/​10.​1039/​d4cs0​
0217b

	 22.	 Y. Wang, J. Mao, X. Meng, L. Yu, D. Deng et al., Cataly-
sis with two-dimensional materials confining single atoms: 
concept, design, and applications. Chem. Rev. 119(3), 1806–
1854 (2019). https://​doi.​org/​10.​1021/​acs.​chemr​ev.​8b005​01

	 23.	 M. Liu, X. Zhu, Y. Song, G. Huang, J. Wei et al., Bifunctional 
edge-rich nitrogen doped porous carbon for activating oxy-
gen and sulfur. Adv. Funct. Mater. 33(11), 2213395 (2023). 
https://​doi.​org/​10.​1002/​adfm.​20221​3395

	 24.	 S. Maiti, M.T. Curnan, S. Subhalaxmi, K.-W. Kim, R. 
Narayan et al., Adapting single-atom catalysts to Li–O2 bat-
teries: enhancing energy storage. Small 21(35), 2505334 
(2025). https://​doi.​org/​10.​1002/​smll.​20250​5334

	 25.	 Y. Guo, P. Wang, Y. Liu, S. Guo, L. Shi et al., Dual-type 
atomic Ru promoted bifunctional catalytic process realiz-
ing ultralow overpotential for Li-O2 batteries. Appl. Catal. 
B Environ. Energy 356, 124203 (2024). https://​doi.​org/​10.​
1016/j.​apcatb.​2024.​124203

	 26.	 W. Ma, J. Yao, F. Xie, X. Wang, H. Wan et al., Optimiz-
ing electronic structure through point defect engineering for 
enhanced electrocatalytic energy conversion. Green Energy 
Environ. 10(1), 109–131 (2025). https://​doi.​org/​10.​1016/j.​
gee.​2024.​02.​006

	 27.	 Y. Zhou, G. Hong, W. Zhang, Nanoengineering of cathode 
catalysts for Li–O2 batteries. ACS Nano 18(26), 16489–
16504 (2024). https://​doi.​org/​10.​1021/​acsna​no.​4c044​20

	 28.	 G. Zhang, H. Yu, X. Li, X. Zhang, C. Hou et al., Construction 
of MnS/MoS2 heterostructure on two-dimensional MoS2 sur-
face to regulate the reaction pathways for high-performance 
Li-O2 batteries. J. Energy Chem. 93, 443–452 (2024). https://​
doi.​org/​10.​1016/j.​jechem.​2024.​01.​076

	 29.	 X. Wen, D. Du, L. Ren, H. Xu, R. Li et al., Creating low 
coordination atoms on MoS2/NiS2 heterostructure toward 
modulating the adsorption of oxygenated intermediates in 
lithium-oxygen batteries. Chem. Eng. J. 442, 136311 (2022). 
https://​doi.​org/​10.​1016/j.​cej.​2022.​136311

	 30.	 G. Li, N. Li, S. Peng, B. He, J. Wang et al., Highly efficient 
Nb2C MXene cathode catalyst with uniform O-terminated 
surface for lithium–oxygen batteries. Adv. Energy Mater. 
11(1), 2002721 (2021). https://​doi.​org/​10.​1002/​aenm.​20200​
2721

	 31.	 M. Wang, J. Chen, Z. Tian, W. Dai, B. Cui et al., Facet-con-
trolled bifunctional WO3 photocathodes for high-performance 
photo-assisted Li–O2 batteries. Energy Environ. Sci. 16(2), 
523–534 (2023). https://​doi.​org/​10.​1039/​d2ee0​3724f

	 32.	 Y. Zheng, R. Gao, L. Zheng, L. Sun, Z. Hu et al., Ultrathin 
Co3O4 nanosheets with edge-enriched{111}planes as effi-
cient catalysts for lithium–oxygen batteries. ACS Catal. 9(5), 
3773–3782 (2019). https://​doi.​org/​10.​1021/​acsca​tal.​8b051​82

	 33.	 Z.-Z. Shen, S.-Y. Lang, C. Zhou, R. Wen, L.-J. Wan, In 
situ realization of water-mediated interfacial processes at 

https://doi.org/10.1021/acs.chemrev.7b00689
https://doi.org/10.1021/acs.chemrev.7b00689
https://doi.org/10.1016/j.ccr.2023.215083
https://doi.org/10.1039/D2CS00698G
https://doi.org/10.1039/D2CS00698G
https://doi.org/10.1002/aenm.202204019
https://doi.org/10.1002/aenm.202204019
https://doi.org/10.1038/s41929-018-0181-7
https://doi.org/10.1038/s41929-018-0181-7
https://doi.org/10.1002/advs.201500085
https://doi.org/10.1002/advs.201500085
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1002/adma.202208925
https://doi.org/10.1021/acs.accounts.0c00772
https://doi.org/10.1021/acs.accounts.0c00772
https://doi.org/10.1021/ja056811q
https://doi.org/10.1021/ja056811q
https://doi.org/10.1039/C7CS00255F
https://doi.org/10.1039/C7CS00255F
https://doi.org/10.1039/c6cs00424e
https://doi.org/10.1002/eem2.12293
https://doi.org/10.1002/eem2.12293
https://doi.org/10.20517/energymater.2022.13
https://doi.org/10.1039/d4cs00217b
https://doi.org/10.1039/d4cs00217b
https://doi.org/10.1021/acs.chemrev.8b00501
https://doi.org/10.1002/adfm.202213395
https://doi.org/10.1002/smll.202505334
https://doi.org/10.1016/j.apcatb.2024.124203
https://doi.org/10.1016/j.apcatb.2024.124203
https://doi.org/10.1016/j.gee.2024.02.006
https://doi.org/10.1016/j.gee.2024.02.006
https://doi.org/10.1021/acsnano.4c04420
https://doi.org/10.1016/j.jechem.2024.01.076
https://doi.org/10.1016/j.jechem.2024.01.076
https://doi.org/10.1016/j.cej.2022.136311
https://doi.org/10.1002/aenm.202002721
https://doi.org/10.1002/aenm.202002721
https://doi.org/10.1039/d2ee03724f
https://doi.org/10.1021/acscatal.8b05182


	 Nano-Micro Lett.          (2026) 18:389   389   Page 34 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

nanoscale in aprotic Li–O2 batteries. Adv. Energy Mater. 
10(46), 2002339 (2020). https://​doi.​org/​10.​1002/​aenm.​
20200​2339

	 34.	 A. Kumar, A. Dager, M. Kumar, S. Shamra, A. Baliyan 
et  al., Synthesis and growth mechanism of vertically 
aligned graphene sheets with precise control over the num-
ber of layers for lithium–oxygen batteries. J. Mater. Chem. 
A. 12(23), 13933–13945 (2024). https://​doi.​org/​10.​1039/​
D3TA0​6356A

	 35.	 Y. Sun, X.-L. Shi, Y.-L. Yang, G. Suo, L. Zhang et al., 
Biomass-derived carbon for high-performance batteries: 
from structure to properties. Adv. Funct. Mater. 32(24), 
2201584 (2022). https://​doi.​org/​10.​1002/​adfm.​20220​1584

	 36.	 S. Nam, M. Mahato, K. Matthews, R.W. Lord, Y. Lee et al., 
Bimetal organic framework–Ti3C2Tx MXene with metal-
loporphyrin electrocatalyst for lithium–oxygen batteries. 
Adv. Funct. Mater. 33(1), 2210702 (2023). https://​doi.​org/​
10.​1002/​adfm.​20221​0702

	 37.	 A. Hu, C. Shu, C. Xu, J. Li, R. Liang et al., Interface-
engineered metallic 1T-MoS2 nanosheet array induced 
via palladium doping enabling catalysis enhancement for 
lithium–oxygen battery. Chem. Eng. J. 382, 122854 (2020). 
https://​doi.​org/​10.​1016/j.​cej.​2019.​122854

	 38.	 S.-L. Tian, L. Lin, L.-M. Chang, C.-M. Zhao, W.-Q. Liu 
et  al., Research progress of cathode catalyst for field-
assisted Li-O2/CO2 battery. J. Energy Storage 86, 111252 
(2024). https://​doi.​org/​10.​1016/j.​est.​2024.​111252

	 39.	 S.-L. Tian, L.-N. Song, L.-M. Chang, W.-Q. Liu, H.-F. 
Wang et al., A force-assisted Li−O2 battery based on pie-
zoelectric catalysis and band bending of MoS2/Pd cathode. 
Adv. Energy Mater. 14(9), 2303215 (2024). https://​doi.​org/​
10.​1002/​aenm.​20230​3215

	 40.	 Z. Liang, W. Wang, Y.-C. Lu, The path toward practical 
Li-air batteries. Joule 6(11), 2458–2473 (2022). https://​doi.​
org/​10.​1016/j.​joule.​2022.​10.​008

	 41.	 C. Allard, Li–air batteries hitting the road. Nat. Rev. 
Mater. 8(3), 145 (2023). https://​doi.​org/​10.​1038/​
s41578-​023-​00546-0

	 42.	 X. Zhang, Z. Xie, Z. Zhou, Recent progress in protecting 
lithium anodes for Li-O2 batteries. ChemElectroChem 6(7), 
1969–1977 (2019). https://​doi.​org/​10.​1002/​celc.​20190​0081

	 43.	 Z. Cao, Y. Zhang, Y. Cui, J. Gu, Z. Du et al., Harnessing 
the unique features of 2D materials toward dendrite-free 
metal anodes. Energy Environ. Mater. 5(1), 45–67 (2022). 
https://​doi.​org/​10.​1002/​eem2.​12165

	 44.	 F. Wang, X. Ke, K. Shen, L. Zhu, C. Yuan, A critical review 
on materials and fabrications of thermally stable separa-
tors for lithium-ion batteries. Adv. Mater. Technol. 7(5), 
2100772 (2022). https://​doi.​org/​10.​1002/​admt.​20210​0772

	 45.	 Y. An, Y. Tian, J. Feng, Y. Qian, MXenes for advanced sepa-
rator in rechargeable batteries. Mater. Today 57, 146–179 
(2022). https://​doi.​org/​10.​1016/j.​mattod.​2022.​06.​006

	 46.	 J. Xie, L. Liao, Y. Gong, Y. Li, F. Shi et al., Stitching h-BN by 
atomic layer deposition of LiF as a stable interface for lithium 
metal anode. Sci. Adv. 3(11), eaao3170 (2017). https://​doi.​
org/​10.​1126/​sciadv.​aao31​70

	 47.	 C. Wang, W. Li, Y. Jin, J. Liu, H. Wang et al., Functional 
separator enabled by covalent organic frameworks for high-
performance Li metal batteries. Small 19(28), 2300023 
(2023). https://​doi.​org/​10.​1002/​smll.​20230​0023

	 48.	 X. Han, J. Chen, M. Chen, W. Zhou, X. Zhou et al., Induc-
tion of planar Li growth with designed interphases for 
dendrite-free Li metal anodes. Energy Storage Mater. 39, 
250–258 (2021). https://​doi.​org/​10.​1016/j.​ensm.​2021.​04.​
029

	 49.	 J. Seo, J. Im, M. Kim, D. Song, S. Yoon et al., Recent pro-
gress of advanced functional separators in lithium metal bat-
teries. Small 20(33), e2312132 (2024). https://​doi.​org/​10.​
1002/​smll.​20231​2132

	 50.	 J. Lu, Y.J. Lee, X. Luo, K.C. Lau, M. Asadi et al., A lith-
ium–oxygen battery based on lithium superoxide. Nature 
529(7586), 377–382 (2016). https://​doi.​org/​10.​1038/​natur​
e16484

	 51.	 F. Li, J. Chen, Mechanistic evolution of aprotic lithium-oxy-
gen batteries. Adv. Energy Mater. 7(24), 1602934 (2017). 
https://​doi.​org/​10.​1002/​aenm.​20160​2934

	 52.	 C. Xia, C.Y. Kwok, L.F. Nazar, A high-energy-density lith-
ium-oxygen battery based on a reversible four-electron con-
version to lithium oxide. Science 361(6404), 777–781 (2018). 
https://​doi.​org/​10.​1126/​scien​ce.​aas93​43

	 53.	 G. Wang, X. Hu, J. Wang, Y. Wang, Y. Dou et al., Toward 
practical photo-assisted Li-O2 batteries: a four-electron 
pathway enabled by Ru-doped β- MnO2. Adv. Mater. 37(34), 
e2507891 (2025). https://​doi.​org/​10.​1002/​adma.​20250​7891

	 54.	 L. Johnson, C. Li, Z. Liu, Y. Chen, S.A. Freunberger et al., 
The role of LiO2 solubility in O2 reduction in aprotic solvents 
and its consequences for Li–O2 batteries. Nat. Chem. 6(12), 
1091–1099 (2014). https://​doi.​org/​10.​1038/​nchem.​2101

