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In situ Growth of Mixed-Valence 2D α-MnOx Nanosheets within Interlayer Spaces of 

Multilayer Ti3C2 MXene as an Efficient Air Cathode for Rechargeable Li-O2 Batteries

Aqrab ul Ahmad†, William G Morais†, Tauqeer Ahmad, Ihsan Çaha, Isilda Amorim, Siva Sankar, 

Francis Leonard Deepak*

International Iberian Nanotechnology Laboratory (INL), Avenida Mestre Jose Veiga, Braga 4715-

330, Portugal

†authors contributed equally

*email: leonard.francis@inl.int

Abstract: Rechargeable Li-O2 batteries are promising options for energy storage systems due to 

their simple fabrication, non-toxicity, and low cost. Herein, we present a new cathode design for 

Li-O2 batteries, featuring non-stoichiometric, mixed-valence 2D α-MnOx nanosheets 

(Mn+4/Mn+3/Mn+2) confined within multilayered MXene (M-Ti3C2). Electrochemical results show 

that the 2D α-MnOx@M-Ti3C2 electrode achieved a specific capacity of up to 14,377 mAh g-1 at 

100 mA g-1 and remained stable over 54 cycles at 500 mA g-1 (with a 500 mA g-1 cutoff). This 

approach enables the design of manganese oxide-based cathodes within a conductive MXene 

scaffold for high-performance Li-O2 batteries.

Over the past decades, lithium-air (Li-O2) batteries (LABs) have been considered among the most 

promising alternatives to lithium-ion batteries (LIBs) for energy storage systems, with the aim of 

supporting the transition toward a fully decarbonized global energy matrix.1  This interest is largely 

driven by their exceptionally high theoretical energy density of 3500 W h kg-1, based on the 

formation of Li2O2, nearly 10 times that of the 250 W h kg-1 achievable with LIBs.2,3 However, 
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significant hysteresis between discharge and charge potentials is commonly observed in LABs 

operation, primarily due to weak interactions between the active cathode material and the 

discharge product, Li2O2.4,5 This results in low round-trip efficiency, as the lithium ions are only 

partially recovered after a complete charge-discharge cycle. To achieve commercially viable 

LABs, key challenges related to the air cathode must be addressed. These include, but are not 

limited to, high electronic conductivity, vigorous catalytic activity for Oxygen Reduction and 

Evolution Reaction (ORR/OER), electrochemical stability, a high surface area, and cost-

effectiveness.2

Manganese-based oxides (MnOx) are highly promising electrocatalysts for LABs electrochemistry 

due to several factors. Their multiple valence states enable a variety of crystal structures, 

contributing to excellent catalytic activity for both the ORR and OER.6,7 Additionally, MnOx is 

abundant, cost-effective, environmentally friendly, and has low-toxicity.8 The effect of MnO2 on 

the performance of LABs cathodes was reported by Read,9 followed by Bruce and colleagues,10 

who demonstrated that the presence of manganese oxides facilitates the decomposition of Li2O2 

into Li+ and O2 during the charging process. Since then, various MnO2 crystalline structures, 

including α-MnO2, β-MnO2, γ-MnO2, ε-MnO2, δ-MnO2, and λ-MnO2, in addition to MnO, 

Mn2O3,11 Mn3O4, and γ-MnOOH, have been explored as LABs electrode catalysts, exhibiting 

enhanced electrochemical activity.12 

Various strategies have been employed to synergistically combine MnOx electrocatalytic 

properties with MXene's structural stability to enhance ORR/OER activity, and durability for 

energy storage applications.13 Regarding ORR/OER and energy storage, Xue et al.14 successfully 

grew Mn3O4 nanoparticles on a layered Ti3C2 MXene by etching an Al layer with HF at a mild 

temperature, thereby enhancing conductivity and reaction kinetics in a zinc-air system. Similarly, 
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Sun et al.15 explored the ORR activity of a MnOx@Ti3C2Tx composite with oxygen vacancies 

