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Abstract
MXenes have emerged as promising candidates for flexible and printed energy storage systems due to their metallic elec-
trical conductivity and hydrophilicity. However, their practical application is severely hindered by the restacking of delam-
inated sheets and rapid oxidative degradation under ambient or elevated temperatures. To address these critical challenges, 
we propose a strategy using redox-active 0D manganese dioxide (MnO2) nanoparticles decorated on 2D MXene sheets to 
serve as effective oxygen scavengers. Density functional theory (DFT) simulations and X-ray photoelectron spectroscopy 
(XPS) analyses confirm that MnO2 preferentially interacts with oxygen species, thereby significantly mitigating the oxida-
tion of the MXene backbone. Furthermore, by incorporating 1D silver nanowires (AgNWs) to optimize ink rheology and 
conductivity, we developed a 0D/1D/2D hybrid ink capable of direct ink writing (DIW) 3D printing without the need for 
additional metal current collectors. The resulting fully printed asymmetric supercapacitor exhibited a high areal capaci-
tance of 565.1 mF cm− 2 and an areal energy density of 0.2 mWh cm− 2. Notably, the device demonstrated exceptional 
durability with 98.52% capacitance retention after 10,000 charge-discharge cycles and maintained stable electrochemical 
performance across a wide temperature range from 10 to 50 °C. This work presents a robust solution for overcoming the 
intrinsic instability of MXenes, paving the way for reliable, high-performance flexible electronics.
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1  Introduction

Advancements in smart, stretchable electronics and the 
Internet of Things (IoT) for various applications such as 
displays, artificial electronic skins, wearable sensors, and 
energy storage devices have stimulated researchers’ inter-
est in developing compatible energy storage devices that 
can be stretched, deformed, and integrated with a variety of 
stretchable devices [1, 2]. Among all energy storage devices, 
supercapacitors exhibit positive sides of all, such as excel-
lent power density, energy density, and cycling stability [3, 
4]. To satisfy these requirements, careful consideration of 
the synthesis process, active materials (high mechanical 
strength and electrochemical performance), and electrolytes 
is necessary [5]. MXenes are considered the most rapidly 
expanding two-dimensional (2D) material family in recent 
years and are commonly synthesized by etching A element 
atomic layers from the precursor MAX phase [6, 7]. Vari-
ous techniques have been used for the selective etching of 
A atomic layers, such as hydrofluoric acid (HF) etching [8], 
aqueous ammonium hydrogen bifluoride (NH4HF2) [9], 
molten salts [10], and LiF-HCl [11] ligand pair etching. 
Among the methods discussed above, the LiF-HCl ligand 
pair is the most popular method due to in situ HF forma-
tion, which eliminates the direct handling of HF. Further-
more, the LiF-HCl etchant provides additional Li ions that 
spontaneously intercalate into the MXene layers, which 
reduce the interactions between the MXene layers, lead-
ing to the enlarged interlayer distance [12, 13]. Single-layer 
MXene tends to restack and aggregate, owing to strong van 
der Waals interactions between the layers. However, the 
exposed surface with the easily accessible to the charge car-
riers is very important for the high electrochemical perfor-
mance of MXene based electrode. To address this problem, 
various strategies have been utilized, such as the insertion 
of transition metal oxides [14], activated carbon [15], and 
metal cations [16]. Among these, the intercalation of metal 
oxides allows the formation of stable delaminated MXene 
structures due to their physical separation role together with 
the good chemical and thermal stability, which is respon-
sible for maintaining the stable integrity of MXene and pro-
viding additional active sites for electrolyte ion storage [17]. 
Luo et al. synthesized 1D/2D Fe2O3/MXene composites 
for all-solid-state supercapacitors, and a high areal capaci-
tance (691mF cm− 2) but poor cyclic stability (81.74%) 
were achieved [18]. Similarly, Zhang et al. synthesized a 
Co3O4 nanoparticle-MXene composite with enhanced spe-
cific capacitance (1081  F g− 1), energy density (26.06 Wh 
kg− 1), and power density (700 W kg− 1), however, the capac-
ity retention is only about 83% after 8000 cycles [19] due 
to the poor stability of the composites. Chavan et al. fab-
ricated an asymmetric supercapacitor using NiO@MXene 

as anode and copper oxide as cathode, which delivered a 
high specific capacitance (1542 F g− 1) and relatively lower 
energy density (10.7 Wh kg–1) and cyclic stability (90.6%) 
after 5000 cycles [20]. Moreover, our recent study demon-
strated a better areal capacitance (138.75 mF cm− 2), how-
ever, the supercapacitor made by MXene still suffers from 
poor stability with only 78.7% capacitance retention [21]. 
The poor cyclic stability for all MXene-based composites 
is mainly due to the decomposition of MXene during the 
charging and discharging process. It has been well-known 
that the MXene can be easily oxidized with the formation 
of the TiO2. Therefore, it is highly demanded to develop 
efficient strategies to stabilize the MXene and prevent its 
decomposition during the charging/discharging process in a 
water-based supercapacitor system.

MnO₂ is a typical metal oxide with high (+ 4) and vari-
able oxidation states (+ 2 to + 4), making it a promising 
redox-active component for electrochemical energy-stor-
age systems [22]. Chen et al. synthesized hollow MnO₂ 
nanoparticles and demonstrated their reactive oxygen spe-
cies (ROS)-scavenging ability as an artificial nano-enzyme 
in osteoarthritis [23]. Although this study was not conducted 
in a MXene-based system, it highlights the redox-active and 
oxygen-interacting nature of MnO₂. In the present study, 
we investigate whether such redox-active MnO₂ nanopar-
ticles can contribute to mitigating MXene oxidation when 
uniformly integrated with MXene sheets. Therefore, under-
standing the interface and interaction between MXene 
and MnO₂ is important for designing stable MXene-based 
electrodes.

In addition, although MXene is conductive, after the 
incorporation with MnO2, a current collector is still required 
to increase the conductivity of the electrode after coating the 
MXene and MnO2 composite based on the inject printing 
method. Moreover, in order to further increase the electri-
cal conductivity, activated carbon [24], carbon nanotubes 
[24, 25], gold [25, 26], and silver are usually added to the 
electrode as conductive additives. Gold exhibits exceptional 
conductivity but is extremely expensive, thus limiting prac-
tical applications. The active carbon and carbon nanotube 
particles render the formed electrode brittle, which reduces 
the stability of the fabricated printed electrodes, limiting 
their potential applications. AgNWs are viable materials 
that are conductive, flexible, and cost-effective. The chemi-
cal nature of silver provides high conductivity, and its one-
dimensional (1D) morphology confers excellent flexibility 
[27, 28]. The addition of highly conductive AgNWs not 
only provide one dimensional conductive network in the 
electrode, but it could also allow the fabrication of a cur-
rent collector-free electrode [29]. Therefore, the synergy 
of the three different materials with different dimensions 
from zero-dimensional (0D)-MnO2, to 1D-AgNWs, and 
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to 2D-MXene layers can strategically address all the chal-
lenges in using MXene as electrode materials for a super-
capacitor with high performance, flexibility, and stability.

In this study, the redox-active functionalization of 
2D-MXene sheets using 0D-MnO2 nanoparticles (NPs) was 
introduced with two aims, one is to prevent the agglomera-
tion issue of MXene by the intercalation of the small MnO2 
nanoparticles; the second one is to act as oxidation scav-
enger to completely prevent the oxidation and decomposi-
tion of the MXene, thus increasing it chemical stability and 
cycling stability of the supercapacitor. The incorporation 
of the 1D-AgNWs will not only increase the conductivity 
by bridging the MXene 2D nanosheet with 1D conductive 
wires but also allow direct printing of the MXene/MnO2 on 
the surface of the substrate without the pre-deposition of the 
current collector contact. This research presents a methodol-
ogy for combining the materials with various morphologies 
and dimensions to address the challenges associated with 
MXene, including poor cyclic stability, fewer redox active 
sites, susceptibility to oxidation, and reduced conductivity 
following intercalation and functionalization demands of 
foreign current collectors.

2  Materials and methods

2.1  Materials

MXene precursor MAX powder (Ti3AlC2, 99%), manga-
nese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O, 99.9%), 
hydrochloric acid (HCl, 37%), lithium fluoride (LiF, 99%), 
carbon cloth (400 mesh), sodium hydroxide (NaOH, 98%), 
sulfuric acid (H2SO4, 98%), Nafion (5%), polyvinyl alcohol 
(PVA, 99%), silver nanowires (AgNWs, 98%) and poly-
ethylene terephthalate (PET) were obtained from Sigma 
Aldrich. Moreover, the solvents distilled water and ethanol 
were purchased from Science 4U. All chemicals were used 
as received without further treatment.