	 55.	 D. Aurbach, B.D. McCloskey, L.F. Nazar, P.G. Bruce, 
Advances in understanding mechanisms underpinning lith-
ium–air batteries. Nat. Energy 1(9), 16128 (2016). https://​doi.​
org/​10.​1038/​nener​gy.​2016.​128

	 56.	 N.B. Aetukuri, B.D. McCloskey, J.M. García, L.E. Krupp, 
V. Viswanathan et al., Solvating additives drive solution-
mediated electrochemistry and enhance toroid growth in 
non-aqueous Li-O₂ batteries. Nat. Chem. 7(1), 50–56 (2015). 
https://​doi.​org/​10.​1038/​nchem.​2132

	 57.	 K. Huang, H. Wan, Z. Gong, J. Liu, M. Yan et al., Cobalt sin-
gle atom-catalyzed formation of LiOH in Li-O2 Batteries via 
the direct 4-electron oxygen reduction pathway. CCS Chem. 
6(10), 2502–2514 (2024). https://​doi.​org/​10.​31635/​ccsch​em.​
024.​20230​3747

	 58.	 G. Yue, Z. Hong, Y. Xia, T. Yang, Y. Wu, Bifunctional elec-
trocatalysts materials for non-aqueous Li–air batteries. Coat-
ings 12(8), 1227 (2022). https://​doi.​org/​10.​3390/​coati​ngs12​
081227

	 59.	 W.-J. Kwak, Rosy, D. Sharon, C. Xia, H. Kim et al., Lithium-
oxygen batteries and related systems: potential, status, and 
future. Chem. Rev. 120(14), 6626–6683 (2020). https://​doi.​
org/​10.​1021/​acs.​chemr​ev.​9b006​09

	 60.	 Q. Qiu, J. Long, P. Yao, J. Wang, X. Li et al., Cathode 
electrocatalyst in aprotic lithium oxygen (Li-O2) battery: a 

https://doi.org/10.1002/aenm.202002339
https://doi.org/10.1002/aenm.202002339
https://doi.org/10.1039/D3TA06356A
https://doi.org/10.1039/D3TA06356A
https://doi.org/10.1002/adfm.202201584
https://doi.org/10.1002/adfm.202210702
https://doi.org/10.1002/adfm.202210702
https://doi.org/10.1016/j.cej.2019.122854
https://doi.org/10.1016/j.est.2024.111252
https://doi.org/10.1002/aenm.202303215
https://doi.org/10.1002/aenm.202303215
https://doi.org/10.1016/j.joule.2022.10.008
https://doi.org/10.1016/j.joule.2022.10.008
https://doi.org/10.1038/s41578-023-00546-0
https://doi.org/10.1038/s41578-023-00546-0
https://doi.org/10.1002/celc.201900081
https://doi.org/10.1002/eem2.12165
https://doi.org/10.1002/admt.202100772
https://doi.org/10.1016/j.mattod.2022.06.006
https://doi.org/10.1126/sciadv.aao3170
https://doi.org/10.1126/sciadv.aao3170
https://doi.org/10.1002/smll.202300023
https://doi.org/10.1016/j.ensm.2021.04.029
https://doi.org/10.1016/j.ensm.2021.04.029
https://doi.org/10.1002/smll.202312132
https://doi.org/10.1002/smll.202312132
https://doi.org/10.1038/nature16484
https://doi.org/10.1038/nature16484
https://doi.org/10.1002/aenm.201602934
https://doi.org/10.1126/science.aas9343
https://doi.org/10.1002/adma.202507891
https://doi.org/10.1038/nchem.2101
https://doi.org/10.1038/nenergy.2016.128
https://doi.org/10.1038/nenergy.2016.128
https://doi.org/10.1038/nchem.2132
https://doi.org/10.31635/ccschem.024.202303747
https://doi.org/10.31635/ccschem.024.202303747
https://doi.org/10.3390/coatings12081227
https://doi.org/10.3390/coatings12081227
https://doi.org/10.1021/acs.chemrev.9b00609
https://doi.org/10.1021/acs.chemrev.9b00609


Nano-Micro Lett.          (2026) 18:389 	 Page 35 of 42    389 

literature survey. Catal. Today 420, 114138 (2023). https://​
doi.​org/​10.​1016/j.​cattod.​2023.​114138

	 61.	 Y. Zhou, S. Guo, Recent advances in cathode catalyst archi-
tecture for lithium–oxygen batteries. eScience 3(4), 100123 
(2023). https://​doi.​org/​10.​1016/j.​esci.​2023.​100123

	 62.	 D. Li, L. Zhao, Q. Xia, J. Wang, X. Liu et al., Activating 
MoS2 nanoflakes via sulfur defect engineering wrapped on 
CNTs for stable and efficient Li-O2 batteries. Adv. Funct. 
Mater. 32(8), 2108153 (2022). https://​doi.​org/​10.​1002/​
adfm.​20210​8153

	 63.	 J. Tian, Y. Rao, W. Shi, J. Yang, W. Ning et al., Sabatier 
relations in electrocatalysts based on high-entropy alloys 
with wide-distributed d-band centers for Li-O2 batteries. 
Angew. Chem. Int. Ed. 62(44), e202310894 (2023). https://​
doi.​org/​10.​1002/​anie.​20231​0894

	 64.	 Y. Zhou, Q. Gu, K. Yin, L. Tao, Y. Li et al., Cascaded 
orbital-oriented hybridization of intermetallic Pd3Pb boosts 
electrocatalysis of LiO2 battery. Proc. Natl. Acad. Sci. U. S. 
A. 120(25), e2301439120 (2023). https://​doi.​org/​10.​1073/​
pnas.​23014​39120

	 65.	 W. Zhou, C. Feng, X. Li, X. Jiang, L. Jing et al., Boosting 
electrochemical urea synthesis via constructing ordered 
Pd-Zn active pair. Nano-Micro Lett. 16(1), 247 (2024). 
https://​doi.​org/​10.​1007/​s40820-​024-​01462-w

	 66.	 A. Mao, J. Li, J.-H. Li, H. Liu, C. Lian, Reducing overpo-
tential of lithium-oxygen batteries by diatomic metal cata-
lyst orbital matching strategy. J. Phys. Chem. Lett. 15(20), 
5501–5509 (2024). https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​
4c011​60

	 67.	 Y. Xia, L. Wang, G. Gao, T. Mao, Z. Wang et al., Con-
structed Mott-Schottky heterostructure catalyst to trigger 
interface disturbance and manipulate redox kinetics in 
Li-O2 battery. Nano-Micro Lett. 16(1), 258 (2024). https://​
doi.​org/​10.​1007/​s40820-​024-​01476-4

	 68.	 Q. Yang, Y. Wu, H. Feng, H. Liu, X. Lou et al., Revisiting 
Li-CO2/O2 battery chemistry through the spatial distribu-
tions of discharge products and their oxidation behaviors. 
Energy Storage Mater. 71, 103626 (2024). https://​doi.​org/​
10.​1016/j.​ensm.​2024.​103626

	 69.	 P.-F. Zhang, H.-Y. Zhuo, Y.-Y. Dong, Y. Zhou, Y.-W. Li 
et  al., Pt nanoparticles confined in a 3D porous FeNC 
matrix as efficient catalysts for rechargeable Li-O2/O2 
batteries. ACS Appl. Mater. Interfaces 15(2), 2940–2950 
(2023). https://​doi.​org/​10.​1021/​acsami.​2c188​57

	 70.	 P.-F. Zhang, J.-Y. Zhang, T. Sheng, Y.-Q. Lu, Z.-W. Yin 
et al., Synergetic effect of Ru and NiO in the electrocata-
lytic decomposition of Li2CO3 to enhance the performance 
of a Li-CO2/O2 battery. ACS Catal. 10(2), 1640–1651 
(2020). https://​doi.​org/​10.​1021/​acsca​tal.​9b041​38

	 71.	 J. Lai, Y. Xing, N. Chen, L. Li, F. Wu et al., Electrolytes 
for rechargeable lithium–air batteries. Angew. Chem. Int. 
Ed. 59(8), 2974–2997 (2020). https://​doi.​org/​10.​1002/​anie.​
20190​3459

	 72.	 H.C. Lee, J.O. Park, M. Kim, H.J. Kwon, J.-H. Kim et al., 
High-energy-density Li-O2 battery at cell scale with folded 

cell structure. Joule 3(2), 542–556 (2019). https://​doi.​org/​
10.​1016/j.​joule.​2018.​11.​016

	 73.	 R. Rojaee, R. Shahbazian-Yassar, Two-dimensional mate-
rials to address the lithium battery challenges. ACS Nano 
14(3), 2628–2658 (2020). https://​doi.​org/​10.​1021/​acsna​no.​
9b083​96

	 74.	 X. Wu, X. Wang, Z. Li, L. Chen, S. Zhou et al., Stabilizing 
Li-O2 batteries with multifunctional fluorinated graphene. 
Nano Lett. 22(12), 4985–4992 (2022). https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​2c017​13

	 75.	 Y. Dou, Z. Xie, Y. Wei, Z. Peng, Z. Zhou, Redox mediators 
for high-performance lithium–oxygen batteries. Natl. Sci. 
Rev. 9(4), nwac040 (2022). https://​doi.​org/​10.​1093/​nsr/​nwac0​
40

	 76.	 W. Liu, N. Wang, R. Zhong, F. Liu, Y. Wu et al., Enhancing 
reaction kinetics in aprotic magnesium-air batteries using a 
freestanding flexible metal-free carbon fiber cathode. Chem. 
Eng. J. 497, 154393 (2024). https://​doi.​org/​10.​1016/j.​cej.​
2024.​154393

	 77.	 L. Zhang, S.-H. Luo, P. Li, M. Sun, S. Yan, MOF-derived 
CoP nanoparticles anchored on P, N Co-doped carbon nano-
framework as robust electrocatalyst for rechargeable Li-O2 
batteries. J. Energy Storage 74, 109342 (2023). https://​doi.​
org/​10.​1016/j.​est.​2023.​109342

	 78.	 Y. Li, Y. Li, Y. Ding, J. Ma, P. Das et al., Spatially confined 
sub-nanometer Pt in RuO2 nanosheet as robust bifunctional 
oxygen electrocatalyst for stabilizing Li-O2 batteries. Chem 
Catal. 3(9), 100658 (2023). https://​doi.​org/​10.​1016/j.​checat.​
2023.​100658

	 79.	 Y. Wu, X. Zhu, X. Ji, W. Liu, W. Wan et al., Graphene quan-
tum dots as a highly efficient electrocatalyst for lithium–oxy-
gen batteries. J. Mater. Chem. A 8(42), 22356–22368 (2020). 
https://​doi.​org/​10.​1039/​D0TA0​7587F

	 80.	 Y. Wang, X. Zhu, Y. Wu, Z. Man, X. Wen et al., Boosting 
the kinetics with graphene quantum dots (GQDs)-decorated 
NiCo2O4 nanosheets towards high-performance Li-O2 batter-
ies. Electrochim. Acta 441, 141752 (2023). https://​doi.​org/​10.​
1016/j.​elect​acta.​2022.​141752

	 81.	 J. Zhu, M. Metzger, M. Antonietti, T.-P. Fellinger, Vertically 
aligned two-dimensional graphene-metal hydroxide hybrid 
arrays for Li-O2 batteries. ACS Appl. Mater. Interfaces 8(39), 
26041–26050 (2016). https://​doi.​org/​10.​1021/​acsami.​6b082​
22

	 82.	 J. Shui, F. Du, C. Xue, Q. Li, L. Dai, Vertically aligned 
N-doped coral-like carbon fiber arrays as efficient air elec-
trodes for high-performance nonaqueous Li-O2 batteries. 
ACS Nano 8(3), 3015–3022 (2014). https://​doi.​org/​10.​1021/​
nn500​327p

	 83.	 W. Zheng, X. Zhao, W. Fu, Review of vertical graphene and 
its applications. ACS Appl. Mater. Interfaces 13(8), 9561–
9579 (2021). https://​doi.​org/​10.​1021/​acsami.​0c191​88