created by lithium reduction. When used as an electrode in a Zn-air battery (ZAB), the composite 

delivered cycling performance superior to that of Pt/C air cathodes while maintaining good 

structural stability. Although the use of MnOx@MXene composites as air cathodes for ZAB has 

been recently demonstrated, there are no similar reports for LAB despite the promising 

electrocatalytic properties of these materials. The practical use of MnO2-based cathodes however 

is hindered by their low electrical conductivity and poor cycling stability and hence there is room 

for improving these characteristics.16

Herein, we present a low-temperature, in situ method for synthesizing α-MnOx within Ti3C2 

MXene layers by combining MnCl2 and potassium borate during Dimethyl Sulfoxide (DMSO)-

assisted delamination at 40 °C. In this method, borate anions, DMSO, and M-Ti3C2 surface 

terminations facilitate a cooperative, low-temperature oxidation of Mn2+ to Mn3+/Mn4+, thereby 

promoting the formation of confined mixed-valence α-MnOx nanosheets within the MXene 

interlayers. The resulting hybrid nanosheet electrodes exhibit outstanding electrocatalytic 

performance for Li-O2 batteries, surpassing other MnO2-based hybrids, including those with α-

MnO2, as detailed in Table S1 of the Supporting Information. The impressive performance of 

these multilayer 2D α-MnOx@Ti3C2 hybrid nanosheets highlights the potential of our heterolayer 

hybridization approach, making them highly effective as Li-O2 battery electrodes.

The Multilayered M-Ti3C2 MXene suspension was synthesized via the previously reported 

molten-salt methods 17 For the growth of 2D α-MnOx nanosheets within the etched spaces of M-

Ti3C2, a low-temperature wet chemical route was adopted (see SI for the detailed procedure). The 

in situ formation of multivalent 2D α-MnOx nanosheets within Ti3C2Tx layers arises from ion 

intercalation, oxidative transformation, and 2D crystallization driven by confinement. When 
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MnCl2 is mixed with Ti3C2Tx in DMSO containing potassium borate, Mn2+ ions readily intercalate 

into the negatively charged MXene layers via electrostatic attraction and solvent swelling. At 40 

°C, the borate buffer (B(OH)4
-/B(OH)3) creates mildly alkaline regions where dissolved oxygen 

oxidizes Mn+2 to Mn+4 via the reaction: 2 Mn+2 + O2 + 4 OH-→ 2 MnO2 + 2 H2O. Simultaneously, 

surface groups on MXene (–O, –OH, –F) donate electrons that partially reduce Mn, forming MnOx 

nuclei, resulting in a mixture of Mn+4/Mn+3/Mn+2, as shown by XPS (Fig. 3 and S1). Since 

oxidation and redox equilibrium occur within angstrom-scale interlayers, the limited space 

prevents out-of-plane growth, causing Mn-O octahedra to assemble laterally into 2D α-MnOx 

nanosheets.

The crystallographic structure of the synthesized 2D α-MnOx@M-Ti3C2 sample was examined 

using XRD and Raman spectroscopy. Fig. 1(a) shows the XRD pattern of the 2D α-MnOx@Ti3C2 

hybrid nanosheets, which features a low-angle shift of the (002) reflection plane of Ti3C2 MXene, 

along with distinct diffraction peaks corresponding to α-MnO2. This confirms the successful 

formation of MnOx nanosheets within the expanded multilayered MXene interlayers. The clear α-

MnOx reflections, such as (200), (310), and (400), suggest that α-MnO2 was grown and closely 

integrated with the layered M-Ti3C2 framework. Raman analysis further elucidates the interfacial 

interactions and the evolution of surface chemistry during electrochemical cycling. The spectrum 

is divided into four regions: the flake region (100-250 cm-1), the Tx region (220-500 cm-1), the α-

MnOx region (510-650 cm-1), and the carbon region (650-1000 cm-1), as shown in Fig. 1 (c). The 

flake region indicates the vibrations of Ti, C, and surface groups. In contrast, the Tx region involves 

surface termination modes such as -O and –OH.18 In the case of the pristine sample, the 2D α-