2.2  Synthesis of MXene

MXene etching was performed using the LiF/HCl MILD 
method. First, concentrated HCl was diluted to a 9 M aque-
ous solution in 10 mL of double-distilled water. Subse-
quently, 0.75 g of LiF was added to the HCl solution and 
stirred at 50 °C for 2 h to obtain a homogeneous acidic etch-
ing solution. Thereafter, 0.325  g of Ti₃AlC₂ MAX phase 
was gradually added to the LiF/HCl solution to avoid rapid 
heat generation and splashing. The reaction was allowed to 
proceed for 48 h, during which in situ generated HF selec-
tively etched the Al layers from Ti₃AlC₂ and dissolved them 
into the solution as Al³⁺ species, leaving behind Al-free, 

surface-terminated Ti₃C₂Tₓ MXene [30]. The reaction mix-
ture was then centrifuged at 3500 rpm using distilled water 
and ethanol until the solution pH exceeded 5.5 to remove 
residual salts and acidic species. The obtained sediment 
was subsequently ultrasonicated for 1 h to delaminate the 
MXene layers, followed by overnight drying at 60  °C to 
obtain the final MXene product.

2.3  Synthesis of MnO2 via the co-precipitation 
method

MnO2 nanoparticles were synthesized using a facile, eco-
friendly, and cost-effective method. In this process, manga-
nese (II) nitrate tetrahydrate (6.27 g) was dissolved in 50 
mL of distilled water through vigorous stirring at 60  °C, 
resulting in a 0.5 M solution. This procedure was continued 
until homogeneous dispersions of the respective salts were 
achieved. Subsequently, to obtain controlled reaction kinet-
ics, a 2 M ammonium water solution was added dropwise 
until the solution reached a pH of 10. The solution was then 
washed repeatedly with distilled water and ethanol in a cen-
trifuge. Following subsequent washing, the precipitate was 
dried overnight in an oven and calcined at 450 °C for 4 h to 
obtain the final yield.

2.4  Synthesis of MnO2@MXene

Decoration of MnO2 on the delaminated MXene nanosheets 
was achieved using a simple ultrasonication method. To 
maintain the temperature of the ultrasonicator, water was 
continuously flowed through it. First, 100 mg of the syn-
thesized MXene powder was ground, dispersed in 50 mL of 
distilled water, and sonicated until the MXene powder was 
fully dispersed. Subsequently, 20 mg of the finely ground 
MnO2 powder was added to the MXene dispersions. Ultra-
sonication was conducted for 2 h to ensure uniform deco-
ration of MnO2 nanoparticles on the MXene nanosheets. 
Following this process, the solution was repeatedly washed 
with water and ethanol to remove unreacted species, fol-
lowed by overnight drying at 60  °C in a vacuum oven to 
obtain the final product.

2.5  Synthesis of MXene/AgNWs

MXene/AgNWs composites were synthesized using a facile 
ultrasonication method. The synthesis of MXene in aque-
ous media results in the surface termination of –OH and 
–F groups. These functional groups facilitate the formation 
of hydrogen bonds and van der Waals interactions with the 
metal oxides and MXene. First, 100 mg of MXene was dis-
persed in 50 mL of distilled water and sonicated for 1 h to 
ensure uniform dispersion and delamination of the MXene 
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sheets. Thereafter, 20 mg of 1D-AgNWs were added to the 
mixture and sonicated for an additional hour. The tempera-
ture within the sonicator was maintained through continu-
ous water flow, which was crucial for the stability of the 
MXene. The fabricated composite was washed with dis-
tilled water and ethanol to remove unreacted MXene and 
AgNWs, yielding a pure composite. Finally, the composite 
was dried in a vacuum gas oven at 60 °C.

2.6  Synthesis of MnO2@MXene/AgNWs composite

The synthesized MnO2@Mxene powder was ground thor-
oughly, and approximately 90 mg was dispersed in 50 mL of 
distilled water using ultrasonication. The temperature inside 
the sonicator was maintained using continuous water flow. 
Subsequently, a homogenous dispersion of approximately 
20 mg of AgNWs was added, and the mixture was sonicated 
for 2 h. Subsequently, the mixture was washed with distilled 
deionized water and ethanol to remove undesired products. 
The final slurry was dried overnight under vacuum to obtain 
the final composite for use in electrochemical supercapaci-
tors. The overall fabrication process of MnO2@MXene/
AgNWs is illustrated in Figure S1.

2.7  Carbon cloth treatment

Carbon cloth was used as the substrate to fabricate a highly 
flexible, chemically stable, and mechanically stable elec-
trode. Commercially available carbon cloth cannot be 
directly employed as a substrate due to its hydrophobic 
nature and contamination. The activation and purification 
steps involved treatment of carbon cloth in a 2 M HCl solu-
tion for 8  h. Subsequently, the treated cloth was washed 
with distilled water and further treated for 8  h in a 2  M 

NaOH solution. The substrate was then washed with ethanol 
and distilled water and dried at 60 °C to obtain the finally 
activated substrate with a highly hydrophilic nature, which 
facilitates enhanced interaction between the electrolyte and 
electrode. The activated hydrophilic carbon cloth substrate 
was then cut into 1.0  cm lengths and widths for the final 
fabrication of the active material.

2.8  Electrode fabrications on carbon cloth for the 
three-electrode system

The synthesized MXene powder was pulverized before 
electrode fabrication. Approximately 10 mg of pulverized 
MXene powder was carefully added to 1 ml of 2% Nafion 
in ethanol as a binder. Subsequently, the mixtures were sub-
jected to ultrasonication under a continuous flow of water 
to maintain the temperature required for MXene stability. 
After continuous ultrasonication of the mixture for 1 h, it 
was drop-cast onto a pre-treated carbon cloth substrate. 
Electrode fabrication was completed in five cycles, during 
which the loaded material was dried in an oven for 1 h until 
the entire material was deposited onto the substrate.

2.9  Preparation of MnO2@MXene/AgNWs printable 
ink for two-electrode system and DIW

MnO2@MXene/AgNWs ink for DIW was synthesized 
using the following methodology: First, 180  mg MnO2@
MXene/AgNWs powder and ~ 20 mg polyvinylidene fluo-
ride were thoroughly ground using a mortar and pestle at 
a weight ratio of 90:10. 5 mL of N-methyl-2-pyrrolidinone 
solvent was added to the above mixture to obtain a homo-
geneous slurry, corresponding to a total solid content of 
200 mg (40 mg mL− 1), and stirred vigorously for 48 h. Sub-
sequently, the resulting slurry was processed with a plan-
etary centrifugal agitator for 20 min to eliminate air bubbles 
introduced during the agitation process. To print the fab-
ricated material, the as-synthesized ink was transferred to 
a syringe with a 22-gauge nozzle and loaded onto a DIW 
printer. The fabricated material ink was printed (area: 2 cm 
× 2 cm) on flexible PET substrate and dried for 4 h at 60 °C 
in a vacuum gas oven, considering the sensitivity of MXene, 
then directly implemented for electrochemical testing after 
cutting into 1  cm × 1  cm dimensions (Fig.  1). The mass 
loaded onto the PET substrate was precisely calculated to 
be 4.93 mg/cm2.

2.10  Electrochemical measurements

An electrochemical workstation (WisEIS-1200 Premium) 
was used to conduct CV, GCD, and EIS of MXene, MnO2@
MXene, MXene/AgNWs, and MnO2@MXene/AgNWs. 

Fig. 1  Shows the schematic illustration of the thermally stable 
0D/2D/1D MnO2@MXene/AgNWs heterostructure. The 0D MnO2 
nanoparticles are anchored on the surfaces and edges of 2D MXene 
sheets to prevent severe agglomeration and to act as oxidation scaven-
gers, converting atmospheric oxygen (O2) into adsorbed oxygen spe-
cies (O*) to mitigate oxidation. The 1D AgNWs network on the sur-
face provides high electrical conductivity, contributing to the device’s 
stability under elevated-temperature conditions
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Additionally, the scan-rate test was conducted at scan rates 
from 20 to 100 mV s− 1, while GCD studies were conducted 
at current densities ranging from 0.5 to 4 A g− 1, and EIS 
analysis was performed in the frequency range of 10 Hz to 
100  kHz. Electrochemical measurements were conducted 
using 3  M sulfuric acid as the electrolyte, silver/silver 
chloride as the reference electrode, and a platinum wire 
as the counter electrode. The fabricated MXene, MnO2@
MXene, MXene/AgNWs, and MnO2@MXene/AgNWs 
were employed as working electrodes to evaluate their elec-
trochemical responses. The specific capacitance, energy 
density, and power density of the fabricated materials were 
calculated as follows:

Csp = Area

2 × ∆ V × m × scan rate
� (1)

Csp = I × ∆ t

∆ V × m
� (2)

E = 1
2

CV 2� (3)

P = E

∆ t
� (4)

 where Csp (F g–1) is the specific capacitance that can be 
calculated from CV and GCD data, V is the potential win-
dow, and scan rate (mV s–1). I (mA) represents the current 
at which the GCD was run, t (s) is the discharge time, and 
m (g) is the mass loaded. E (Wh/kg) is the energy density, 
and P (W/kg) is the power density, which can be calculated 
using Eqs. 3 and 4.