	 84.	 D. Su, D.H. Seo, Y. Ju, Z. Han, K. Ostrikov et al., Ruthenium 
nanocrystal decorated vertical graphene nanosheets@Ni foam 
as highly efficient cathode catalysts for lithium-oxygen bat-
teries. NPG Asia Mater. 8(7), e286 (2016). https://​doi.​org/​10.​
1038/​am.​2016.​91

https://doi.org/10.1016/j.cattod.2023.114138
https://doi.org/10.1016/j.cattod.2023.114138
https://doi.org/10.1016/j.esci.2023.100123
https://doi.org/10.1002/adfm.202108153
https://doi.org/10.1002/adfm.202108153
https://doi.org/10.1002/anie.202310894
https://doi.org/10.1002/anie.202310894
https://doi.org/10.1073/pnas.2301439120
https://doi.org/10.1073/pnas.2301439120
https://doi.org/10.1007/s40820-024-01462-w
https://doi.org/10.1021/acs.jpclett.4c01160
https://doi.org/10.1021/acs.jpclett.4c01160
https://doi.org/10.1007/s40820-024-01476-4
https://doi.org/10.1007/s40820-024-01476-4
https://doi.org/10.1016/j.ensm.2024.103626
https://doi.org/10.1016/j.ensm.2024.103626
https://doi.org/10.1021/acsami.2c18857
https://doi.org/10.1021/acscatal.9b04138
https://doi.org/10.1002/anie.201903459
https://doi.org/10.1002/anie.201903459
https://doi.org/10.1016/j.joule.2018.11.016
https://doi.org/10.1016/j.joule.2018.11.016
https://doi.org/10.1021/acsnano.9b08396
https://doi.org/10.1021/acsnano.9b08396
https://doi.org/10.1021/acs.nanolett.2c01713
https://doi.org/10.1021/acs.nanolett.2c01713
https://doi.org/10.1093/nsr/nwac040
https://doi.org/10.1093/nsr/nwac040
https://doi.org/10.1016/j.cej.2024.154393
https://doi.org/10.1016/j.cej.2024.154393
https://doi.org/10.1016/j.est.2023.109342
https://doi.org/10.1016/j.est.2023.109342
https://doi.org/10.1016/j.checat.2023.100658
https://doi.org/10.1016/j.checat.2023.100658
https://doi.org/10.1039/D0TA07587F
https://doi.org/10.1016/j.electacta.2022.141752
https://doi.org/10.1016/j.electacta.2022.141752
https://doi.org/10.1021/acsami.6b08222
https://doi.org/10.1021/acsami.6b08222
https://doi.org/10.1021/nn500327p
https://doi.org/10.1021/nn500327p
https://doi.org/10.1021/acsami.0c19188
https://doi.org/10.1038/am.2016.91
https://doi.org/10.1038/am.2016.91


	 Nano-Micro Lett.          (2026) 18:389   389   Page 36 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

	 85.	 S. Jiang, Z. Zhang, N. Yang, L. Li, Z. Wei, Probing the 
interaction between nitrogen dopants and edge structures 
of doped graphene catalysts for the highly efficient oxygen 
reduction reaction. J. Phys. Chem. C 126(45), 19113–19121 
(2022). https://​doi.​org/​10.​1021/​acs.​jpcc.​2c042​93

	 86.	 S. Pavlov, R.R. Nazmutdinov, M.V. Fedorov, S.A. Kislenko, 
Role of graphene edges in the electron transfer kinetics: 
insight from theory and molecular modeling. J. Phys. 
Chem. C 123(11), 6627–6634 (2019). https://​doi.​org/​10.​
1021/​acs.​jpcc.​8b125​31

	 87.	 T. Zheng, Y. Ren, X. Han, J. Zhang, Design principles of 
nitrogen-doped graphene nanoribbons as highly effective 
bifunctional catalysts for Li–O2 batteries. Phys. Chem. 
Chem. Phys. 24(37), 22589–22598 (2022). https://​doi.​org/​
10.​1039/​D2CP0​3001B

	 88.	 J. Liu, X. Feng, Synthetic tailoring of graphene nanostruc-
tures with zigzag-edged topologies: progress and perspec-
tives. Angew. Chem. Int. Ed. 59(52), 23386–23401 (2020). 
https://​doi.​org/​10.​1002/​anie.​20200​8838

	 89.	 K. He, A.W. Robertson, Y. Fan, C.S. Allen, Y.-C. Lin et al., 
Temperature dependence of the reconstruction of zigzag 
edges in graphene. ACS Nano 9(5), 4786–4795 (2015). 
https://​doi.​org/​10.​1021/​acsna​no.​5b011​30

	 90.	 Y. Yao, J. Cao, W. Yin, Q. Zhang, L. Yang et al., Modified 
graphene sheets as promising cathode catalysts for Li–O2 
batteries: a first-principles study. J. Phys. Chem. C 125(8), 
4363–4370 (2021). https://​doi.​org/​10.​1021/​acs.​jpcc.​0c096​
16

	 91.	 J. Kang, J.-S. Yu, B. Han, First-principles design of graphene-
based active catalysts for oxygen reduction and evolution 
reactions in the aprotic Li-O2 battery. J. Phys. Chem. Lett. 
7(14), 2803–2808 (2016). https://​doi.​org/​10.​1021/​acs.​jpcle​
tt.​6b010​71

	 92.	 H.R. Jiang, P. Tan, M. Liu, Y.K. Zeng, T.S. Zhao, Unraveling 
the positive roles of point defects on carbon surfaces in non-
aqueous lithium–oxygen batteries. J. Phys. Chem. C 120(33), 
18394–18402 (2016). https://​doi.​org/​10.​1021/​acs.​jpcc.​6b042​
41

	 93.	 X. Zhu, Y. Wu, Z. Wang, Y. Wang, Z. Man et al., Hierarchi-
cal architecture: a novel, facile and cost-efficient strategy to 
boost electrochemical performance of Li-O2 battery cathodes. 
Chem. Eng. J. 450, 138462 (2022). https://​doi.​org/​10.​1016/j.​
cej.​2022.​138462

	 94.	 K. Nomura, H. Nishihara, N. Kobayashi, T. Asada, T. Kyo-
tani, 4.4 V supercapacitors based on super-stable mesoporous 
carbon sheet made of edge-free graphene walls. Energy Envi-
ron. Sci. 12(5), 1542–1549 (2019). https://​doi.​org/​10.​1039/​
C8EE0​3184C

	 95.	 W. Yu, T. Yoshii, A. Aziz, R. Tang, Z.-Z. Pan et al., Edge-
site-free and topological-defect-rich carbon cathode for high-
performance lithium-oxygen batteries. Adv. Sci. 10(16), 
2300268 (2023). https://​doi.​org/​10.​1002/​advs.​20230​0268

	 96.	 Z. Shen, W. Yu, A. Aziz, K. Chida, T. Yoshii et al., Sequential 
catalysis of defected-carbon and solid catalyst in Li–O2 bat-
teries. J. Phys. Chem. C 127(13), 6239–6247 (2023). https://​
doi.​org/​10.​1021/​acs.​jpcc.​3c010​42

	 97.	 W. Yu, Z. Shen, T. Yoshii, S. Iwamura, M. Ono et al., Hier-
archically porous and minimally stacked graphene cathodes 
for high-performance lithium–oxygen batteries. Adv. Energy 
Mater. 14(2), 2470006 (2024). https://​doi.​org/​10.​1002/​aenm.​
20247​0006

	 98.	 X. Cui, Y. Luo, Y. Zhou, W. Dong, W. Chen, Application of 
functionalized graphene in Li–O2 batteries. Nanotechnology 
32(13), 132003 (2021). https://​doi.​org/​10.​1088/​1361-​6528/​
abd1a7

	 99.	 B. Hou, X. Lei, S. Zhong, B. Sun, C. Ouyang, Dissociation of 
(Li2O2) 0,+ on graphene and boron-doped graphene: insights 
from first-principles calculations. Phys. Chem. Chem. Phys. 
22(25), 14216–14224 (2020). https://​doi.​org/​10.​1039/​D0CP0​
2597F

	100.	 F. Xiao, Z. Lin, J. Zhang, Y. Lei, Y. Meng et al., A novel 
approach to facile synthesis of boron and nitrogen Co-doped 
graphene and its application in lithium oxygen batteries. 
Energy Storage Mater. 41, 61–68 (2021). https://​doi.​org/​10.​
1016/j.​ensm.​2021.​05.​042

	101.	 A. Wu, G. Wei, F. Yang, G. Xia, X. Yan et al., Nitrogen and 
iodine dual-doped 3D porous graphene as a bi-functional 
cathode catalyst for Li-O2 batteries. Electrochim. Acta 318, 
354–361 (2019). https://​doi.​org/​10.​1016/j.​elect​acta.​2019.​05.​
099

	102.	 J. Han, X. Guo, Y. Ito, P. Liu, D. Hojo et al., Effect of chemi-
cal doping on cathodic performance of bicontinuous nanopo-
rous graphene for Li-O2 batteries. Adv. Energy Mater. 6(3), 
1501870 (2016). https://​doi.​org/​10.​1002/​aenm.​20150​1870

	103.	 D. Wu, S. Wu, G. Zhang, C. Hui, D. Cao et al., Boosting 
Li–O2 battery performance via coupling of P–N site-rich 
N, P Co-doped graphene-like carbon nanosheets with nano-
CePO4. Small 19(19), 2206455 (2023). https://​doi.​org/​10.​
1002/​smll.​20220​6455

	104.	 C. Ma, Q. Liao, H. Sun, S. Lei, Y. Zheng et al., Tuning the 
doping types in graphene sheets by N monoelement. Nano 
Lett. 18(1), 386–394 (2018). https://​doi.​org/​10.​1021/​acs.​
nanol​ett.​7b042​49

	105.	 Y. Jing, Z. Zhou, Computational insights into oxygen reduc-
tion reaction and initial Li2O2 nucleation on pristine and 
N-doped graphene in Li–O2 batteries. ACS Catal. 5(7), 
4309–4317 (2015). https://​doi.​org/​10.​1021/​acsca​tal.​5b003​32

	106.	 K.-H. Yun, Y. Hwang, Y.-C. Chung, Effective catalytic media 
using graphitic nitrogen-doped site in graphene for a non-
aqueous Li–O2 battery: a density functional theory study. 
J. Power. Sources 277, 222–227 (2015). https://​doi.​org/​10.​
1016/j.​jpows​our.​2014.​12.​021

	107.	 M. Wang, D. Li, Y. Yao, T. Zhao, F. Wu, Effect of nitrogen 
dopant forms of biochar cathode on the discharge mechanism 
of Li-O2 battery. J. Electrochem. Soc. 168(9), 090517 (2021). 
https://​doi.​org/​10.​1149/​1945-​7111/​ac03f4

	108.	 S. Li, M. Wang, Y. Yao, T. Zhao, L. Yang et al., Effect of the 
activation process on the microstructure and electrochemical 
properties of N-doped carbon cathodes in Li-O2 batteries. 
ACS Appl. Mater. Interfaces 11(38), 34997–35004 (2019). 
https://​doi.​org/​10.​1021/​acsami.​9b126​91

https://doi.org/10.1021/acs.jpcc.2c04293
https://doi.org/10.1021/acs.jpcc.8b12531
https://doi.org/10.1021/acs.jpcc.8b12531
https://doi.org/10.1039/D2CP03001B
https://doi.org/10.1039/D2CP03001B
https://doi.org/10.1002/anie.202008838
https://doi.org/10.1021/acsnano.5b01130
https://doi.org/10.1021/acs.jpcc.0c09616
https://doi.org/10.1021/acs.jpcc.0c09616
https://doi.org/10.1021/acs.jpclett.6b01071
https://doi.org/10.1021/acs.jpclett.6b01071
https://doi.org/10.1021/acs.jpcc.6b04241
https://doi.org/10.1021/acs.jpcc.6b04241
https://doi.org/10.1016/j.cej.2022.138462
https://doi.org/10.1016/j.cej.2022.138462
https://doi.org/10.1039/C8EE03184C
https://doi.org/10.1039/C8EE03184C
https://doi.org/10.1002/advs.202300268
https://doi.org/10.1021/acs.jpcc.3c01042
https://doi.org/10.1021/acs.jpcc.3c01042
https://doi.org/10.1002/aenm.202470006
https://doi.org/10.1002/aenm.202470006
https://doi.org/10.1088/1361-6528/abd1a7
https://doi.org/10.1088/1361-6528/abd1a7
https://doi.org/10.1039/D0CP02597F
https://doi.org/10.1039/D0CP02597F
https://doi.org/10.1016/j.ensm.2021.05.042
https://doi.org/10.1016/j.ensm.2021.05.042
https://doi.org/10.1016/j.electacta.2019.05.099
https://doi.org/10.1016/j.electacta.2019.05.099
https://doi.org/10.1002/aenm.201501870
https://doi.org/10.1002/smll.202206455
https://doi.org/10.1002/smll.202206455
https://doi.org/10.1021/acs.nanolett.7b04249
https://doi.org/10.1021/acs.nanolett.7b04249
https://doi.org/10.1021/acscatal.5b00332
https://doi.org/10.1016/j.jpowsour.2014.12.021
https://doi.org/10.1016/j.jpowsour.2014.12.021
https://doi.org/10.1149/1945-7111/ac03f4
https://doi.org/10.1021/acsami.9b12691