MnOx@M-Ti3C2 electrode shows broad features that come from multilayer Ti3C2, along with Mn–

O vibrational modes linked to the nanosheet-like α-MnOx domains.
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Fig. 1 a) XRD spectra of pristine 2D α-MnOx@Ti3C2 sample and after cycling in panel (b). Raman 

spectra of α-MnOx@Ti3C2 sample before and after electrochemical cycling (c and d). The 

multilayer Raman peaks are deconvoluted before and after cycling.

After first discharge, several Raman modes become noticeably sharper and more distinct in both 

the M-Ti3C2 termination region (200-450 cm-1) and the Mn-O stretching region (510-650 cm⁻¹), 

indicating a reorganization of surface functional groups on M-Ti3C2 and structural changes within 

the confined 2D α-MnO2 layers. Deconvolution of the Raman spectra (Fig. 1c-d) shows the 

appearance of distinct vibrational bands of 2D α-MnOx after cycling, suggesting enhanced 

ordering of the MnO6 octahedra and a more stabilized MXene/2D α-MnOx interfaces. An extra 

peak near 500 cm-1 after cycling is attributed to the A1g mode (Ti–O) of TiO2, indicating additional 

Ti oxidation. The 2D α-MnOx bands around 600-650 cm-1 shift slightly lower and become broader 
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with cycling, implying lattice distortions, defects, and strain relaxation.19 These Raman signatures 

collectively reveal that cycling causes reorganization of termination groups, Ti oxidation, flake 

thinning, and 2D α-MnOx structural disorder.13,20 

A typical SEM image of the LiF-based molten-salt-etched MXene (Fig. 2a) reveals gaps between 

the Ti3C2 layers, confirming the successful removal of the aluminum layers. The etched Ti3C2 

MXene forms an accordion-like multilayered structure after aluminum removal, exposing many 

surface functional groups (-F and -O) and yielding negatively charged M-Ti3C2 nanosheets. 

Additionally, 2D α-MnOx nanosheets are grown in situ within the interlayers of M-Ti3C2 through 

a straight forward low-temperature DMSO-based process, as shown in Fig. 2b.
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Fig. 2 SEM images showing: (a) etched Ti3C2 MXene, (b) fresh 2D α-MnOx@Ti3C2, (c and d ) 

display the electrode's morphology after cyclying.

Highly conductive M-Ti3C2 MXene improves the conductivity of 2D α-MnOx nanosheets, 

accelerating ion and electron transfer at the cathode. Fig. 2c and d show SEM images that confirm 

structural recovery, supporting the known mechanism of Li2O2 formation and decomposition in 

Ti3C2@MnOx cathodes. The uniformly grown 2D α-MnOx nanosheets are loosely aggregated, 

providing numerous active sites for Li-ion insertion and extraction (See Fig S1 more details). This 

demonstrates reversible morphological changes during discharge and charging in Li2O2 systems.

 After discharging, the morphology, as shown in Fig. 2c,d, revealed dense toroidal and particle-

like deposits, similar to Li2O2 toroids, surface films, and pore-blocking agglomerates reported on 

MnO2-based electrodes.11,21 Moreover, the multilayered Ti3C2 stacks display a typical accordion-

like structure, consistent with previously observed discharge and charge behaviors of Ti3C2 

MXene/MnO2 composite cathodes in Li–O2 batteries.22,23 The α-MnOx catalyzes Li2O2 nucleation, 

while the conductive Ti3C2 scaffold facilitates lateral growth, leading to thick deposits during 

discharge. Morphological and elemental changes after discharge show toroidal Li2O2 particles and 

Li2O2–MnOx aggregates on the layered α-MnOx@Ti3C2 surfaces, indicating oxygen reduction 

reaction (ORR) product formation (see Fig. S3 and S2 for additional details). 