2.11  Characterization

Physiochemical characterizations of MXene, MXene/
AgNWs, MnO2@MXene, and MnO2@MXene/AgNWs 
were conducted using XRD (BRUKER, D8 ADVANCE, 
South Korea), FE-SEM/EDS (SUPRA40VP, South Korea), 
and HR-TEM (JEM-ARM200F). Fourier transform infra-
red (FT-IR) spectroscopy (Perkin Elmer, Frontier, South 
Korea) and High-performance 3D imaging Raman spec-
troscopy (NANOPHOTON, RAMAN TOUCH, South 
Korea) were employed to analyze the nature of the func-
tional groups and structural defects. A specific surface area 
analyzer (Micromeritics, ASAP24600, South Korea) was 
employed for surface area measurement. All characteriza-
tions were performed at the Center of University-Wide 
Range Research Facilities (CURF) at Jeonbuk National 
University in South Korea. Valence oxidation state analysis 
was performed using a hybrid XPS system (CJ115, South 

Korea) at the KBSI Center, Jeonbuk National University, 
Republic of Korea.

3  Results and discussion

3.1  Physical and chemical characterization

The combination of 0D@2D/1D active materials with syn-
ergistic effect, due to the presence of nanomaterials with 
different dimensions, was characterized by various struc-
tural and morphological techniques, including X-ray dif-
fraction (XRD), FT-IR, Raman, BET, FE-SEM, EDS, and 
HR-TEM. Firstly, the MAX, MXene, MnO2@MXene, 
MXene/AgNWs, and MnO2@MXene/AgNWs were evalu-
ated by XRD (Fig. 2a-b). Figure 2a shows the XRD pattern 
of the MAX phase containing Miller indices (004), (101), 
(103), (105), (107), and (109) with high intensities. These 
high intensities were attributed to the presence of metallic 
Al in the MAX phase [27, 31]. The (002) plane could be 
assigned to the Ti–C bond. The observed peak at ~ 25° can 
be attributed to anatase TiO₂, indicating minor surface oxi-
dation of MXene. However, the low intensity of this TiO₂ 
peak suggests that only a small fraction of MXene was oxi-
dized, which is commonly observed under aqueous synthe-
sis and processing conditions. The lattice spacing formula 
(d = nλ/2sinθ) was employed to calculate the interlayer dis-
tance. The c-lattice parameter for the MAX phase was calcu-
lated to be 12.48 Å, which can be attributed to the existence 
of a strong metallic bond between aluminum and titanium. 
After etching the Al layer, the diffraction peak associated 
with the aluminum middle layer disappeared in the XRD 
pattern of the etched MXene. Subsequently, the (002)-plane 
shifted from 9.8° (MAX phase) to 6.91°, demonstrating an 
increased interlayer spacing between the MXene sheets. 
The observation was supported by the calculated c-lattice 
parameter, which is 25.82 Å in the case of MXene. Low alu-
minum peak intensities, shifting of the (002) plane towards 
a lower angle, and increased c-lattice parameters indicate 
the removal of aluminum from the MAX phase, resulting 
in well-delaminated MXene galleries. The XRD pattern of 
MnO2@MXene shown in Fig. 2b contains the (100), (110), 
(113), and (321) diffraction peaks of MnO2 validating the 
successful anchoring of MnO2 on the MXene surfaces. The 
slight shift of the (002) plane from 6.91° (MXene) to 6.10° 
(MnO2@MXene) provide strong evidence to demonstrate 
the interaction between MnO₂ and MXene surface functional 
groups, rather than the intercalation of large MnO₂ parti-
cles (~ 25  nm) into the sub-nanometer interlayer galleries 
(~ 2.6 nm). Instead, the MnO₂ particles mainly were depos-
ited at the surfaces and edges of the MXene sheets, which 
could prevent the macroscopic agglomeration of MXene 
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flakes and effectively inhibit the restacking of the MXene 
sheet. Similarly, the XRD pattern of the MXene/AgNWs 
exhibited the (002) diffraction peak of MXene at 5.93° and 
the (111) and (220) diffraction peaks at 38.08° and 44.4°, 
respectively. The observed peaks indicated the presence 
of AgNWs in the MXene host. Similar to MnO2, the addi-
tion of AgNWs also contributes to the increase of interlayer 
spacing of the MXene layers, as evidenced by the shift of 
(002) plane from 6.91° (MXene) to 5.93° (MXene/AgNWs) 
and the enlarged c-lattice parameter of 25 Å. Finally, the 
XRD pattern of MnO2@MXene/AgNWs contains the char-
acteristic (002) diffraction peak of MXene, and the (111) 
and (200) diffraction peaks confirm the presence of AgNWs 
in the synthesized composite material. However, the com-
posite exhibited (113) and (111) MnO2 planes, which can 
be attributed to the presence of MnO2 along with AgNWs. 
The shift in the (002) plane from 6.10° to 5.51° further 
indicates the increase of the interlayer spacing of MXene, 
resulting from the physical support of AgNWs and MnO2 
between the MXene layers. One-dimensional AgNWs are 
available for physical support to MXene sheets, like MnO2. 

Therefore, the final sample exhibits a large peak shift and a 
high c-lattice parameter (28.62 Å), as shown in Fig. 2b. The 
results obtained confirm the physical support provided by 
MnO2 and AgNWs in the MXene host, which can enhance 
the chemical and mechanical stability of MXene. Moreover, 
the characteristic XRD spectrum of MnO2 and AgNWs is 
provided in Figure S2a and Figure S2b, to validate the syn-
thesis of MnO2 and AgNWs, respectively.

FT-IR spectroscopy was employed to characterize the 
functional groups on the surfaces of the as-synthesized 
materials, as illustrated in Fig.  2c. The FT-IR spectrum 
of MXene was recorded in the range of 1700–400  cm–1, 
where the peaks at 523 and 624  cm–1 could be attributed 
to the Ti–C and Ti–O bands [31, 32]. Similarly, the peaks 
at 1151, 1212, 1394, and 1610  cm–1 can be attributed to 
the C–F, C–H, C–H, and C–OH bands, respectively, which 
are consistent across all samples with minimal differences 
in peak intensities. The FT-IR spectrum of MnO2@MXene 
exhibited both Ti–C and Ti–O bands, analogous to those of 
MXene. Furthermore, the FT-IR spectrum of the MXene/
AgNWs exhibited peaks similar to those of MXene, with 

Fig. 2  XRD pattern of MAX, MXene, MnO2@MXene, MXene/
AgNWs, and MnO2@MXene/AgNWs (a, b), FT-IR spectrum of 
MXene, MnO2@MXene, MXene/AgNWs, and MnO2@MXene/
AgNWs (c); XPS analysis of MnO2@MXene/AgNWs with survey 

spectrum (d), Ti 2p (e), Mn 2p (f), Ag 3 d (g), O 1 s (h), C 1 s (i), and 
BET analysis consisting of (j) a comparison of the surface areas of 
MXene and MnO₂@MXene/AgNWs, and (k) the pore-size distribu-
tion of the final composite
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one additional peak at 655  cm–1, which can be attributed 
to Ag–O bond vibrations [32, 33]. Finally, MnO2@MXene/
AgNWs exhibited Ti–C, Ti–O, Ag–O, C–F, C–H, and C–
OH peaks, like those of the MXene and MXene/AgNWs 
samples. The MXene surface is well-terminated with F, 
O, and OH functional groups, which are advantageous for 
charge-storage applications, especially in acidic electro-
lytes. Additionally, Raman spectroscopy is shown in Figure 
S3 and briefly discussed to investigate structural defects in 
MXene and MnO2@MXene/AgNWs.