Nano-Micro Lett.          (2026) 18:389 	 Page 37 of 42    389 

	109.	 X. Ning, Y. Li, J. Ming, Q. Wang, H. Wang et al., Electronic 
synergism of pyridinic- and graphitic-nitrogen on N-doped 
carbons for the oxygen reduction reaction. Chem. Sci. 10(6), 
1589–1596 (2019). https://​doi.​org/​10.​1039/​C8SC0​4596H

	110.	 Z. Zhang, F. Zhang, Z. Song, L. Zhang, Oxygen reduction 
reaction on pyridinic nitrogen-functionalized carbon: active 
site quantification and effects of Lewis basicity. ACS Catal. 
15(1), 296–309 (2025). https://​doi.​org/​10.​1021/​acsca​tal.​
4c052​89

	111.	 M. Fan, Z.-Q. Feng, C. Zhu, X. Chen, C. Chen et al., Recent 
progress in 2D or 3D N-doped graphene synthesis and the 
characterizations, properties, and modulations of N species. 
J. Mater. Sci. 51(23), 10323–10349 (2016). https://​doi.​org/​
10.​1007/​s10853-​016-​0250-8

	112.	 Z. Zhu, Y. Ni, Q. Lv, J. Geng, W. Xie et al., Surface plasmon 
mediates the visible light-responsive lithium-oxygen battery 
with Au nanoparticles on defective carbon nitride. Proc. Natl. 
Acad. Sci. U. S. A. 118(17), e2024619118 (2021). https://​doi.​
org/​10.​1073/​pnas.​20246​19118

	113.	 P.P. Bazianos, Z. Jiang, A.M. Rappe, Catalytic promotion of 
transition-metal-doped graphene cathodes in Li-CO2 batter-
ies. J. Phys. Chem. C 129(12), 5798–5807 (2025). https://​doi.​
org/​10.​1021/​acs.​jpcc.​4c067​63

	114.	 J. Zheng, W. Zhang, R. Wang, J. Wang, Y. Zhai et al., Single-
atom Pd-N4 catalysis for stable low-overpotential lithium-
oxygen battery. Small 19(10), e2204559 (2023). https://​doi.​
org/​10.​1002/​smll.​20220​4559

	115.	 X. Hu, G. Luo, Q. Zhao, D. Wu, T. Yang et al., Ru single 
atoms on N-doped carbon by spatial confinement and ionic 
substitution strategies for high-performance Li–O2 batteries. 
J. Am. Chem. Soc. 142(39), 16776–16786 (2020). https://​doi.​
org/​10.​1021/​jacs.​0c073​17

	116.	 T. Bai, J. Wang, H. Zhang, F. Ji, W. Song et al., Atomic Ni-
catalyzed cathode and stabilized Li metal anode for high-
performance Li–O2 batteries. eScience 5(1), 100310 (2025). 
https://​doi.​org/​10.​1016/j.​esci.​2024.​100310

	117.	 Z. Mohamed, Q. Zhou, K. Zhu, G. Zhang, W. Xu et al., 
Single-atom catalyst induced amorphous Li2O2 layer endur-
ing lithium–oxygen batteries with high capacity. Adv. Funct. 
Mater. 35(1), 2410091 (2025). https://​doi.​org/​10.​1002/​adfm.​
20241​0091

	118.	 L.-J. Zheng, Y. Yan, X.-X. Wang, L.-N. Song, H.-F. Wang 
et al., Regulating electrochemistry kinetics and discharge 
product selectivity with near-free cobalt single-atom cata-
lyst in Li–O2 batteries. Energy Storage Mater. 56, 331–341 
(2023). https://​doi.​org/​10.​1016/j.​ensm.​2023.​01.​024

	119.	 W. Zhang, J. Zheng, R. Wang, L. Huang, J. Wang et al., 
Water-trapping single-atom co-N4/graphene triggering direct 
4e− LiOH chemistry for rechargeable aprotic Li–O2 batteries. 
Small 19(33), 2301391 (2023). https://​doi.​org/​10.​1002/​smll.​
20230​1391

	120.	 Y. Lim, H. Chang, H. Kim, Y.J. Yoo, Y. Rho et al., Sequen-
tial element control of non-precious dual atom catalysts on 
mesoporous carbon nanotubes for high performance lithium–
oxygen batteries. J. Mater. Chem. A. 12(42), 28953–28964 
(2024). https://​doi.​org/​10.​1039/​D4TA0​5490C

	121.	 Y. Fu, N. Wang, M. Huang, Z. Li, Y. Lu et al., Precisely 
engineering of Ångström-scale dual single atom drive 
[Co-O] spin-orbit coupling to boost lithium–oxygen bat-
teries electrocatalysis. Adv. Funct. Mater. 35(13), 2418098 
(2025). https://​doi.​org/​10.​1002/​adfm.​20241​8098

	122.	 D. Li, Q. Zhang, Z. Shen, K. Siddharth, L. Chen et al., 
3D hexapod-shaped Co-ZIFs-S derived co nanoparticles 
embedded into nitrogen and sulfur Co-doped carbon dec-
orated with ruthenium nanoparticles as efficient catalyst 
for rechargeable lithium oxygen battery. Nano Energy 91, 
106644 (2022). https://​doi.​org/​10.​1016/j.​nanoen.​2021.​
106644

	123.	 R. Palani, Y.-S. Wu, S.-H. Wu, J.-K. Chang, R. Jose et al., 
Cobalt nanoclusters deposit on nitrogen-doped graphene 
sheets as bifunctional electrocatalysts for high performance 
lithium - oxygen batteries. J. Colloid Interface Sci. 680(Pt 
A), 845–858 (2025). https://​doi.​org/​10.​1016/j.​jcis.​2024.​11.​
066

	124.	 Z. Lian, Y. Lu, S. Zhao, Z. Li, Q. Liu, Engineering the 
electronic interaction between atomically dispersed Fe 
and RuO2 attaining high catalytic activity and durability 
catalyst for Li-O2 battery. Adv. Sci. 10(9), 2205975 (2023). 
https://​doi.​org/​10.​1002/​advs.​20220​5975

	125.	 Y. Li, J. Qin, Y. Ding, J. Ma, P. Das et al., Two-dimensional 
Mn3O4 nanosheets with dominant (101) crystal planes on 
graphene as efficient oxygen catalysts for ultrahigh capacity 
and long-life Li–O2 batteries. ACS Catal. 12(20), 12765–
12773 (2022). https://​doi.​org/​10.​1021/​acsca​tal.​2c025​44

	126.	 X. Chen, Q. Fan, L. Liu, J. Deng, J. Xu, Hybridization of 
sulfur-defective MoS2 and holey expanded graphite for a 
long cycling lithium oxygen battery cathode. ACS Appl. 
Mater. Interfaces 16(40), 53697–53704 (2024). https://​doi.​
org/​10.​1021/​acsami.​4c094​88

	127.	 Y. Long, Q. Li, Z. Zhang, Q. Zeng, D. Liu et al., Coupling 
MoSe2 with non-stoichiometry Ni0.85Se in carbon hollow 
nanoflowers for efficient electrocatalytic synergistic effect 
on Li-O2 batteries. Small 20(10), 2304882 (2024). https://​
doi.​org/​10.​1002/​smll.​20230​4882

	128.	 Y. Xia, S. Lin, J. Yan, R. Xu, J. Han et al., Synergistic Ni/
Mn co-doping in Co3O4: a first-principles-based strategy to 
optimize metal-oxygen bonds for high-performance Li-O2 
batteries. J. Colloid Interface Sci. 704, 139355 (2026). 
https://​doi.​org/​10.​1016/j.​jcis.​2025.​139355

	129.	 X. Xiao, H. Song, S. Lin, Y. Zhou, X. Zhan et al., Scal-
able salt-templated synthesis of two-dimensional transition 
metal oxides. Nat. Commun. 7, 11296 (2016). https://​doi.​
org/​10.​1038/​ncomm​s11296

	130.	 X. Guo, J. Zhang, Y. Zhao, B. Sun, H. Liu et al., Ultrathin 
porous NiCo2O4 nanosheets for lithium–oxygen batteries: 
an excellent performance deriving from an enhanced solu-
tion mechanism. ACS Appl. Energy Mater. 2(6), 4215–
4223 (2019). https://​doi.​org/​10.​1021/​acsaem.​9b004​50

	131.	 Y. Xia, T. Mao, X. Jin, L. Wang, J. Yan et al., Constructed 
the microflower-like NiFe2O4/CeO2 composites with high 
concentration of oxygen vacancies to accelerate the three-
phase reaction in lithium-oxygen batteries. J. Colloid 

https://doi.org/10.1039/C8SC04596H
https://doi.org/10.1021/acscatal.4c05289
https://doi.org/10.1021/acscatal.4c05289
https://doi.org/10.1007/s10853-016-0250-8
https://doi.org/10.1007/s10853-016-0250-8
https://doi.org/10.1073/pnas.2024619118
https://doi.org/10.1073/pnas.2024619118
https://doi.org/10.1021/acs.jpcc.4c06763
https://doi.org/10.1021/acs.jpcc.4c06763
https://doi.org/10.1002/smll.202204559
https://doi.org/10.1002/smll.202204559
https://doi.org/10.1021/jacs.0c07317
https://doi.org/10.1021/jacs.0c07317
https://doi.org/10.1016/j.esci.2024.100310
https://doi.org/10.1002/adfm.202410091
https://doi.org/10.1002/adfm.202410091
https://doi.org/10.1016/j.ensm.2023.01.024
https://doi.org/10.1002/smll.202301391
https://doi.org/10.1002/smll.202301391
https://doi.org/10.1039/D4TA05490C
https://doi.org/10.1002/adfm.202418098
https://doi.org/10.1016/j.nanoen.2021.106644
https://doi.org/10.1016/j.nanoen.2021.106644
https://doi.org/10.1016/j.jcis.2024.11.066
https://doi.org/10.1016/j.jcis.2024.11.066
https://doi.org/10.1002/advs.202205975
https://doi.org/10.1021/acscatal.2c02544
https://doi.org/10.1021/acsami.4c09488
https://doi.org/10.1021/acsami.4c09488
https://doi.org/10.1002/smll.202304882
https://doi.org/10.1002/smll.202304882
https://doi.org/10.1016/j.jcis.2025.139355
https://doi.org/10.1038/ncomms11296
https://doi.org/10.1038/ncomms11296
https://doi.org/10.1021/acsaem.9b00450


	 Nano-Micro Lett.          (2026) 18:389   389   Page 38 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

Interface Sci. 680, 418–426 (2025). https://​doi.​org/​10.​
1016/j.​jcis.​2024.​11.​128

	132.	 Y. Xia, S. Fan, X. Jin, L. Wang, S. Lin et al., Amorphous 
interface-controlled discharge product formation: a path-
way to high-performance lithium-oxygen batteries. Nano 
Energy 141, 111086 (2025). https://​doi.​org/​10.​1016/j.​
nanoen.​2025.​111086

	133.	 K. Adpakpang, S.M. Oh, D.A. Agyeman, X. Jin, N. Jaruler-
twathana et al., Holey 2D nanosheets of low-valent manga-
nese oxides with an excellent oxygen catalytic activity and 
a high functionality as a catalyst for Li–O2 batteries. Adv. 
Funct. Mater. 28(17), 1707106 (2018). https://​doi.​org/​10.​
1002/​adfm.​20170​7106

	134.	 W. Yao, Y. Yuan, G. Tan, C. Liu, M. Cheng et al., Tuning 
Li2O2 formation routes by facet engineering of MnO2 cath-
ode catalysts. J. Am. Chem. Soc. 141(32), 12832–12838 
(2019). https://​doi.​org/​10.​1021/​jacs.​9b059​92

	135.	 L. Ma, N. Meng, Y. Zhang, F. Lian, Improved electrocata-
lytic activity of δ-MnO2@MWCNTs by inducing the ori-
ented growth of oxygen reduction products in Li-O2 batter-
ies. Nano Energy 58, 508–516 (2019). https://​doi.​org/​10.​
1016/j.​nanoen.​2019.​01.​089

	136.	 C. Wang, Y. Zhao, J. Liu, P. Gong, X. Li et al., Highly hier-
archical porous structures constructed from NiO nanosheets 
act as Li ion and O2 pathways in long cycle life, rechargea-
ble Li–O2 batteries. Chem. Commun. 52(79), 11772–11774 
(2016). https://​doi.​org/​10.​1039/​C6CC0​5349A

	137.	 S. Yin, D. Yan, Y. Yan, S. Liu, Q. Lu et al., Engineering 
of MnTe/MnO heterostructures with interfacial electric field 
modulation for efficient and durable Li–O2 batteries. Small 
20(50), 2406525 (2024). https://​doi.​org/​10.​1002/​smll.​20240​
6525