Fig. 3a shows the Mn 2p spectrum of the pristine sample, which can be decomposed into three 

oxidation states: approximately 50.8% Mn+4 (2p3/2 and 2p1/2), 22.3% Mn+3, and 26.9% Mn+2 based 

on peak areas. The predominant Mn+4 component (around ~642–643 eV) suggests the material is 

mainly MnO2-like, while the notable Mn+3 and Mn+2 signals (near ~641 eV and ~640–638 eV) 

indicate the nanosheets are partially reduced, forming a mixed-valence MnOx phase rather than a 

pure Mn+4 oxide. This variety in oxidation states is typical for solution-grown MnOx nanosheets. 

Page 7 of 18 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 5
:2

0:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA01055E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta01055e


8

Consequently, a disordered α-MnO2 chemically mixed valence MnOx nanosheet is also supported 

by our XRD data. The notable increase in Mn+3 peaks, along with their satellite features and a 

broad Mn+2 shoulder at lower binding energies, indicates that Mn+4 in α-MnOx was reduced to 

Mn+3 and Mn+2 during cycling. This reduction typically results from oxygen vacancies, Jahn–

Teller distortion of Mn+3, electrolyte-induced Mn dissolution, and collapse of the [2×2] tunnels 

that support the α-MnO2 structure.24 As these tunnels degrade and Mn shifts to lower oxidation 

states, the structure weakens, electronic conductivity decreases, and electrochemical reversibility 

diminishes. The diminished Mn+4 signal and the dominance of Mn+3/Mn+2 in the XPS confirm that 

the electrode has transformed into a mixed-valence MnOx phase. 

Fig. 3 High-resolution XPS spectra of Ti 2p and Mn 2p regions for the 2D α-MnOx@M-

Ti3C2before (a, c) and after (b, d) Li-O2 cycling. 
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Additionally, the C1s and O1s spectra of both new and cycled samples were analyzed, with 

details in Fig. S2a- d.In the fresh α-MnOx@Ti3C2 sample, the Ti 2p XPS spectrum mainly shows 

strong Ti-C peaks at ~454.5 eV and ~460.5 eV, along with only a small Ti-O peak near ~458.5 

eV. This indicates that the Ti3C2 MXene remains intact primarily with minimal surface oxidation. 

However, after Li-O2 cycling, the Ti-O peak increases significantly while the Ti-C peaks decrease. 

This change suggests that part of the Ti3C2 surface is oxidizing to TiO2 during operation, which 

may be the reason for the MXene structure to become chemically unstable during cycling and 

transformation into the poorly conductive TiO2. This oxidation is primarily caused by reactive 

oxygen species produced during MnOx redox reactions and electrolyte decomposition, which lead 

to the breakdown of the Ti-C framework and the collapse of the multilayer structure. As a result, 

the loss of conductivity and structural integrity of Ti3C2 destabilized the embedded α-MnOx 

nanosheets, leading to rapid capacity decline and ultimately cell failure after 54 cycles.25

Galvanostatic charge/discharge curves were recorded for LAB cells using 2D α-MnOx@M-

Ti3C2 as air cathode at different current densities to assess the initial specific capacities and cycling 

stability as shown in Fig. 4. The initial specific discharge capacities of 2D α-MnOx@M-Ti3C2 of 

14377, 12648, and 11242 mA g-1 at varying current densities of 100, 200, and 300 mA g-1, 

respectively presented in Fig. 4a. The performance of the electrode is remarkable compared with 

MnO2-based electrocatalysts under similar testing conditions. At 100 mA g-1, the produced 

capacity is higher than that of a similar system reported in the literature (Table S1). The overall 

electrochemical reaction occurring during the charge and discharge of the LAB is presented in Eq. 