To elucidate the surface chemistry of MnO2@MXene/
AgNWs, XPS analysis was conducted, and the peaks were 
deconvoluted, as shown in Fig. 2d-i. The survey spectrum 
exhibited all the characteristic peaks of the Ti, C, O, Mn, 
and AgNWs (Fig. 2d). Notably, peaks at binding energy of 
33.64, 48.15, 83.17, 283.41, 376.96, 455.29, 477.88, 530.18, 
560.82, 640.78, 652.76, 685.25, 825.11, 852.99, 902.53, and 
972.35 eV can be assigned to Mn 3p, O 2 s, Mn 3 s, C 1 s, Ag 
3 d, Ti 2p, Ti 2p1/2, O 1 s, Ti 2 s, Mn 2p3/2, Mn 2p1/2, O KLL, 
Ti LLM, Mn LLM, Mn LLM, and C KLL, respectively [33, 
34],. The high-resolution Ti 2p spectrum shown in Fig. 2e 
was deconvoluted into Ti-C (454.25  eV), Ti3+ (454.97, 
460.6 eV), Ti4+ (456.18, 461.9 eV), and C–Ti–F (458.44 eV) 
peaks. It has been reported that Ti–C signals originate from 
the interior of the MXene layers [34, 35]. Similarly, Fig. 2f 
showed the deconvoluted spectrum of Mn 2p into Mn3+ 
(641.08, 652.76 eV) and Mn4+ (644.59, 657.33 eV), validat-
ing the presence of MnO2 in the desired oxidation states in 
the final synthesized composite. However, the oxygen-rich 
termination of MXene sheets and MnO2 incorporation com-
promise the conductivity of MXene, which makes the addi-
tion of conductive AgNWs beneficial for the high capacity 
and fast charging. After adding AgNWs, their presence can 
be confirmed from the high-resolution spectrum of Ag 3d. 
The peaks in Fig. 2g were deconvoluted into high-resolu-
tion Ag0 (368.65, 374.6 eV) and Ag2+ (367.49, 373.44 eV) 
oxidation states, respectively [36]. Similarly, the high-res-
olution spectra of O 1 s presented in Fig.  2h indicate the 
deconvoluted signals of C–Ti–O, TiO2, Ti–O–Ti, and Ti–
OH at 529.14, 529.96, 530.95, and 532.6 eV, respectively, 
confirming the presence of O and OH groups at the surface 
of MXene, which is highly favorable for charge storage 
in acidic electrolyte (H+). Furthermore, the high-resolu-
tion spectra of C 1 s presented in Fig. 2i exhibit signals at 
281.1, 282.13, 284.28, 286.13, and 291.17  eV, which can 
be ascribed to the C–Ti, C–Ti–O, C–C/C = C, C–O, and C-F 
bonds, respectively [35, 37]. In summary, the XPS spectrum 
elucidates the surface composition of MXene, demonstrat-
ing surface termination with oxygen– and hydroxyl–rich 
functionalities, as well as the presence of Mn and AgNWs 
in the resulting sample. The proposed interaction between 
all three constituents is presented in Figure S4.

The BET nitrogen adsorption-desorption isotherms 
of MXene and MnO2@MXene/AgNWs are presented in 
Fig. 2j–k. Figure 2j shows that the isotherms were classi-
fied as type IV based on the IUPAC classification, which 
suggests the porous nature of the materials [22]. The BET 
surface area of MXene was calculated to be 2.0 m2 g–1. 
However, the BET surface area of MnO2@MXene/AgNWs 
is 13.0 m2 g–1, which is 6.5 times higher than that of the 
pure MXene. The higher surface area of the final composite 
can be attributed to the decoration and physical barrier of 
MnO2 nanoparticles between MXene sheets, which reduces 
the restacking of the MXene sheets and results in a high 
surface area and active sites for electrolyte interactions. 
BJH pore size distribution plot for the final composite dis-
plays (Fig. 2k) the existence of a broad range of pore sizes, 
including the micropores (pore diameter < 2 nm), meso-
pores (50 nm > pore diameter > 2 nm), and macropores (pore 
size > 50 nm) [38]. This synergistic combination of micro, 
meso, and macro-sized pores is highly responsible for the 
enhanced surface area, which can facilitate the storage of 
many electrolyte ions during charging and less resistive dis-
charging due to the wide range of pore diameters. The pore 
volumes of the fabricated materials exhibit a satisfactory 
value of 0.004284 cm3/g.

FE-SEM analysis was conducted to evaluate the morpho-
logical changes in the synthesized materials during etch-
ing, delamination, decoration, and composite synthesis, as 
displayed in Fig. 3. Figure 3a shows the MAX phase with 
extremely tightly packed layers, which can be attributed 
to the strong metallic bonding between titanium and alu-
minum. However, Fig. 3b shows well-delaminated MXene 
layers following the removal of Al, resulting in a continuous 
gap between the MXene flakes. This enhanced interlayer 
gap provides numerous accessible sites for electrolyte ions. 
Nevertheless, functionalized MXene sheets exhibit Van Der 
Waals forces responsible for the restacking of the sheets and 
reduced interlayer gap.

Consequently, the 0D-MnO2 NPs were synthesized and 
decorated on MXene sheets. These particles act as spacers 
between the MXene bundles to inhibit self-aggregation and 
provide excessive charge storage sites, as shown in Fig. 3c. 
The FE-SEM micrographs for MnO2@MXene provide clear 
evidence of the decoration of MnO2 NPs on the MXene 
sheets, which is responsible for maintaining the accessible 
surface area. Similarly, FE-SEM micrographs of the final 
composite MnO2@MXene/AgNWs (Fig. 3d) illustrate the 
successful decoration of MnO2 and AgNWs on MXene 
sheets, which is highly responsible for preserving the porous 
architecture and preventing the self-stacking of MXene bun-
dles through steric hindrance. Additionally, electrostatically 
joined (van der Waals forces) AgNWs on the MXene sheets 
enhance the conductivity and simultaneously increase the 
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number of active sites. The FE-SEM micrograph for MnO2 
and AgNWs is displayed in Figures S5 and S6 to elucidate 
their specifically designed 0D and 1D morphologies. In 
summary, the strategy of in combination of MXene sheets 
with the 0D MnO2 and 1D AgNWs helps to reduce restack-
ing, increase the accessible active sites for electrolyte ions, 
and increase surface area, which are key parameters for 
achieving high electrochemical storage performance. Addi-
tionally, the morphological analysis confirms the formation 
of three different morphological (OD-MnO2, 1D-AgNWs, 
and 2D-MXene sheets) synergies: 0D@2D/1D.

EDS analysis and color mapping of the final modified 
composite (MnO2@MXene/AgNWs) were conducted to 
analyze the elemental composition and dispersion of MnO2 
and AgNWs on the MXene sheets, as shown in Fig. 3e-m. 
The resulting color mapping provides a clear indication that 
Ag, O, and F are dispersed on the MXene sheets, Mn is 
present between the MXene sheets, and Ti and C represent 
the elemental components of the MXene sheets. The EDS 

spectrum of the final sample is shown in Figure S7 and illus-
trates the elemental compositions of the synthesized materi-
als. The spectrum exhibited a high intensity for Ti, C, and 
O along with the low-intensity peaks of Mn, Ag, F, Cl, and 
Al, confirming that the composite contained all the elements 
of interest in the desired quantities. Aluminum exists in the 
form of Al2O3 (0.19 wt%), which can be considered negli-
gible and indicates the successful removal of Al. The results 
obtained are consistent with the XRD, XPS, and FE-SEM 
results, which suggest that the final composite contains both 
Mn and AgNWs in the MXene galleries, with negligible 
amounts of Al remaining.

In-depth analysis of the morphology and microstructure of 
MnO2@MXene/AgNWs was conducted through HR-TEM 
analysis, as shown in Fig. 3n–p. Initially, at 5 nm, it was dif-
ficult to find the lattice fringes. Therefore, the selected por-
tion was zoomed to 2 nm and 1 nm, respectively, where the 
lattice fringes of MXene, MnO2, and AgNWs can be easily 
depicted. Additionally, Fig. 3p illustrates the fringes spacing 

Fig. 3  FE-SEM images of (a) MAX phase, (b) MXene, (c) MnO2@MXene, and (d) MnO2@MXene/AgNWs; (e-m) color mapping of MnO2@
MXene/AgNWs; HR-TEM images (n-p) at various resolutions for in-depth morphological analysis
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of 0.17, 0.46 nm, 0.23, and 0.24 nm, at the corresponding 
planes of (110), (004), (111), and (211), which can be attrib-
uted to the Ti3C2Tx, AgNWs, and MnO2, respectively. The 
existence of fringes spacing of 0.17 and 0.46 nm ensures 
the synthesis of MXene, and fringes spacing of 0.23 nm and 
0.24 nm confirms the presence of MnO2 and AgNWs in the 
final composite (MnO2@MXene/AgNWs).