	138.	 G. Sun, D. Yang, Z. Zhang, Y. Wang, W. Lu et al., Oxygen 
vacancy-rich MoO3 nanorods as photocatalysts for photo-
assisted Li–O2 batteries. J. Adv. Ceram. 12(4), 747–759 
(2023). https://​doi.​org/​10.​26599/​jac.​2023.​92207​17

	139.	 Z. Sun, Y. Hu, J. Zhang, N. Zhou, M. Li et al., Interfacial 
oxygen bridge bonding with Mo-O-Ti units in MoOx@Ti3C2 
MXene harness efficient Li-O2 battery at high rate. Appl. 
Catal. B Environ. Energy 351, 123984 (2024). https://​doi.​
org/​10.​1016/j.​apcatb.​2024.​123984

	140.	 X. Cao, X. Zheng, Z. Sun, C. Jin, J. Tian et al., Oxygen 
defect-ridden molybdenum oxide-coated carbon catalysts for 
Li-O2 battery cathodes. Appl. Catal. B Environ. 253, 317–322 
(2019). https://​doi.​org/​10.​1016/j.​apcatb.​2019.​04.​077

	141.	 Z. Zhang, W. Fang, G. Fang, M. Bai, X. Hu, Construct het-
erostructures of MoO3 nanorods modified with Fe2O3 rice 
grains to improve the performance of light-involved Li-O2 
battery. Appl. Surf. Sci. 670, 160626 (2024). https://​doi.​org/​
10.​1016/j.​apsusc.​2024.​160626

	142.	 Z. Xue, C. Gao, Q. Li, M. Yu, Z. Wang et al., Bifunctional 
WO3/TiO2 heterojunction photocathode for high-performance 
photo-assisted Li–O2 battery. J. Electroanal. Chem. 947, 
117781 (2023). https://​doi.​org/​10.​1016/j.​jelec​hem.​2023.​
117781

	143.	 Z. Xue, Z. Wang, Q. Li, D. Wang, L. Xiang et al., Tailored 
plasmonic Ru/OV-MoO2 on TiO2 catalysts via solid-phase 
interface engineering: toward highly efficient photoas-
sisted Li–O2 batteries with enhanced cycling reliability. 
ACS Appl. Mater. Interfaces 14(39), 44251–44260 (2022). 
https://​doi.​org/​10.​1021/​acsami.​2c088​34

	144.	 M. Wang, Z. Tian, G. Li, Y. Xiao, G. Chen et al., Edge-dis-
located WO3 photocathode toward efficient photo-assisted 
Li-O2 batteries. Adv. Mater. 37(40), e01716 (2025). https://​
doi.​org/​10.​1002/​adma.​20250​1716

	145.	 F. Wang, P. Zou, Y. Zhang, W. Pan, Y. Li et al., Activating 
lattice oxygen in high-entropy LDH for robust and durable 
water oxidation. Nat. Commun. 14, 6019 (2023). https://​
doi.​org/​10.​1038/​s41467-​023-​41706-8

	146.	 L. Lu, Y. Zheng, R. Yang, A. Kakimov, X. Li, Recent 
advances of layered double hydroxides–based bifunctional 
electrocatalysts for ORR and OER. Mater. Today Chem. 
21, 100488 (2021). https://​doi.​org/​10.​1016/j.​mtchem.​2021.​
100488

	147.	 M. Xu, M. Wei, Layered double hydroxide-based catalysts: 
recent advances in preparation, structure, and applications. 
Adv. Funct. Mater. 28(47), 1802943 (2018). https://​doi.​org/​
10.​1002/​adfm.​20180​2943

	148.	 Y. Xia, T. Mao, S. Lin, J. Yan, J. Han et al., Optimizing the 
surface structure of floriform NiFe-layered double hydrox-
ides as efficient electrocatalysts for Li-O2 batteries. Electro-
chim. Acta 544, 147671 (2025). https://​doi.​org/​10.​1016/j.​
elect​acta.​2025.​147671

	149.	 S. Sandhiya, P. Elumalai, Compositionally engineered 
NiCoLDH@rGO as bifunctional cathode catalyst for 
rechargeable Li-O2/Li-CO2 battery. Electrochim. Acta 487, 
144195 (2024). https://​doi.​org/​10.​1016/j.​elect​acta.​2024.​
144195

	150.	 Y. Zhu, S. Zhi, B. Wan, CoFe-LDH nanocage derived from 
MOF coupled with CNTs as cathode catalyst for Li-O2 bat-
teries. Electrochim. Acta 511, 145384 (2025). https://​doi.​
org/​10.​1016/j.​elect​acta.​2024.​145384

	151.	 Y. Zhou, D. Yan, Q. Gu, S. Zhu, L. Wang et al., Implanting 
cation vacancies in Ni-Fe LDHs for efficient oxygen evo-
lution reactions of lithium-oxygen batteries. Appl. Catal. 
B Environ. 285, 119792 (2021). https://​doi.​org/​10.​1016/j.​
apcatb.​2020.​119792

	152.	 X. Wang, C. Pei, Q. Wang, W. Ge, J. Huo et al., Boosting 
the electrocatalytic activity of hollow NiCo layered double 
hydroxides nanocages via a self-regulating support effect: 
a highly efficient oxygen electrode for lithium-oxygen bat-
teries. Appl. Surf. Sci. 558, 149888 (2021). https://​doi.​org/​
10.​1016/j.​apsusc.​2021.​149888

	153.	 S.-M. Xu, Q.-C. Zhu, J. Long, H.-H. Wang, X.-F. Xie et al., 
Low-overpotential Li–O2 batteries based on TFSI inter-
calated co–Ti layered double oxides. Adv. Funct. Mater. 
26(9), 1365–1374 (2016). https://​doi.​org/​10.​1002/​adfm.​
20150​4128

	154.	 X. Lu, N. Sakai, D. Tang, X. Li, T. Taniguchi et al., CoNiFe 
layered double hydroxide/RuO2.1 nanosheet superlattice as 
carbon-free electrocatalysts for water splitting and Li–O2 

https://doi.org/10.1016/j.jcis.2024.11.128
https://doi.org/10.1016/j.jcis.2024.11.128
https://doi.org/10.1016/j.nanoen.2025.111086
https://doi.org/10.1016/j.nanoen.2025.111086
https://doi.org/10.1002/adfm.201707106
https://doi.org/10.1002/adfm.201707106
https://doi.org/10.1021/jacs.9b05992
https://doi.org/10.1016/j.nanoen.2019.01.089
https://doi.org/10.1016/j.nanoen.2019.01.089
https://doi.org/10.1039/C6CC05349A
https://doi.org/10.1002/smll.202406525
https://doi.org/10.1002/smll.202406525
https://doi.org/10.26599/jac.2023.9220717
https://doi.org/10.1016/j.apcatb.2024.123984
https://doi.org/10.1016/j.apcatb.2024.123984
https://doi.org/10.1016/j.apcatb.2019.04.077
https://doi.org/10.1016/j.apsusc.2024.160626
https://doi.org/10.1016/j.apsusc.2024.160626
https://doi.org/10.1016/j.jelechem.2023.117781
https://doi.org/10.1016/j.jelechem.2023.117781
https://doi.org/10.1021/acsami.2c08834
https://doi.org/10.1002/adma.202501716
https://doi.org/10.1002/adma.202501716
https://doi.org/10.1038/s41467-023-41706-8
https://doi.org/10.1038/s41467-023-41706-8
https://doi.org/10.1016/j.mtchem.2021.100488
https://doi.org/10.1016/j.mtchem.2021.100488
https://doi.org/10.1002/adfm.201802943
https://doi.org/10.1002/adfm.201802943
https://doi.org/10.1016/j.electacta.2025.147671
https://doi.org/10.1016/j.electacta.2025.147671
https://doi.org/10.1016/j.electacta.2024.144195
https://doi.org/10.1016/j.electacta.2024.144195
https://doi.org/10.1016/j.electacta.2024.145384
https://doi.org/10.1016/j.electacta.2024.145384
https://doi.org/10.1016/j.apcatb.2020.119792
https://doi.org/10.1016/j.apcatb.2020.119792
https://doi.org/10.1016/j.apsusc.2021.149888
https://doi.org/10.1016/j.apsusc.2021.149888
https://doi.org/10.1002/adfm.201504128
https://doi.org/10.1002/adfm.201504128


Nano-Micro Lett.          (2026) 18:389 	 Page 39 of 42    389 

batteries. ACS Appl. Mater. Interfaces 12(29), 33083–
33093 (2020). https://​doi.​org/​10.​1021/​acsami.​0c076​56

	155.	 Y. Lin, Y. Zhang, J. Bao, J. Qiu, D. Guo et al., Terephthalic 
acid intercalated CoNi-LDH materials for improved Li–O2 
battery. Small 19(48), e2302979 (2023). https://​doi.​org/​10.​
1002/​smll.​20230​2979

	156.	 B. Zhao, Y. Wu, L. Han, Z. Xia, Q. Wang et al., Collec-
tive, bifunctional 1D CNT/2D TMOH hybrid sponge as 
high-capacity and long-cycle Li-O2 cathode. Energy Stor-
age Mater. 50, 344–354 (2022). https://​doi.​org/​10.​1016/j.​
ensm.​2022.​05.​029

	157.	 Z. Chen, X. Fan, Z. Shen, X. Ruan, L. Wang et al., Cu 
anchored Ti2NO2 as high performance electrocatalyst for 
oxygen evolution reaction: a density functional theory 
study. ChemCatChem 12(16), 4059–4066 (2020). https://​
doi.​org/​10.​1002/​cctc.​20200​0591

	158.	 M.A.U. Din, S.S. Ahmad Shah, M.S. Javed, M. Sohail, A.U. 
Rehman et al., Synthesis of MXene-based single-atom cata-
lysts for energy conversion applications. Chem. Eng. J. 474, 
145700 (2023). https://​doi.​org/​10.​1016/j.​cej.​2023.​145700

	159.	 L. Zhao, Z. Ma, Y. Song, L. Li, H. Wang, Recent advances 
in modification strategies of MXene-based catalysts for 
high-performance Li-O2 and Li-CO2 batteries. Chem. Eng. 
J. 524, 169454 (2025). https://​doi.​org/​10.​1016/j.​cej.​2025.​
169454

	160.	 P. Wang, D. Zhao, X. Hui, Z. Qian, P. Zhang et al., Bifunc-
tional catalytic activity guided by rich crystal defects in 
Ti3C2 MXene quantum dot clusters for Li–O2 batteries. Adv. 
Energy Mater. 11(32), 2003069 (2021). https://​doi.​org/​10.​
1002/​aenm.​20200​3069

	161.	 J. Li, K. Han, J. Huang, G. Li, S. Peng et al., Polarized nucle-
ation and efficient decomposition of Li2O2 for Ti2C MXene 
cathode catalyst under a mixed surface condition in lithium-
oxygen batteries. Energy Storage Mater. 35, 669–678 (2021). 
https://​doi.​org/​10.​1016/j.​ensm.​2020.​12.​004

	162.	 Y. Jiang, M. Tian, H. Wang, C. Wei, Z. Sun et al., Mildly 
oxidized MXene (Ti3C2, Nb2C, and V2C) electrocatalyst via 
a generic strategy enables longevous Li–O2 battery under a 
high rate. ACS Nano 15(12), 19640–19650 (2021). https://​
doi.​org/​10.​1021/​acsna​no.​1c068​96

	163.	 H. Oschinski, Á. Morales-García, F. Illas, Interaction of first 
row transition metals with M2C (M = Ti, Zr, Hf, V, Nb, Ta, 
Cr, Mo, and W) MXenes: a quest for single-atom catalysts. 
J. Phys. Chem. C 125(4), 2477–2484 (2021). https://​doi.​org/​
10.​1021/​acs.​jpcc.​0c108​77

	164.	 Y. Yang, J. Chen, J. Tang, F. Xing, M. Yao, Investigation 
on the structure–performance correlation of TiC MXenes 
as cathode catalysts for Li-O2 batteries. J. Phys. Chem. C 
125(39), 21453–21459 (2021). https://​doi.​org/​10.​1021/​acs.​
jpcc.​1c063​55

	165.	 L. Zhu, J. Wang, J. Liu, R. Wang, M. Lin et al., First princi-
ples study of the structure–performance relation of pristine 
Wn+1Cn and oxygen-functionalized Wn+1CnO2 MXenes as 
cathode catalysts for Li-O2 batteries. Nanomaterials 14(8), 
666 (2024). https://​doi.​org/​10.​3390/​nano1​40806​66

	166.	 L. Shi, Z. Li, Y. Li, G. Wang, M. Wu et al., Suppressing 
redox shuttle with MXene-modified separators for Li–O2 
batteries. ACS Appl. Mater. Interfaces 13(26), 30766–
30775 (2021). https://​doi.​org/​10.​1021/​acsami.​1c087​50