(1). During discharge, Li2O2 is formed as a result of the oxygen reduction reaction (ORR), whereas 

during charging, lithium peroxide is decomposed through the oxygen evolution reaction (OER).26
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Fig. 4: Electrochemical performances of LABs with 2D α-MnOx@M-Ti3C2. (a) Discharge/charge 

profiles at 100, 200 and 300 mA g-1, and (b) at different cycles at 500 mA g-1 with fixed specific 

capacity of 500 mAh g-1. (c) dQ/dV profile of discharge/charge curves at different cycles. (d) 

Complete cyclability obtained at 500 mA g-1 and 500 mAh g-1. 

2𝐿𝑖 + 𝑂2 +2𝑒― ⇌ 𝐿𝑖2𝑂2 E = 2.96 V vs Li+/Li (1)

The onset potentials for the discharge (ORR) were found to be at 2.75, 2.68 and 2.59 V vs Li+/Li, 

at 100, 200, and 500 mA g-1, respectively. while for the charge (OER) the values were 3.66, 3.85 

and 3.92 V vs Li+/Li, at 100, 200, and 500 mA g-1, respectively, indicating the outstanding 

catalytic activity promoted by the synergic effect between the M-Ti3C2 MXene and 2D α-MnOx 

nanosheets (see Table S2). The coexistence of Mn+3 and Mn+4 generates a flexible electronic 

environment that enhances both charge compensation and electron transfer during electrochemical 

cycling. During ORR (discharge), Mn+4 is reduced to Mn+3, accepting electrons and facilitating O2 
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activation into superoxide-like intermediates, whereas during OER (charge), Mn³⁺ is oxidized back 

to Mn+4, enabling efficient electron extraction from Li2O2 and lowering the associated 

overpotential relative to fixed-valence oxides. In parallel, the mixed-valence configuration 

promotes electronic conductivity through a double-exchange mechanism (Mn+3–O–Mn+4), which 

enables electron hopping between adjacent cations and improves charge transfer to and from 

surface-bound intermediates.27,28 At the atomic level, Mn+3 in an octahedral crystal field exhibits 

a high-spin d4 (t2g3 eg
1) configuration, where the singly occupied eg orbital is aligned along the 

metal–oxygen bond axis, directly influencing adsorption behavior. This electronic structure 

weakens LiO2 adsorption by increasing electron density in O2 antibonding orbitals, resulting in 

moderate binding that is favorable for OER by preventing surface poisoning, while excessively 

strong adsorption, as in Mn⁴⁺-dominated sites, would hinder reaction kinetics.29,30

Additionally, the eg
1 configuration of Mn+3 induces Jahn–Teller distortion, producing a locally 

flexible coordination environment that accommodates structural changes during Li2O2 formation. 

This flexibility reduces lattice mismatch during nucleation, promoting the growth of less 

crystalline and more defective Li2O2 morphologies that are easier to decompose upon charging, in 

contrast to the dense films typically associated with Mn+4-rich systems. The overall catalytic 

performance is therefore governed by the synergistic interaction between Mn+3 and Mn+4 sites 

rather than by either species alone. During ORR, O2 adsorption and activation occur at Mn+3–Mn+4 

pairs, where Mn+4 polarizes the molecule and Mn+3 facilitates electron donation to form O2⁻, 

enabling subsequent Li⁺ coordination without over-stabilizing intermediates.31,32 Conversely, 

during OER, Li2O2 decomposition proceeds via LiO2 intermediates that are optimally stabilized at 

Mn+3 sites strong enough to sustain transient species yet weak enough to allow their further 

transformation and O2 evolution. This balance between stabilization and reactivity, achieved 
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through mixed valence, underpins the improved catalytic efficiency compared to single-valence 

manganese oxides.33,34

Furthermore, high current densities help suppress parasitic reactions but lead to higher 

overpotentials. This behavior may be linked to the reaction interface, where Li2O2 tends to detach 

from the electrode surface under high current conditions.23,35 It is important to emphasize that the 

reaction interface during charging is highly dependent on both the charge rate and the applied 

voltage; specifically, high rates and overpotentials promote O2 evolution at the Li2O2, i.e., 

electrode interface, which in turn contributes to detachment of the remaining Li2O2 from the 