3.2  Electrochemical three-electrode system testing

A three-electrode system was employed to evaluate the 
electrochemical performance of MXene, MnO2@MXene, 
MXene/AgNWs, and MnO2@MXene/AgNWs. This 
research work aims to comprehensively understand the 
effect of 0D-MnO2 NPs decoration and the subsequent 
addition of 1D-conductive AgNWs to a 2D-MXene sheet 
gallery on the relationship between structure and the 
charge-storage capability of the as-synthesized 0D@2D/1D 
composite. All electrochemical tests were conducted in a 

3 M aqueous H2SO4 solution with a Pt wire as the coun-
ter electrode and silver chloride as the reference electrode. 
Furthermore, electrochemical characterizations such as 
cyclic voltammetry (CV), galvanostatic charge–discharge 
(GCD), and electrochemical impedance spectroscopy 
(EIS) analyses were carried out to determine the impact 
of 0D-MnO2 and 1D-AgNWs synergy on the capacitive 
behavior of 2D-MXene sheets, as displayed in Fig. 4. Ini-
tially, CV analysis was performed in the optimized potential 
range of 0 to 0.4 V for MXene, MnO2@MXene, MXene/
AgNWs, and MnO2@MXene/AgNWs at 30 mV s−1, as 
shown in Fig.  4a. It is worth noting that previous studies 
have reported a relatively wide potential window (e.g., 
− 0.35 to 0.4 V) for MXene electrodes in acidic electrolytes 
[39, 40]. However, the optimal operating range strongly 
depends on electrode composition and interfacial stability. 
In this study, the potential window was determined based 
on GCD-based optimization (Figure S8 and Sect.  3, Sup-
porting Information). Briefly, compared with the extended 

Fig. 4  CV (a), GCD (b), and EIS (c) behavior of MXene, MnO2@
MXene, MXene/AgNWs, and MnO2@MXene/AgNWs. Capacitance 
comparison of all samples (d); effect of scan rate from 20 to 100 mV 

s–1 (e), current density from 0.5 to 4 A g–1 (f), capacitance in F g–1 from 
scan rate (g), current density (h), and b value for the final fabricated 
material MnO2@MXene/AgNWs (i)
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potential window of − 0.1–0.5 V, the 0–0.4 V range showed 
a smaller potential drop and a more stable charge–discharge 
profile, indicating lower polarization and better electro-
chemical reversibility for the MnO₂@MXene/AgNWs com-
posite electrode. Therefore, this optimized potential range 
was used for subsequent electrochemical measurements. 
The MXene/AgNWs composite exhibited an increased cur-
rent density and peak area compared with the pure MXene 
electrode, indicating that the addition of AgNWs enhances 
the electrochemical performance of MXene by providing 
additional conductive channels. Although the subsequent 
addition of AgNWs improves the performance of MXene, 
it still demonstrates lower capacitive current values, which 
can be attributed to the partial incorporation of AgNWs in 
the MXene sheets, resulting in the restacking of the MXene 
sheets and consequently reducing the number of available 
active sites for charge storage.

To address this issue, 0D pseudo-MnO2 NPs were deco-
rated on MXene sheets, providing a significantly larger peak 
area and higher current density due to their (1) contribu-
tion to charge storage, (2) functioning as active redox sites, 
and (3) preventing the agglomeration of MXene layers. The 
decoration of MnO2 increases the capacitance of MXene. 
Thus, the final composite (MnO2@MXene/AgNWs) was 
optimized, which combined the synergy of the MnO2 and 
AgNWs conductivity to enhance the energy storage appli-
cation of MXene. The obtained results exhibit excellent CV 
curves with perfect rectangular shapes and high capacitive 
current density, which can be attributed to the more conduc-
tive channels formed by the AgNWs and reduced restacking 
of the MXene layers through MnO2 decoration. Moreover, 
the large CV area and current density can be attributed to the 
synergy (OD-MnO2, 1D-AgNWs, and 2D-MXene sheets) 
of the three different morphological materials, supporting 
pseudocapacitive charge storage. The rectangular CV curve 
for the final composite is consistent with previously reported 
supercapacitor results [41], and the electrochemical perfor-
mance is comparable to other MnO2@MXene based sys-
tems listed in Table S1.

GCD analysis was conducted for all four fabricated 
materials. As shown in Fig. 4b, the final optimized MnO2@
MXene/AgNWs exhibited the largest charge-discharge 
time (1552 s) at the same current density (0.5 A g− 1), which 
can be attributed to the synergistic effect of the 0D-MnO2, 
1D-AgNWs, and 2D-MXene layers. A slight asymmetry in 
the charge–discharge profile is also observed at this low cur-
rent density, which is commonly seen in pseudocapacitive 
systems and can be attributed to polarization and ion-trans-
port limitations. In contrast, the other three samples exhib-
ited lower charging-discharging time compared to the final 
composite, which can be attributed to the sum of advantages 
provided by each constituent of the composite. Notably, 

the charge–discharge profiles become more symmetric at 
higher current densities (Fig. 4f), indicating more balanced 
electrochemical behavior under practical operating condi-
tions. This observation suggests that further optimization 
of MnO₂ distribution, conductive pathways, and ion diffu-
sion channels could help reduce polarization and improve 
charge–discharge symmetry. Furthermore, the GCD results 
corroborate the CV results, excellent current density, pseu-
docapacitive charge storage, and high charging-discharging 
time, rendering MnO2@MXene/AgNWs a promising candi-
date for applications in the field of energy storage.

Furthermore, EIS analysis was performed to assess the 
charge-transfer resistance (Rct) and ion-transfer resistance of 
those four electrodes, as shown in Fig. 4c. All four samples 
possessed small semicircle diameters. The MXene/AgNWs 
and MnO2@MXene show the smallest and largest diam-
eters, respectively. The MnO2@MXene shows the largest 
charge transfer resistance, which may be due to the pres-
ence of MnO2, which blocks the channels due to the pres-
ence of the 0D particles and reduced conductivity. However, 
the addition of MnO2 is beneficial for preventing the stack-
ing of the MXene layers. In contrast, the MnO2@MXene/
AgNWs exhibited a smaller semicircle diameter owing to 
the presence of highly conductive 1D-AgNWs channels. 
The charge transfer resistance (Rct) values for all samples 
were calculated to be 2.8, 2.5, 2.2, and 1.8 Ω for MnO2@
MXene, MXene, MnO2@MXene/AgNWs, and MXene/
AgNWs, respectively.

MnO2@MXene/AgNWs demonstrated the highest 
capacitance (878  F g–1) among all four samples, owing 
to their high current density, discharge time, and low Rct 
value (2.2). MXene, MXene/AgNWs, and MnO2@MXene 
exhibited specific capacitances of 285, 411, and 582 F g–1, 
respectively, as shown in Fig. 4d. MnO2@MXene/AgNWs 
contains 1D-AgNWs and 2D-MXene layers, which is bene-
ficial for their application as a flexible supercapacitor, while 
0D-MnO2 facilitates the achievement of high packing den-
sity, which is crucial for obtaining high areal capacitance 
and cyclic stability. Additionally, the composite exhibited 
electrostatic interactions, which provided stable integrity 
to the composite and motivated the utilization of MnO2@
MXene/AgNWs for further electrochemical studies, such 
as the effect of different potentials, GCD at various current 
densities, and device fabrication. Figure  4e illustrates the 
CV curves of MnO2@MXene/AgNWs under different scan 
rates from 20 to100 mV s–1. The current density increases 
linearly with the increase of the scan rates, which dem-
onstrates the fast-charging feature of the materials due to 
the high driving force on the charges at a high scan rate to 
accommodate their sites on the electrode surface. The CV 
curves maintained their rectangular shapes with increased 
scan rate, suggesting a stable and reversible electrochemical 
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reaction. Similarly, Figure S9 illustrates the impact of dif-
ferent scan rate on the current density values for MXene 
(Figure S9a), MnO2@MXene (Figure S9b), and MXene/
AgNWs (Figure S9c), respectively, and also discussed in 
details in SI.