	167.	 H. Xu, R. Zheng, D. Du, L. Ren, X. Wen et al., Adjusting 
the 3d orbital occupation of Ti in Ti3C2 MXene via nitrogen 
doping to boost oxygen electrode reactions in Li–O2 bat-
tery. Small 19(9), 2206611 (2023). https://​doi.​org/​10.​1002/​
smll.​20220​6611

	168.	 Y. Dai, Y. Li, X. Ge, X. Fu, Y. Feng et  al., Designing 
highly efficient electrocatalyst for ORR and OER based on 
Nb2CO2 MXene: the role of transition metals and N-doping 
content. Langmuir 40(33), 17815–17825 (2024). https://​
doi.​org/​10.​1021/​acs.​langm​uir.​4c023​37

	169.	 J. Zhang, Y. Zhao, X. Guo, C. Chen, C.-L. Dong et al., 
Single platinum atoms immobilized on an MXene as an 
efficient catalyst for the hydrogen evolution reaction. Nat. 
Catal. 1(12), 985–992 (2018). https://​doi.​org/​10.​1038/​
s41929-​018-​0195-1

	170.	 D. Zhao, P. Wang, H. Di, P. Zhang, X. Hui et al., Single 
semi-metallic selenium atoms on Ti3C2 MXene nanosheets 
as excellent cathode for lithium–oxygen batteries. Adv. Funct. 
Mater. 31(29), 2010544 (2021). https://​doi.​org/​10.​1002/​adfm.​
20201​0544

	171.	 D. Cao, L. Zheng, Y. Wang, Y. Dong, Q. Li et al., Ultraviolet-
assisted construction of low-Pt-loaded MXene catalysts for 
high-performance Li–O2 batteries. Energy Storage Mater. 51, 
806–814 (2022). https://​doi.​org/​10.​1016/j.​ensm.​2022.​07.​026

	172.	 R. Zheng, D. Du, Y. Yan, S. Liu, X. Wang et al., Cation 
vacancy modulated interfacial electronic interactions for 
enhanced electrocatalysis in lithium–oxygen batteries. Adv. 
Funct. Mater. 34(27), 2316440 (2024). https://​doi.​org/​10.​
1002/​adfm.​20231​6440

	173.	 D. Zhang, G. Zhang, R. Liu, R. Yang, X. Li et al., Mutually 
activated 2D Ti0.87O2/MXene monolayers through electronic 
compensation effect as highly efficient cathode catalysts of 
Li–O2 batteries. Adv. Funct. Mater. 35(5), 2414679 (2025). 
https://​doi.​org/​10.​1002/​adfm.​20241​4679

	174.	 X. Zheng, M. Yuan, H. Li, G. Sun, In situ construction of a 
P-doped TiO2/Ti3C2Tx heterostructure with local site optimi-
zation to improve Li-O2 battery performance. Appl. Surf. Sci. 
659, 159880 (2024). https://​doi.​org/​10.​1016/j.​apsusc.​2024.​
159880

	175.	 P. Liu, H. Xu, X. Wang, G. Tian, X. Yu et al., 2D MXene/
MBene superlattice with narrow bandgap as superior electro-
catalyst for high-performance lithium-oxygen battery. Small 
20(45), e2404483 (2024). https://​doi.​org/​10.​1002/​smll.​20240​
4483

	176.	 X. Zheng, M. Yuan, D. Guo, C. Wen, X. Li et al., Theoretical 
design and structural modulation of a surface-functionalized 
Ti3C2Tx MXene-based heterojunction electrocatalyst for a Li–
oxygen battery. ACS Nano 16(3), 4487–4499 (2022). https://​
doi.​org/​10.​1021/​acsna​no.​1c108​90

	177.	 Y. Yang, J. Cui, J. Chen, J. Chen, Z. Tang et al., Improving 
the catalytic activity of TiC in Li–O2 batteries through C 
surface modification: a first-principle study. J. Phys. Chem. 

https://doi.org/10.1021/acsami.0c07656
https://doi.org/10.1002/smll.202302979
https://doi.org/10.1002/smll.202302979
https://doi.org/10.1016/j.ensm.2022.05.029
https://doi.org/10.1016/j.ensm.2022.05.029
https://doi.org/10.1002/cctc.202000591
https://doi.org/10.1002/cctc.202000591
https://doi.org/10.1016/j.cej.2023.145700
https://doi.org/10.1016/j.cej.2025.169454
https://doi.org/10.1016/j.cej.2025.169454
https://doi.org/10.1002/aenm.202003069
https://doi.org/10.1002/aenm.202003069
https://doi.org/10.1016/j.ensm.2020.12.004
https://doi.org/10.1021/acsnano.1c06896
https://doi.org/10.1021/acsnano.1c06896
https://doi.org/10.1021/acs.jpcc.0c10877
https://doi.org/10.1021/acs.jpcc.0c10877
https://doi.org/10.1021/acs.jpcc.1c06355
https://doi.org/10.1021/acs.jpcc.1c06355
https://doi.org/10.3390/nano14080666
https://doi.org/10.1021/acsami.1c08750
https://doi.org/10.1002/smll.202206611
https://doi.org/10.1002/smll.202206611
https://doi.org/10.1021/acs.langmuir.4c02337
https://doi.org/10.1021/acs.langmuir.4c02337
https://doi.org/10.1038/s41929-018-0195-1
https://doi.org/10.1038/s41929-018-0195-1
https://doi.org/10.1002/adfm.202010544
https://doi.org/10.1002/adfm.202010544
https://doi.org/10.1016/j.ensm.2022.07.026
https://doi.org/10.1002/adfm.202316440
https://doi.org/10.1002/adfm.202316440
https://doi.org/10.1002/adfm.202414679
https://doi.org/10.1016/j.apsusc.2024.159880
https://doi.org/10.1016/j.apsusc.2024.159880
https://doi.org/10.1002/smll.202404483
https://doi.org/10.1002/smll.202404483
https://doi.org/10.1021/acsnano.1c10890
https://doi.org/10.1021/acsnano.1c10890


	 Nano-Micro Lett.          (2026) 18:389   389   Page 40 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

C 128(35), 14621–14626 (2024). https://​doi.​org/​10.​1021/​acs.​
jpcc.​4c029​56

	178.	 M. Estili, S. Matsuda, L. Jia, N. Sakai, R. Ma et al., CNT-
MXene ultralight membranes: fabrication, surface nano/
microstructure, 2D-3D stacking architecture, ion-transport 
mechanism, and potential application as interlayers for Li–O2 
batteries. Nanoscale 15(18), 8289–8303 (2023). https://​doi.​
org/​10.​1039/​d3nr0​0712j

	179.	 Z. Zhu, A. Mosallanezhad, D. Sun, X. Lei, X. Liu et al., 
Applications of MoS2 in Li–O2 batteries: development and 
challenges. Energy Fuels 35(7), 5613–5626 (2021). https://​
doi.​org/​10.​1021/​acs.​energ​yfuels.​1c001​65

	180.	 Q. Huang, J. Shen, Y. Lu, R. Ye, S. Gong, Insights into the 
structural evolution of MoS2 from the semiconductive 2H to 
metallic 1T phase. J. Phys. Chem. C 127(35), 17406–17414 
(2023). https://​doi.​org/​10.​1021/​acs.​jpcc.​3c032​54

	181.	 W. Fu, M. John, T.D. Maddumapatabandi, F. Bussolotti, Y.S. 
Yau et al., Toward edge engineering of two-dimensional lay-
ered transition-metal dichalcogenides by chemical vapor 
deposition. ACS Nano 17(17), 16348–16368 (2023). https://​
doi.​org/​10.​1021/​acsna​no.​3c045​81

	182.	 Z. Sadighi, J. Liu, L. Zhao, F. Ciucci, J.-K. Kim, Metallic 
MoS2 nanosheets: multifunctional electrocatalyst for the 
ORR, OER and Li–O2 batteries. Nanoscale 10(47), 22549–
22559 (2018). https://​doi.​org/​10.​1039/​C8NR0​7106C

	183.	 M. Asadi, B. Kumar, C. Liu, P. Phillips, P. Yasaei et al., 
Cathode based on molybdenum disulfide nanoflakes for lith-
ium-oxygen batteries. ACS Nano 10(2), 2167–2175 (2016). 
https://​doi.​org/​10.​1021/​acsna​no.​5b066​72

	184.	 M. Asadi, B. Sayahpour, P. Abbasi, A.T. Ngo, K. Karis et al., 
A lithium–oxygen battery with a long cycle life in an air-like 
atmosphere. Nature 555(7697), 502–506 (2018). https://​doi.​
org/​10.​1038/​natur​e25984

	185.	 G. Zhang, C. Liu, L. Guo, R. Liu, L. Miao et al., Electronic 
“bridge” construction via Ag intercalation to diminish cata-
lytic anisotropy for 2D tin diselenide cathode catalyst in lith-
ium–oxygen batteries. Adv. Energy Mater. 12(27), 2200791 
(2022). https://​doi.​org/​10.​1002/​aenm.​20220​0791

	186.	 B. He, G. Li, J. Li, J. Wang, H. Tong et al., MoSe2@CNT 
core–shell nanostructures as grain promoters featuring a 
direct Li2O2 formation/decomposition catalytic capability 
in lithium-oxygen batteries. Adv. Energy Mater. 11(18), 
2003263 (2021). https://​doi.​org/​10.​1002/​aenm.​20200​3263

	187.	 G. Zhang, G. Li, J. Wang, H. Tong, J. Wang et al., 2D SnSe 
cathode catalyst featuring an efficient facet-dependent selec-
tive Li2O2 growth/decomposition for Li–oxygen batteries. 
Adv. Energy Mater. 12(21), 2103910 (2022). https://​doi.​org/​
10.​1002/​aenm.​20210​3910

	188.	 L. Guo, L. Tan, A. Xu, G. Li, G. Zhang et al., Highly efficient 
two-dimensional Ag2Te cathode catalyst featuring a layer 
structure derived catalytic anisotropy in lithium-oxygen bat-
teries. Energy Storage Mater. 50, 96–104 (2022). https://​doi.​
org/​10.​1016/j.​ensm.​2022.​05.​014

	189.	 K. Song, J. Jung, M. Park, H. Park, H.-J. Kim et al., Aniso-
tropic surface modulation of Pt catalysts for highly reversible 
Li–O2 batteries: high index facet as a critical descriptor. ACS 

Catal. 8(10), 9006–9015 (2018). https://​doi.​org/​10.​1021/​
acsca​tal.​8b021​72

	190.	 Z. Wang, Q. Zhang, W. Liu, H. Luo, X. Kong et al., Syner-
gistic Zn and MoS2 tailored Co−N/C environments enabling 
bifunctional ORR/OER electrocatalysis for advanced Li−O2 
batteries. Angew. Chem. Int. Ed. 64(16), e202425502 (2025). 
https://​doi.​org/​10.​1002/​anie.​20242​5502

	191.	 G. Cheng, W. Li, C. Liu, J. Gao, J.-L. Chen et al., A new cata-
lytic merit for prediction catalytic potential of 2D materials 
in Li O2 batteries: theoretical investigation and experimental 
identification. J. Materiom. 11(6), 101060 (2025). https://​doi.​
org/​10.​1016/j.​jmat.​2025.​101060

	192.	 G. Sun, F. Li, T. Wu, L. Cong, L. Sun et al., O2 adsorp-
tion associated with sulfur vacancies on MoS2 microspheres. 
Inorg. Chem. 58(3), 2169–2176 (2019). https://​doi.​org/​10.​
1021/​acs.​inorg​chem.​8b033​00

	193.	 S. Zhang, Z. Huang, Z. Wen, L. Zhang, J. Jin et al., Local 
lattice distortion activate metastable metal sulfide as catalyst 
with stable full discharge–charge capability for Li–O2 batter-
ies. Nano Lett. 17(6), 3518–3526 (2017). https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​7b006​03

	194.	 X. Han, L. Zhao, Y. Liang, J. Wang, Y. Long et al., Interfa-
cial electron redistribution on lattice-matching NiS2/NiSe2 
homologous heterocages with dual-phase synergy to tune 
the formation routes of Li2O2. Adv. Energy Mater. 12(47), 
2202747 (2022). https://​doi.​org/​10.​1002/​aenm.​20220​2747

	195.	 P. Wang, D. Zhao, P. Zhang, X. Hui, Z. Zhang et al., P-block 
element modulated 1 T phase MoS2 with Ru lattice grafting 
for high-performance Li-O2 batteries. Nat. Commun. 16(1), 
1453 (2025). https://​doi.​org/​10.​1038/​s41467-​024-​55073-5

	196.	 Q. Xia, L. Zhao, D. Li, J. Wang, L. Liu et al., Phase modula-
tion of 1T/2H MoSe2 nanoflowers for highly efficient bifunc-
tional electrocatalysis in rechargeable Li–O2 batteries. J. 
Mater. Chem. A 9(35), 19922–19931 (2021). https://​doi.​org/​
10.​1039/​D1TA0​3584C