electrode.21,22

The cyclability of the LAB cells is investigated using a capacity-limited strategy that restricts the 

discharge capacity to 500 mAh g-1 at 500 mA g-1. Fig. 4b illustrates the evolution of the battery’s 

discharge/charge profile over cycling, while Coulombic efficiency is presented in Fig S5. During 

the initial cycles (up to ~30 cycles), both discharge and charge capacities remain close to the 

defined limit, indicating good reversibility and efficient formation and decomposition of Li2O2 via 

the ORR and OER, respectively. However, beyond this region, the charge capacity begins to 

decline gradually, while the discharge capacity remains relatively stable before eventually 

decreasing. This divergence suggests increasing polarization and reduced charge efficiency, likely 

due to the incomplete decomposition of Li2O2 and the accumulation of parasitic side products such 

as Li2CO3. As cycling progresses (50–65 cycles), both charge and discharge capacities exhibit a 

sharp decline, signaling severe electrode degradation. This rapid capacity fading can be attributed 

to the buildup of insulating discharge products, pore blockage, and hindered oxygen diffusion, 

which collectively limit active reaction sites and electron transport. The high applied current 

density further exacerbates these effects by promoting non-uniform, film-like Li2O2 deposition and 
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accelerating electrolyte decomposition. Ultimately, the near-total loss of capacity after ~65 cycles 

indicates cell failure, highlighting the challenges associated with maintaining stable cycling 

performance in lithium–air batteries under high-rate conditions. The total overpotentials measured 

at 100 mAh g-1 reached during the 1st, 2nd, 10th, 30th, and 50th cycles are 1.244, 1.259, 1.015, 

1.038, and 1567 V, respectively. 

Fig. 4c presents the dQ/dV curves obtained from the charge/discharge profiles. The discharge 

onset voltage is initially 2.628 V, compared to the theoretical 2.96 V. This voltage shows a 

significant shift from 2.582 V to 3.620 V between the 2nd and 10th cycles. The cell exhibits a peak 

at 3.616 V up to the 30th charge, which shifts to 2.398 V by the 50th cycle, accompanied by a 

notable decrease in peak intensity. This behavior indicates a rapid loss of voltage control and an 

immediate decline in cell performance. 

Finally, as shown in Fig. 4d, the 2D α-MnOx@M-Ti3C2 sample can undergo 54 consecutive cycles, 

representing an improvement over similar MXene36 and MnO2 structures (Table S1). Up to 

approximately the 30th cycle, the difference between the charge and discharge voltages remained 

relatively small, in which the electrode structural stability seems to have a considerable influence 

in the discharge/charge cycle reversibility. However, as the 54th discharge cycle approached, the 

discharge voltage dropped sharply to 1.5 V, at which point the charging process was terminated. 

It can be correlate to the XPS result that after cycling, the Mn 2p XPS spectrum indicates that the 

original α-MnOx undergoes significant reduction and structural breakdown, which explains the 

rapid capacity decline after 54 cycles.

In conclusion, a simple, one-step, oxidant-free method has been developed to engineer mixed-

valence MnOx directly within MXene layers during delamination. Our SEM results show that 2D 

α-MnOx nanosheets successfully grew within the etched interlayer spaces of multilayer Ti3C2 
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MXene during low-temperature delamination under constant magnetic stirring. Electrochemical 

results indicate that the high electrical conductivity of the 2D α-MnOx@Ti3C2 catalyst allows for 

rapid electron transport during LAB operation, achieving a high specific capacity and maintaining 

stable cycling over 54 cycles at a higher current density. It is believed that the interlaced 2D hybrid 

nanosheet structure exposes more active sites and provides additional space for Li2O2 deposition. 

As a result, the ORR/OER reaction kinetics in the LAB are improved, enhancing overall 

electrochemical performance. This strategy offers a versatile platform for confined redox 

chemistry of metal oxides within MXenes and enables high-performance energy storage electrodes 

for Li-O2 batteries. 
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