Moreover, to quantify the impact of different current 
densities on the specific capacitance of MnO2@MXene/
AgNWs, the GCD measurements were carried out at vari-
ous current densities ranging from 0.5 to 4 A g–1 with the 
material loading of 5 mg cm− 2, as shown in Fig. 4f. At all 
current densities, the charging and discharging curves main-
tain their shapes, verifying the stable performance of the 
MnO2@MXene/AgNWs material at various input current 
densities. However, at a low current density (0.5 A g–1), the 
shape of the CV curve starts to transition from EDLC to 
resistive, indicating the minimum potential current density 
for the material. Discharge durations of 41, 110, 189, 305, 
and 727 s were observed at current densities of 4, 3, 2, 1, 
and 0.5 A g–1, respectively. At high current densities, the 
reduced discharge time can be attributed to rapid storage due 
to insufficient time for the charges to occupy the active sites 
on the material surface. Furthermore, the specific capaci-
tance values were calculated at various scan rates based on 
the CV curve areas, as shown in Fig. 4g. Capacitance values 
of 841, 805, 746, 706, and 665 F g–1 were obtained at scan 
rates of 30, 40, 60, 80, and 100 mV s–1. The decrease in the 
capacitance at higher potentials can be attributed to rapid 
potential sweeping, which provides insufficient time for 
ion storage within the layers; consequently, only surface-
level charge storage contributes to the reduced capacitance. 
Similarly, the GCD profiles at various current densities were 
also utilized to calculate the specific capacitance values, as 
displayed in Fig. 4h, which were comparable to the values 
calculated from various CV. The calculated specific capaci-
tances at current densities of 4, 3, 2, 1, and 0.5 A g–1 are 
709, 764, 807, 834, and 878 F g–1, respectively. The highest 
capacitance values at low current densities were attributed 
to slow charging, which facilitates charge accommodation 
at all possible sites on the fabricated material surface. The 
fabricated material exhibited stable capacitance values at 
various current densities, indicating its potential for prac-
tical applications. Additionally, a supplemented graph was 
plotted between the log current (log i0) and log scan rate at 
scan rates of 20, 40, 60, 80, and 100 mV s–1, and the slope 
of the obtained graph was calculated from Fig. 4i, with a b 
value of 0.73. A b value of 1 indicates ideal capacitive behav-
ior, while 0.5 signifies ideal diffusion-controlled behavior 
[42]. The obtained slope value (b = 0.73) lies between the 
ideal capacitive and diffusion-controlled values, suggesting 
the involvement of both charge storage mechanisms in the 
fabricated material. MXene, a 2D base material, comprises 
a high proportion of carbon that facilitates surface-assisted 

charge storage, whereas MnO2 and AgNWs contribute to 
diffusion-controlled charge storage, resulting in the mate-
rial exhibiting a diffusion-controlled mechanism. Addition-
ally, two fabricated electrodes with a lower concentration 
of MnO2 (2.5 mg) in the final composite (MnO2@MXene/
AgNWs) are probably responsible for little aggregation and 
an optimized concentration of MnO2 (5  mg). The cyclic 
voltammetry and GCD comparison are provided in Figure 
S10, where the optimized MnO2 value exhibits higher cur-
rent density and GCD time. MnO2 plays a key role in charge 
storage by utilizing the oxidation-redox cycle. A lower 
concentration of MnO2 will lower the extent of redox reac-
tion and ultimately the overall capacitance of the fabricated 
material.

Moreover, to examine the effect of the scan rate on the per-
centage contribution of charge storage, Dunn’s real method 
was employed. Figure S11a presents a bar graph illustrating 
the percentage contributions of capacitive and diffusion-
controlled charge storage at various potentials in the range 
of 20–100 mV s–1. Furthermore, to investigate whether the 
fabricated material possessed a reversible charge storage 
mechanism, the scan rate and anodic-cathodic current val-
ues were plotted. Figure S11b demonstrates 0.97 and 0.96 
R2 values for anodic and cathodic current, respectively, indi-
cating that the fabricated material is responsible for reverse 
charging. Additionally, Dunn’s real graph was constructed 
to provide a comprehensive representation of the percentage 
contributions at various potentials, as illustrated in Figure 
S11c-k. At 20 mV s–1, the material exhibits 65.8% diffusion-
controlled and 34.2% capacitive-controlled charge storage 
(Figure S11c). Similarly, with increasing scan rate, the con-
tribution of the capacitive-controlled charge storage mecha-
nism increases. At higher potentials, such as 70 and 80 mV 
s–1, the charge storage contributions of diffusion-controlled 
and capacitive-controlled mechanisms were approximately 
equivalent (50% each) (Figure S11h-i). At 90 and 100 mV 
s–1, the capacitive-controlled mechanism contributed 52.4% 
and 53.7% (Figure S11j, k), respectively, dominating the 
diffusion-controlled mechanism. The decrease in the dif-
fusion–controlled charge storage contribution at higher 
scan rates can be attributed to the limited time available 
for charge diffusion inside the material surface, resulting in 
charge storage solely on the electrode surface. The obtained 
results are highly consistent with the observation that the 
MnO2@MXene/AgNWs composite with three different 
morphologies (0D-MnO2, 1D-AgNWs, and 2D-MXene) 
demonstrates extensive charge storage capability, support-
ing its utility in practical applications. The final MnO2@
MXene/AgNWs composite was utilized to fabricate a flex-
ible and printable ASC device to communicate its practical 
utility.
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The viscosity and thixotropic behaviors of the as-pre-
pared inks were initially evaluated to determine their suit-
ability for fabricating printing devices. The AC and MnO2@
MXene/AgNWs inks exhibited pronounced shear-thinning 
behavior, a non-Newtonian characteristic, where the viscos-
ity decreased with increasing shear rate. Specifically, the 
viscosities of these inks (Fig. 5a, c) decrease significantly, 
from 41,800 cP to 210 cP and from 8,000 cP to 85 cP, over 
shear rate ranges of 0–450 s⁻¹ and 0–250 s⁻¹, respectively. 
This substantial reduction in viscosity under shear facili-
tated a smooth flow through the syringe nozzle, enabling 
efficient application under pressure. Upon removal of the 
shear forces, the inks regained their initial high viscosity, 
which enhanced the stability and precision of the printed 
patterns. Both inks also demonstrated thixotropic behavior, 
characterized by a temporary reduction in viscosity under 
shear stress and subsequent recovery upon stress removal. 
Cyclic shear tests (Fig. 5b, d) highlighted this thixotropic 
recovery, which is a critical property for high-resolution 
printing. Rapid recovery minimizes unintended spread 
or smudging after application, ensuring well-defined pat-
tern edges. This behavior is particularly advantageous for 
applications requiring high precision, as it prevents ink flow 
or dripping after deposition. These rheological properties 
enable the formation of precise, stable, and accurate elec-
trode configurations, rendering the ink suitable for advanced 
printing applications. Finally, the effect of MnO₂ decoration 
on the chemical stability of MXene was examined through 
three-electrode stability analysis (Figure S12) and is dis-
cussed in the Supporting Information.

3.3  Electrochemical two-electrode system testing

To further investigate their practical application, ASC 
devices were fabricated using AC as the negative electrode 
and MnO2@MXene/AgNWs as the positive electrode, 
as illustrated in Fig.  5e. In this device (MnO2@MXene/
AgNWs//AC), both the positive and negative electrodes were 
printed in a comb-like structure on a nonconductive poly-
ethylene terephthalate (PET) substrate, and PVA+H2SO4 gel 
was used as the electrolyte, as shown in Fig. 5e. In order to 
show the printing resolution and size of electrodes, micro-
scopic images are shown in Figure S13, showing a width 
and spacing between the lines of ~ 1900 and ~ 1352  μm, 
respectively. The charge-discharge mechanism of MnO2@
MXene/AgNWs in an acidic electrolyte is presented in 
Fig. 6a. The fabricated material was a combination of tran-
sition metal oxides (MnO2 and Ag2O) and MXene (Ti3C2O-
HxFy). FT-IR and XPS analyses demonstrated the presence 
of oxygen-rich termination at the MXene sheets for exam-
ple the Ti-O and Ti–OH entities. Initially, MnO2, which pos-
sesses Mn in the (4+) oxidation state, undergoes a reduction 
during the charging process, wherein Mn4+ shifts to Mn3+ 
by accepting an electron and forming MnOOH in an acidic 
electrolyte that contains H+ active ions available for storage. 
Conversely, the discharging process involves the oxidation 
of Mn3+ to Mn4+, releasing an electron for use as electric-
ity, as shown in the reaction in Fig. 6a and Figure S14a-b. 
These reactions indicate that MnO2 is a highly favorable 
material for controlling the oxidation of MXene owing to 
its high capacity for oxidation and reduction reactions [43]. 

Fig. 5  Ink rheology and thixotropic recovery of the prepared MnO₂@MXene/AgNWs (a, b) and activated carbon (c, d) inks; (e) step-by-step 
fabrication and optical image of the flexible ASC device printed by DIW
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Furthermore, the charge-discharge mechanism of AgNWs in 
the presence of an acidic electrolyte is also presented. Most 
significantly, the charge storage mechanism of oxygen-rich 
MXene is illustrated, which facilitates an understanding 
of the faradic-controlled charge storage contributions. In 
this context, Ti in the 4 + oxidation state during charging 
was converted into 3+, which maximized the charge stor-
age capacity of MXene. Conversely, discharging involves 
the retention of the original oxidation state by releasing the 
stored electrons. A summary of this data provides evidence 
that, during charging, electrolyte ions (H+) undergo reduc-
tion and store electrons. During discharge, the electrolyte 
ions return to the original state by releasing electrons (e–). 
These oxidation-reduction cycles can compromise the sta-
bility of MXene; however, the presence of MnO2 can miti-
gate this problem by providing chemical and mechanical 
stability to MXene, acting as a chemical stabilizer against 
oxidation and a highly reactive species for redox reactions. 
Similarly, the EDLC charge-storage mechanism is illus-
trated in Fig.  6b, which is attributed to electrostatic ion 
adsorption at the accessible electrode–electrolyte interface, 
facilitated by the high surface area, conductive pathways, 
and open architecture of the composite.