	197.	 X. Cao, Y. Zhang, C. Lu, K. Fang, L. Chen et al., Synergistic 
dual atomic sites with localized electronic modulation enable 
high-performance Lithium–Oxygen batteries. Chem. Eng. 
J. 466, 143351 (2023). https://​doi.​org/​10.​1016/j.​cej.​2023.​
143351

	198.	 M. Song, H. Tan, X. Li, A.I.Y. Tok, P. Liang et al., Atomic-
layer-deposited amorphous MoS2 for durable and flexible 
Li–O2 batteries. Small Meth. 4(6), 1900274 (2020). https://​
doi.​org/​10.​1002/​smtd.​20190​0274

	199.	 L. Wei, Y. Su, Y. Ma, Y. Gu, Y. Qin et al., Photoluminescent 
WSe2 nanofibers as freestanding cathode for Solar-assisted 
Li-O2 battery with ultrahigh capacity and transparent casing. 
Chem. Eng. J. 448, 137591 (2022). https://​doi.​org/​10.​1016/j.​
cej.​2022.​137591

	200.	 L. Ren, M. Zheng, F. Kong, Z. Yu, N. Sun et al., Light ena-
bles the cathodic interface reaction reversibility in solid-state 
Lithium-Oxygen batteries. Angew. Chem. Int. Ed. Engl. 
63(17), e202319529 (2024). https://​doi.​org/​10.​1002/​anie.​
20231​9529

	201.	 Y.-X. Yu, Effect of defects and solvents on Silicene cath-
ode of nonaqueous Lithium–Oxygen batteries: a theoretical 

https://doi.org/10.1021/acs.jpcc.4c02956
https://doi.org/10.1021/acs.jpcc.4c02956
https://doi.org/10.1039/d3nr00712j
https://doi.org/10.1039/d3nr00712j
https://doi.org/10.1021/acs.energyfuels.1c00165
https://doi.org/10.1021/acs.energyfuels.1c00165
https://doi.org/10.1021/acs.jpcc.3c03254
https://doi.org/10.1021/acsnano.3c04581
https://doi.org/10.1021/acsnano.3c04581
https://doi.org/10.1039/C8NR07106C
https://doi.org/10.1021/acsnano.5b06672
https://doi.org/10.1038/nature25984
https://doi.org/10.1038/nature25984
https://doi.org/10.1002/aenm.202200791
https://doi.org/10.1002/aenm.202003263
https://doi.org/10.1002/aenm.202103910
https://doi.org/10.1002/aenm.202103910
https://doi.org/10.1016/j.ensm.2022.05.014
https://doi.org/10.1016/j.ensm.2022.05.014
https://doi.org/10.1021/acscatal.8b02172
https://doi.org/10.1021/acscatal.8b02172
https://doi.org/10.1002/anie.202425502
https://doi.org/10.1016/j.jmat.2025.101060
https://doi.org/10.1016/j.jmat.2025.101060
https://doi.org/10.1021/acs.inorgchem.8b03300
https://doi.org/10.1021/acs.inorgchem.8b03300
https://doi.org/10.1021/acs.nanolett.7b00603
https://doi.org/10.1021/acs.nanolett.7b00603
https://doi.org/10.1002/aenm.202202747
https://doi.org/10.1038/s41467-024-55073-5
https://doi.org/10.1039/D1TA03584C
https://doi.org/10.1039/D1TA03584C
https://doi.org/10.1016/j.cej.2023.143351
https://doi.org/10.1016/j.cej.2023.143351
https://doi.org/10.1002/smtd.201900274
https://doi.org/10.1002/smtd.201900274
https://doi.org/10.1016/j.cej.2022.137591
https://doi.org/10.1016/j.cej.2022.137591
https://doi.org/10.1002/anie.202319529
https://doi.org/10.1002/anie.202319529


Nano-Micro Lett.          (2026) 18:389 	 Page 41 of 42    389 

investigation. J. Phys. Chem. C 123(1), 205–213 (2019). 
https://​doi.​org/​10.​1021/​acs.​jpcc.​8b103​67

	202.	 Y. Xiao, J. Wang, Y. Wang, W. Zhang, A new promising 
catalytic activity on blue Phosphorene Nitrogen-doped 
nanosheets for the ORR as cathode in nonaqueous Li–air 
batteries. Appl. Surf. Sci. 488, 620–628 (2019). https://​doi.​
org/​10.​1016/j.​apsusc.​2019.​05.​280

	203.	 Y. Ji, H. Dong, M. Yang, T. Hou, Y. Li, Monolayer Germa-
nium monochalcogenides (GeS/GeSe) as cathode catalysts 
in nonaqueous Li–O2 batteries. Phys. Chem. Chem. Phys. 
19(31), 20457–20462 (2017). https://​doi.​org/​10.​1039/​C7CP0​
4044J

	204.	 W. Zhang, L. Sun, J.M.V. Nsanzimana, X. Wang, Lithiation/
delithiation synthesis of few layer Silicene nanosheets for 
rechargeable Li–O2 batteries. Adv. Mater. 30(15), 1705523 
(2018). https://​doi.​org/​10.​1002/​adma.​20170​5523

	205.	 Y. Lin, L. Li, Z. Shi, L. Zhang, K. Li et al., Catalysis with 
two-dimensional metal-organic frameworks: synthesis, char-
acterization, and modulation. Small 20(24), 2309841 (2024). 
https://​doi.​org/​10.​1002/​smll.​20230​9841

	206.	 M. Yuan, R. Wang, W. Fu, L. Lin, Z. Sun et al., Ultrathin two-
dimensional metal–organic framework nanosheets with the 
inherent open active sites as electrocatalysts in aprotic Li–O2 
batteries. ACS Appl. Mater. Interfaces 11(12), 11403–11413 
(2019). https://​doi.​org/​10.​1021/​acsami.​8b218​08

	207.	 Q. Lv, Z. Zhu, Y. Ni, J. Geng, F. Li, Spin-state manipulation 
of two-dimensional metal-organic framework with enhanced 
metal-oxygen covalency for lithium-oxygen batteries. Angew. 
Chem. Int. Ed. 61(8), e202114293 (2022). https://​doi.​org/​10.​
1002/​anie.​20211​4293

	208.	 Y. Tao, X. Fan, X. Yu, K. Gong, Y. Xia et al., Metal–organic 
framework with dual excitation pathways as efficient bifunc-
tional catalyst for photo-assisted Li–O2 batteries. Small 
20(46), 2403683 (2024). https://​doi.​org/​10.​1002/​smll.​20240​
3683

	209.	 L. Liu, H. Lian, H. Deng, W. Zhang, MXene-supported Ni-Co 
bimetallic MOF 2D lamellar membrane for enhanced electro-
chemical oxygen reactions and Li-O2 battery. Sci. Rep. 15(1), 
13995 (2025). https://​doi.​org/​10.​1038/​s41598-​025-​98982-1

	210.	 J. Han, Y. Hao, M. Luo, Z. Xie, Z. Zhou, Recent advances in 
metal–organic frameworks for Li–O2 batteries: advantages, 
challenges, and innovative design. Mater. Horiz. 12(20), 
8334–8350 (2025). https://​doi.​org/​10.​1039/​D5MH0​0823A

	211.	 N. Zhu, S. Wan, H. Shi, X. Lv, F. Song et al., Cation defec-
tive 2D NH2-MIL-125 enhances charge carrier dynamics for 
boosted photo-assisted lithium-oxygen batteries. Chem. Eng. 
J. 517, 164335 (2025). https://​doi.​org/​10.​1016/j.​cej.​2025.​
164335

	212.	 Y. Min, H. Yuan, W. Wang, L. Xu, Design of heterostructures 
of MXene/two-dimensional organic frameworks for Na–O2 
batteries with a new mechanism and a new descriptor. J. Phys. 
Chem. Lett. 12(11), 2742–2748 (2021). https://​doi.​org/​10.​
1021/​acs.​jpcle​tt.​1c004​82

	213.	 X.-Z. Wang, Y. Chen, X.-M. Cao, R.-Y. Li, W.-Y. Chen 
et al., Ligand-insertion strategy for constructing 2D con-
jugated metal–organic framework with large pore size for 

electrochemical analytics. Angew. Chem. Int. Ed. 64(1), 
e202413115 (2025). https://​doi.​org/​10.​1002/​anie.​20241​
3115

	214.	 U. Das, K.C. Lau, P.C. Redfern, L.A. Curtiss, Structure and 
stability of lithium superoxide clusters and relevance to Li-O2 
batteries. J. Phys. Chem. Lett. 5(5), 813–819 (2014). https://​
doi.​org/​10.​1021/​jz500​084e

	215.	 Y. Yang, W. Liu, N. Wu, X. Wang, T. Zhang et al., Tuning 
the morphology of Li2O2 by noble and 3d metals: a planar 
model electrode study for Li–O2 battery. ACS Appl. Mater. 
Interfaces 9(23), 19800–19806 (2017). https://​doi.​org/​10.​
1021/​acsami.​7b026​63

	216.	 A. Khetan, A. Luntz, V. Viswanathan, Trade-offs in capacity 
and rechargeability in nonaqueous Li–O2 batteries: solution-
driven growth versus nucleophilic stability. J. Phys. Chem. 
Lett. 6(7), 1254–1259 (2015). https://​doi.​org/​10.​1021/​acs.​
jpcle​tt.​5b003​24

	217.	 D. Liu, Z. Fu, S. Wang, X. Gong, T. You et al., Machine 
learning-guided modulation of Li+ solvation structures 
towards optimal electrolyte systems for high-performance 
Li−O2 battery. Angew. Chem. 137(9), e202425277 (2025). 
https://​doi.​org/​10.​1002/​ange.​20242​5277

	218.	 P. Zhang, Y. Yan, D. Legut, Y. Li, Z. Li et al., High-through-
put design of active MXene catalysts for Li─O2 battery using 
machine learning. Adv. Funct. Mater. e32003 (2026). https://​
doi.​org/​10.​1002/​adfm.​20253​2003

	219.	 A. Kilic, D. Eroglu, R. Yildirim, Determining the key per-
formance factors in lithium-oxygen batteries using machine 
learning. J. Electrochem. Soc. 168(9), 090544 (2021). https://​
doi.​org/​10.​1149/​1945-​7111/​ac2662

	220.	 J. Wang, L. Ma, J. Xu, Y. Xu, K. Sun et al., Oxygen elec-
trochemistry in Li-O2 batteries probed by in situ surface-
enhanced Raman spectroscopy. SusMat 1(3), 345–358 
(2021). https://​doi.​org/​10.​1002/​sus2.​24

	221.	 S. Guan, W. Jia, Y. Gao, M. Liu, L. Wang et al., Dual-site 
geometry mediates dynamic LiO2 binding for efficient lith-
ium-oxygen batteries. Angew. Chem. Int. Ed. 65(10), e23729 
(2026). https://​doi.​org/​10.​1002/​anie.​20252​3729

	222.	 K. Zhao, X. Jiang, X. Wu, H. Feng, X. Wang et al., Recent 
development and applications of differential electrochemical 
mass spectrometry in emerging energy conversion and stor-
age solutions. Chem. Soc. Rev. 53(13), 6917–6959 (2024). 
https://​doi.​org/​10.​1039/​D3CS0​0840A

	223.	 G. Tang, J. Zhang, S. Ma, J. Li, Z. Peng et al., Unveiling gas 
production in rechargeable batteries via in situ differential 
electrochemical mass spectrometry. Chem. Soc. Rev. 54(15), 
7216–7251 (2025). https://​doi.​org/​10.​1039/​D5CS0​0276A

	224.	 X. Liu, X. Song, Q. Zhang, X. Zhu, Q. Han et al., Decomposi-
tion pathway and stabilization of ether-based electrolytes in 
the discharge process of Li-O2 battery. J. Energy Chem. 69, 
516–523 (2022). https://​doi.​org/​10.​1016/j.​jechem.​2022.​01.​
007