The mechanical strength of the ASC is provided in Fig-
ure S15, having the ability to bear a 450  N force before 
breaking. The printed asymmetric device was operated at 
the following bending angles: 0, 30, 45, and 90 °. It can 
be depicted from Figure S16 that the device showed very 
little deviation in charging and discharging time at various 
bending angles, thanks to the stability of the material at var-
ious bending angles. Based on these charging-discharging 
cycles, the areal capacitance was compared by considering 
capacitance at 0 ° as standard (100%). The inset Figure S16 
shows 98.8, 93.48, and 91.02% capacitance retention at 30, 
45, and 90 ° bending of the designed device. The observed 
results clearly demonstrate the noticeable capacitance even 
at 90 ° bending, validating its applicability at various points 
where flexibility and mechanical stability are needed. The 
working cyclic voltammograms of the anode and cathode 
materials are displayed in Fig.  7a to analyze their perfor-
mance in the negative and positive potential windows. 
Additionally, to optimize the working potential window of 
the ASC, GCD measurements were taken at various poten-
tial windows, such as −0.2 V to 0.6, 0.8, 1.0, 1.2, and 1.4 V 
at a current density of 6 mA cm− 2, respectively. As shown in 
Fig. 7b, the GCD measurements were taken with an incre-
ment of 0.2 V, and consistent results were observed without 
electrolyte decomposition and charge saturation. The final 
composite exhibits stable performance within a potential 
window of 1.6 V. For further confirmation of the working 
potential window, CV analysis was conducted at 50 mV s–1 
in potential ranges of −0.2 V to 0.8, 1.0, 1.2, and 1.4 V, as 

illustrated in Fig.  7c. The device demonstrated consistent 
results without electrolytic decomposition for all potential 
sweeps. However, beyond this potential window, electro-
lytic decomposition and electrode oxidation occurred. Con-
sequently, to ensure stable device performance, subsequent 
analyses were conducted within the optimized potential 
window of 1.6 V (−0.2 to 1.4 V). The stable working poten-
tial window of the fabricated material can be attributed to 
the controlled oxidation of the fabricated material through 
MnO2-supported MXene. Moreover, Fig.  7d presents the 
CV curves of the device obtained at various scan rates rang-
ing from 20 to 1000 mV s–1 within a constant potential win-
dow of −0.2 to 1.4 V.

The CV curves demonstrate that the ASC device exhib-
its hybrid supercapacitor-like behavior. Moreover, the CV 
curves maintain their characteristic shape, even at a high 
applied potential of 1000 mV s–1. The observed behavior 
of the fabricated device indicates its durability, stability, 
and reversibility at high-potential sweeps. Similarly, Fig. 7e 
presents the GCD profiles of the ASC device at various 
applied current densities of 6, 8, 10, 12, and 14 mA cm− 2 
within the optimized potential window of −0.2 to 1.4  V. 
The quantity of charges stored on the material surface is 
dependent on the applied current density. At higher current 
densities, reduced charging and discharging times result in 
lower capacitance values, which can be attributed to the 
limited time available for the electrolyte ions to adsorb onto 
the material surface and diffuse inside the MXene layers, 
which is responsible for the low charge storage. The high-
est capacitance value was recorded as 565.1 mF cm− 2 @ 
6 mA cm− 2, which can be attributed to the sufficient time 
for the electrolyte ions to be stored on the surface and dif-
fuse inside the layers, as illustrated in Fig. 7f. However, at 
current densities of 8, 10, 12, and 14 mA cm− 2, the areal 
capacitance decreased marginally to 424, 351.8, 318.0, 
and 307.1 mF cm− 2, respectively. The fabricated material 
exhibited notable areal capacitance, even at high current 
densities, and exhibited 54.3% capacitance retention at a 
current density of 14 mA cm− 2. The lower rate performance 
of the ASC device compared with the MnO₂@MXene/
AgNWs electrode measured in the three-electrode system 
can be attributed to the difference between single-electrode 
evaluation and full-device operation. In the three-electrode 
configuration, the measured capacitance mainly reflects the 
intrinsic electrochemical behavior of the MnO₂@MXene/
AgNWs electrode, whereas the ASC device performance is 
affected by the combined behavior of both positive and neg-
ative electrodes, charge balance, interfacial/contact resis-
tance, electrolyte accessibility, ion diffusion across the full 
cell, and polarization at high current densities. Therefore, 
although the MnO₂@MXene/AgNWs electrode shows good 
rate capability in the three-electrode system, the assembled 
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ASC device can exhibit lower rate retention due to addi-
tional kinetic and resistance limitations, as well as possible 
mismatch between the positive and negative electrodes. 
Further optimization of electrode mass balance, interfacial 
contact, conductive pathways, and ion-transport channels 
would be beneficial for improving the rate performance of 
future ASC devices. The enhanced capacitive properties 
of the fabricated composite can be attributed to the syner-
gistic effect of various 0D (MnO2), 1D (AgNWs), and 2D 
(MXene) morphologies responsible for the enhanced sur-
face area (13 m2/g), reduced restacking and oxidation of the 
MXene sheets, and the combination of EDLC and redox 
active species.

To evaluate the percentage contribution of surface-con-
trolled and diffusion-controlled mechanisms, Dunn’s real 
method was employed. Figure 7g demonstrates a b value of 
0.59, which lies between 0.5 and 1, indicating the presence 
of both diffusion and capacitive-controlled charge storage. 
However, the value is closer to 0.5, suggesting the predomi-
nance of diffusion-controlled charge storage, validating 
the presence of redox-active MnO2. To assess the percent-
age contributions at various potentials, a bar graph was 
constructed in Fig.  7h. The composite exhibited 64.65%, 
68.92%, 72.08%, 74.11%, 75.85%, 77.27%, 78.38%, 
79.33%, and 80.44% capacitive-controlled charge storage 
mechanisms at 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV 
s–1, respectively. The results obtained followed the same 
trend as in the three-electrode system, where the capacitive-
controlled contributions increased with increasing potential. 
This behavior can be attributed to the dominance of the 
surface at a higher potential and less time available for the 
ions to penetrate the MXene layers, which reduces the diffu-
sion-controlled capacitance. However, the device possesses 
a higher percentage of capacitive control compared to the 
three-electrode system at all potentials, which can be attrib-
uted to the involvement of activated carbon as the negative 
electrode, which exhibits a characteristic EDLC charge stor-
age mechanism. Subsequently, the reversibility of the ASC 
device was evaluated by calculating R2 values for anodic 
and cathodic peak curves at various potentials (20–100 mV 
s–1), as shown in Fig. 7i. The high R2 values for both the 
anodic (0.995) and cathodic (0.993) currents indicate the 
excellent reversibility of the fabricated device.

Figure 7j and k illustrate the high Ca (565.1 mF cm− 2 @ 
6 mA cm− 2), Ea (~ 0.2 mWh cm− 2), and Pa (51.39 mW cm− 2) 
of the ASC device in comparison to previously reported 
MXene–based supercapacitors. Our ASC device exhib-
its the highest performance among all compared devices, 
which can be attributed to the synergistic 0D@2D/1D 

architecture. The further importance of the fabricated mate-
rial can be seen via literature comparison in Table S2, where 
our material exhibits considerably high areal capacitance, 
areal energy density, cyclic and thermal stability.