	225.	 C.J. Bondue, A.A. Abd-El-Latif, P. Hegemann, H. Baltrus-
chat, Quantitative study for oxygen reduction and evolution 
in aprotic organic electrolytes at gas diffusion electrodes by 

https://doi.org/10.1021/acs.jpcc.8b10367
https://doi.org/10.1016/j.apsusc.2019.05.280
https://doi.org/10.1016/j.apsusc.2019.05.280
https://doi.org/10.1039/C7CP04044J
https://doi.org/10.1039/C7CP04044J
https://doi.org/10.1002/adma.201705523
https://doi.org/10.1002/smll.202309841
https://doi.org/10.1021/acsami.8b21808
https://doi.org/10.1002/anie.202114293
https://doi.org/10.1002/anie.202114293
https://doi.org/10.1002/smll.202403683
https://doi.org/10.1002/smll.202403683
https://doi.org/10.1038/s41598-025-98982-1
https://doi.org/10.1039/D5MH00823A
https://doi.org/10.1016/j.cej.2025.164335
https://doi.org/10.1016/j.cej.2025.164335
https://doi.org/10.1021/acs.jpclett.1c00482
https://doi.org/10.1021/acs.jpclett.1c00482
https://doi.org/10.1002/anie.202413115
https://doi.org/10.1002/anie.202413115
https://doi.org/10.1021/jz500084e
https://doi.org/10.1021/jz500084e
https://doi.org/10.1021/acsami.7b02663
https://doi.org/10.1021/acsami.7b02663
https://doi.org/10.1021/acs.jpclett.5b00324
https://doi.org/10.1021/acs.jpclett.5b00324
https://doi.org/10.1002/ange.202425277
https://doi.org/10.1002/adfm.202532003
https://doi.org/10.1002/adfm.202532003
https://doi.org/10.1149/1945-7111/ac2662
https://doi.org/10.1149/1945-7111/ac2662
https://doi.org/10.1002/sus2.24
https://doi.org/10.1002/anie.202523729
https://doi.org/10.1039/D3CS00840A
https://doi.org/10.1039/D5CS00276A
https://doi.org/10.1016/j.jechem.2022.01.007
https://doi.org/10.1016/j.jechem.2022.01.007


	 Nano-Micro Lett.          (2026) 18:389   389   Page 42 of 42

https://doi.org/10.1007/s40820-026-02235-3© The authors

DEMS. J. Electrochem. Soc. 162(3), A479–A487 (2015). 
https://​doi.​org/​10.​1149/2.​08715​03jes

	226.	 S. Yao, S. Wang, Y. Liu, Z. Hou, J. Wang et al., High flux and 
stability of cationic intercalation in transition-metal oxides: 
unleashing the potential of Mn t2g orbital via enhanced 
π-donation. J. Am. Chem. Soc. 145(49), 26699–26710 
(2023). https://​doi.​org/​10.​1021/​jacs.​3c082​64

	227.	 D. Zhang, P. Zhang, X. Xu, H. Cao, Z. Wang et al., Motiva-
tion of low-energy d orbital from an enhanced intermediate 
spin state in Fe-doped 2D monolayers boosting electrocataly-
sis of Li-O2 batteries. J. Energy Chem. 117, 12–21 (2026). 
https://​doi.​org/​10.​1016/j.​jechem.​2026.​01.​056

	228.	 P. Tereshchuk, D. Golodnitsky, A. Natan, Trends in the 
adsorption of oxygen and Li2O2 on transition-metal carbide 
surfaces: a theoretical study. J. Phys. Chem. C 124(14), 7716–
7724 (2020). https://​doi.​org/​10.​1021/​acs.​jpcc.​9b108​63

	229.	 J. Lai, H. Liu, Y. Xing, L. Zhao, Y. Shang et al., Local strong 
solvation electrolyte trade-off between capacity and cycle 
life of Li-O2 batteries. Adv. Funct. Mater. 31(40), 2101831 
(2021). https://​doi.​org/​10.​1002/​adfm.​20210​1831

	230.	 W.-K. Shin, A.G. Kannan, D.-W. Kim, Effective suppres-
sion of dendritic lithium growth using an ultrathin coating of 
nitrogen and sulfur codoped graphene nanosheets on poly-
mer separator for lithium metal batteries. ACS Appl. Mater. 
Interfaces 7(42), 23700–23707 (2015). https://​doi.​org/​10.​
1021/​acsami.​5b077​30

	231.	 P. Li, Z. Liu, Y. Peng, S. Yang, T. Meng et al., Fast thermal 
responsive separators toward long-life and safe lithium metal 
batteries. Nano Res. 17(4), 2746–2754 (2024). https://​doi.​
org/​10.​1007/​s12274-​023-​6179-8

	232.	 C. Li, S. Liu, C. Shi, G. Liang, Z. Lu et al., Two-dimensional 
molecular brush-functionalized porous bilayer composite 
separators toward ultrastable high-current density lithium 
metal anodes. Nat. Commun. 10(1), 1363 (2019). https://​doi.​
org/​10.​1038/​s41467-​019-​09211-z

	233.	 E. Cha, M.D. Patel, J. Park, J. Hwang, V. Prasad et al., 2D 
MoS2 as an efficient protective layer for lithium metal anodes 
in high-performance Li-S batteries. Nat. Nanotechnol. 13(4), 
337–344 (2018). https://​doi.​org/​10.​1038/​s41565-​018-​0061-y

	234.	 V. Vijayakumar, M. Ghosh, K. Asokan, S.B. Sukumaran, 
S. Kurungot et al., 2D layered nanomaterials as fillers in 
polymer composite electrolytes for lithium batteries. Adv. 
Energy Mater. 13(15), 2203326 (2023). https://​doi.​org/​10.​
1002/​aenm.​20220​3326

	235.	 D. Han, X. Wang, Y.-N. Zhou, J. Zhang, Z. Liu et al., A 
graphene-coated thermal conductive separator to eliminate 
the dendrite-induced local hotspots for stable lithium cycling. 
Adv. Energy Mater. 12(25), 2201190 (2022). https://​doi.​org/​
10.​1002/​aenm.​20220​1190

	236.	 W. Luo, L. Zhou, K. Fu, Z. Yang, J. Wan et al., A thermally 
conductive separator for stable Li metal anodes. Nano Lett. 
15(9), 6149–6154 (2015). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​5b024​32

	237.	 Y. Kim, D. Koo, S. Ha, S.C. Jung, T. Yim et al., Two-dimen-
sional phosphorene-derived protective layers on a lithium 
metal anode for lithium-oxygen batteries. ACS Nano 12(5), 
4419–4430 (2018). https://​doi.​org/​10.​1021/​acsna​no.​8b003​48

	238.	 Q. Zhang, Z. Yang, X. Gu, Q. Chen, Q. Zhai et al., A func-
tional SnS2-engineered separator for durable and practical 
lithium metal battery. Energy Storage Mater. 61, 102900 
(2023). https://​doi.​org/​10.​1016/j.​ensm.​2023.​102900

	239.	 M. Ye, Y. Xiao, Z. Cheng, L. Cui, L. Jiang et al., A smart, 
anti-piercing and eliminating-dendrite lithium metal battery. 
Nano Energy 49, 403–410 (2018). https://​doi.​org/​10.​1016/j.​
nanoen.​2018.​04.​078

	240.	 C. Xiong, Z. Wang, X. Peng, Y. Guo, S. Xu et al., Bifunc-
tional effect of laser-induced nucleation-preferable micro-
channels and in situ formed LiF SEI in MXenes for stable 
lithium-metal batteries. J. Mater. Chem. A 8(28), 14114–
14125 (2020). https://​doi.​org/​10.​1039/​D0TA0​4302H

	241.	 N. Li, Y. Xie, S. Peng, X. Xiong, K. Han, Ultra-lightweight 
Ti3C2Tx MXene modified separator for Li–S batteries: thick-
ness regulation enabled polysulfide inhibition and lithium ion 
transportation. J. Energy Chem. 42, 116–125 (2020). https://​
doi.​org/​10.​1016/j.​jechem.​2019.​06.​014

	242.	 P. Xiong, F. Zhang, X. Zhang, Y. Liu, Y. Wu et al., Atomic-
scale regulation of anionic and cationic migration in alkali 
metal batteries. Nat. Commun. 12(1), 4184 (2021). https://​
doi.​org/​10.​1038/​s41467-​021-​24399-9

	243.	 X. Duan, Precision chemistry for two-dimensional materials. 
Precis. Chem. 2(8), 376–379 (2024). https://​doi.​org/​10.​1021/​
prech​em.​4c000​65

	244.	 T. Yang, L.-J. Li, J. Zhao, T.H. Ly, Precision chemistry in 
two-dimensional materials: adding, removing, and replacing 
the atoms at will. Acc. Mater. Res. 2(10), 863–868 (2021). 
https://​doi.​org/​10.​1021/​accou​ntsmr.​1c001​72

	245.	 D. Su, D. Han Seo, Y. Ju, Z. Han, K. Ostrikov et al., Ruthe-
nium nanocrystal decorated vertical graphene nanosheets@
Ni foam as highly efficient cathode catalysts for lithium-oxy-
gen batteries. NPG Asia Mater. 8(7), e286 (2016). https://​doi.​
org/​10.​1038/​am.​2016.​91

	246.	 G. Li, C. Dang, Y. Hou, F. Dang, Y. Fan et al., Experimental 
and theoretical characteristic of single atom co-N-C catalyst 
for Li-O2 batteries. Eng. Sci. 10, 85–94 (2020). https://​doi.​
org/​10.​30919/​es8d1​005

	247.	 X. Zhang, G. Zhang, R. Yang, D. Zhang, G. Lian et al., 
Lattice-dependent activation of highly efficient SnTe cath-
ode catalyst for Li–air batteries. Energy Storage Mater. 69, 
103392 (2024). https://​doi.​org/​10.​1016/j.​ensm.​2024.​103392

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1149/2.0871503jes
https://doi.org/10.1021/jacs.3c08264
https://doi.org/10.1016/j.jechem.2026.01.056
https://doi.org/10.1021/acs.jpcc.9b10863
https://doi.org/10.1002/adfm.202101831
https://doi.org/10.1021/acsami.5b07730
https://doi.org/10.1021/acsami.5b07730
https://doi.org/10.1007/s12274-023-6179-8
https://doi.org/10.1007/s12274-023-6179-8
https://doi.org/10.1038/s41467-019-09211-z
https://doi.org/10.1038/s41467-019-09211-z
https://doi.org/10.1038/s41565-018-0061-y
https://doi.org/10.1002/aenm.202203326
https://doi.org/10.1002/aenm.202203326
https://doi.org/10.1002/aenm.202201190
https://doi.org/10.1002/aenm.202201190
https://doi.org/10.1021/acs.nanolett.5b02432
https://doi.org/10.1021/acs.nanolett.5b02432
https://doi.org/10.1021/acsnano.8b00348
https://doi.org/10.1016/j.ensm.2023.102900
https://doi.org/10.1016/j.nanoen.2018.04.078
https://doi.org/10.1016/j.nanoen.2018.04.078
https://doi.org/10.1039/D0TA04302H
https://doi.org/10.1016/j.jechem.2019.06.014
https://doi.org/10.1016/j.jechem.2019.06.014
https://doi.org/10.1038/s41467-021-24399-9
https://doi.org/10.1038/s41467-021-24399-9
https://doi.org/10.1021/prechem.4c00065
https://doi.org/10.1021/prechem.4c00065
https://doi.org/10.1021/accountsmr.1c00172
https://doi.org/10.1038/am.2016.91
https://doi.org/10.1038/am.2016.91
https://doi.org/10.30919/es8d1005
https://doi.org/10.30919/es8d1005
https://doi.org/10.1016/j.ensm.2024.103392

	Bi-Functional Extension on Heterogeneous ORROER Catalysis with 2D Materials for Li-O2 Batteries
	Highlights
	Abstract 
	1 Introduction
	2 Working Principle and Challenge in Li–O2 Batteries
	2.1 Fundamental Understanding in Cathode Reaction
	2.2 Critical Role of Anode, Separator, and Electrolyte

	3 Active 2D Cathode Catalysts for Li–O2 Batteries
	3.1 Graphene-Based Materials
	3.1.1 Edge and Defects
	3.1.2 Dopant Functions of Non-MetalMetal Atoms
	3.1.3 Catalysts Decoration
	3.1.4 Correlation among a Different Activation Engineering and Electrochemical Performance in Graphene

	3.2 Transition Metal Oxide and Hydroxides
	3.2.1 Transition Metal Oxides
	3.2.2 Transition Metal Hydroxides

	3.3 MXene-Based Catalysts
	3.3.1 Active Sites from MXene Compositions
	3.3.2 Active Sites from Incorporated Species
	3.3.3 Dual Active Sites from Both MXene and Incorporated Species

	3.4 2D Transition Metal Dichalcogenides
	3.4.1 Catalytic Anisotropy between the Surface and Edge Facets
	3.4.2 Electronic Modulation and Structural Designment

	3.5 Other 2D Structure Materials

	4 Mechanistic Perspective across 2D Cathode Catalysts for Li–O2 Batteries
	4.1 Catalytic Principles and Activity Descriptors of 2D Catalysts
	4.2 Advanced Analytic Techniques
	4.3 Density Functional Theory Model Construction

	5 Functional Extension of 2D Materials for Li–O2 Batteries System
	5.1 Mechanical Strength and Thermal Stability
	5.2 Electrochemical Stability
	5.3 Expedite and Homogenize the Lithium-Ion Flux

	6 Summary and Perspective
	Acknowledgements 
	References