Initially, four different ASC devices were fabricated 
using MXene, MXene/AgNWs, MnO₂@MXene, and 
MnO₂@MXene/AgNWs as positive electrodes and AC as 
the negative electrode. The CV curves of these devices were 
measured and compared, as shown in Figure S17. Among 
all devices, MnO₂@MXene/AgNWs//AC exhibited the 
largest CV area, consistent with the three-electrode results, 
further confirming the improved charge-storage capability 
of the final composite-based ASC device. Afterwards, all 
four devices were subjected to stability analysis for 10,000 
GCD cycles at 5 mA cm− 2, which can be depicted in Fig. 8. 
Figure 8a demonstrated that MXene, with a lack of chemi-
cal and mechanical stability, exhibits only 63.87% capaci-
tance retention, which can be attributed to the absence of 
mechanical and chemical support to MXene via foreign 
particles. However, MXene/AgNWs showed little high 
capacitance retention (78.59%) compared to MXene alone, 
which may be due to the mechanical flexibility and high 
conductivity provided by the intercalated AgNWs, as pre-
sented in Fig. 8b. Moreover, MnO2@MXene (Fig. 8c) and 
MnO2@MXene/AgNWs (Fig. 8d) exhibit excellent capaci-
tance retention of 99.0% and 98.52%, respectively, which 
can be attributed to the synergistic mechanical and chemi-
cal stability provided via decorated MnO2 on the MXene 
sheets. The fact was supported by post-XPS analysis for all 
samples, where the Ti-H2O and Ti-OH/Ox peak intensities 
and positions towards the x-axis (binding energies) were 
compared to analyze the extent of MXene oxidation (Ti 
oxidation state change) in the O 1 s spectrum of MXene, 
MXene/AgNWs, MnO2@MXene, and MnO2@MXene/
AgNWs. Moreover, EIS analysis showed almost consistent 
Rct value before (1.7 Ω) and after stability analysis (3.2 Ω) 
of MnO2@MXene/AgNWs//AC device (Fig. 7l), which can 
be assigned to the desired stability achieved for MXene. 
Figure 8e presents the XPS spectrum of MXene with high 
intensities of Ti-H2O and Ti-OH/Ox at the binding energies 
of 532.88 and 535.09 eV corresponds to the oxidation and 
oxygen rich terminations of MXene which can be due to 
higher oxidation states of oxidized Ti, likely, attributed to 
the stronger nucleus pull on remaining Ti valence electrons 
at higher oxidation state and responsible for higher bind-
ing energies for Ti-H2O and Ti-OH/Ox [44]. However, the 
MXene/AgNWs spectrum in Fig.  8f showed less inten-
sity for Ti-H2O and Ti-OH/Ox at relatively lower binding 
energies of 532.6 and 534.78 eV, corresponding to the less 
oxidation of MXene in the composite compared to MXene 
alone, which can be due to the AgNWs oxidation avoid-
ing the entire MXene oxidation, which is responsible for 

Fig. 6  Redox-active charging–discharging mechanism of the MnO₂@
MXene/AgNWs electrode in an acidic electrolyte (a), and EDLC-sup-
ported charge-storage mechanism based on MXene and AC (b)
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better capacitance retention as well [45]. Furthermore, the 
MnO2@MXene sample (Fig. 8g) exhibits the lowest inten-
sity for Ti-H2O and Ti-OH/Ox at the lowest binding ener-
gies shift (531.63 and 532.77 eV), which demonstrates the 
MXene oxidation reduction in the presence of redox-active 
MnO2. MXene in the presence of MnO2 can reduce the 

oxidation (Ti0 to Ti2+, 3+, 4+) and oxygen-rich terminations 
of MXene, responsible for weak hold on valence electrons 
and demands lower energies for electron excitation for spe-
cific groups, which is higher in bare MXene and MXene/
AgNWs. Due to this chemical support, the MnO2@MXene 
composite exhibits 99.0% capacitance retention after 

Fig. 7  Flexible ASC device with cathodic and anodic electrodes: (a) 
CV curves of the MnO2@MXene/AgNWs (positive) and AC (nega-
tive) electrodes at a scan rate of 30 mV s–1. (b) GCD curves of the ASC 
device at different potential windows from − 0.2 to 0.6, 0.8, 1.0, 1.2, 
and 1.4 V. (c) CV curves of the ASC at the same potential windows. (d) 
CV curves of the ASC at scan rates from 20 to 1000 mV s–1. (e) GCD 
curves of the ASC at current densities from 6 to 14 mA cm–2. (f) Areal 
capacitance and capacitance retention of the ASC as a function of cur-
rent density. (g) Relationship between log(i) and log(v) with the fitted 
b value. (h) Percentage contributions of capacitive- and diffusion-con-
trolled charge storage at scan rates from 20 to 100 mV s–1 (i). Linear fit-

ting of anodic and cathodic peak currents versus the square root of scan 
rate, illustrating the good reversibility of the fabricated ASC device. 
(j) Comparison of the areal capacitance (Ca) of this work with previ-
ously reported MXene-based supercapacitors, including MXene/CNF 
[39], N-doped MXene [40], MXene–AgNWs–MnO2 NW–C60 [41], 
MXene/PEDOT: PSS [42], and 2D Ti3C2Tx MXene [43]. (k) Ragone 
plot comparing the areal energy density (Ea) and areal power density 
(Pa) of this work with MXene/Fe3O4/MXene [44], MXene–rGO oxide 
[45], N-doped MXene [40], MXene–AgNWs–MnO2 NW–C60 [41], 
and MXene/CNF/PC [46]. (l) Nyquist plots of the ASC device before 
and after the long-term cycling stability test
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10,000 GCD cycles, which demonstrates its utility to sta-
bilize MXene from oxidation. Finally, the MnO2@MXene/
AgNWs exhibit 98.52% capacitance retention, higher than 
MXene (63.87%) and MXene/AgNWs (78.59%), which 
can be attributed to the incorporated MnO2 oxidation. These 
oxidation mitigation and stable capacitance retention after 
MnO2 incorporation into MXene/AgNWs composites fur-
ther highlight the importance of MnO2. The fact was further 
validated via the O 1 s spectrum, which retains low inten-
sity for Ti-H2O and Ti-OH/Ox at binding energies of 532.48 
and 536.68 eV for the final composite (Fig. 8h), which is 
lower than MXene and MXene/AgNWs. Similarly, the 
all-fabricated devices exhibit 100% coulombic efficiency 
after 10,000 charging-discharging cycles, which indicates 
minimal electrode degradation and potential for long-term 
use. The stable performance, high capacitance retention, 
and coulombic efficiency of the final fabricated electrode 
(MnO2@MXene/AgNWs) can be attributed to the morpho-
logical integrity of the composite provided via controlled 
morphological synthesis having specified dimensions. XPS 
spectrum of all samples after stability analysis was further 
deconvoluted into Ti 2p (Figure S18) for all four samples, 
Ag 3 d (Figure S19a) for MXene/AgNWs composite, Mn 

2p (Figure S19b) for MnO2@MXene, and MnO2@MXene/
AgNWs composites (Figure S20), the detailed description 
provided in Supporting information, Sect. 8.

Figure S18 shows the refitted Ti 2p spectra of MXene, 
MXene/AgNWs, MnO₂@MXene, and MnO₂@MXene/
AgNWs after cyclic testing, with reference to previously 
reported MXene XPS fitting models [46, 47]. The relative 
peak-area ratios of Ti–C and TiO₂ components were com-
pared to evaluate the oxidation degree of MXene. MXene 
exhibited severe oxidation after cycling, with a high TiO₂ 
ratio of 0.53 and a very low Ti–C ratio of 0.015. MXene/
AgNWs showed a slightly lower TiO₂ ratio of 0.39 and a 
higher Ti–C ratio of 0.055, suggesting partial stabilization 
by the AgNW network. In contrast, MnO₂@MXene and 
MnO₂@MXene/AgNWs exhibited lower TiO₂ ratios of 0.32 
and 0.33, respectively, together with higher Ti–C ratios of 
0.17 and 0.12. The results indicate that MnO₂-containing 
composites can suppress irreversible MXene oxidation dur-
ing cycling. Therefore, the improved capacitance retention 
and cycling stability of the MnO₂@MXene/AgNWs elec-
trode can be attributed to the combined effects of suppressed 
MXene oxidation, improved electrical connectivity by 
AgNWs, and the structural stabilization of MXene sheets. 

Fig. 8  Capacitance retention, and coulombic efficiency of MXene//AC 
(a), MXene/AgNWs//AC (b), MnO2@MXene//AC (c), and MnO2@
MXene/AgNWs//AC (d) fabricated devices at the current density of 
5  mA cm−2 for 10,000 GCD cycles, respectively. XPS spectrum of 
O 1 s for MXene (e), MXene/AgNWs (f), MnO2@MXene (g), and 
MnO2@MXene/AgNWs (h) after 10,000 GCD cycles at 5 mA cm−2 

are presented to illustrate the oxygen environment around Ti after 
stability analysis in the presence of Ag and Mn, respectively. Cyclic 
voltammogram at 100 mV s−1 (i), GCD at 10 mA cm−2 (j), areal capac-
itance (k), and electrochemical impedance profiles (l) of 0D@2D/1D 
MXene-based asymmetric supercapacitors at different operating tem-
peratures, such as 10, 20, 25, 30, 35, 40, 45, and 50 °C
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In addition, the Mn 2p spectra after cycling show the coex-
istence of Mn³⁺/Mn⁴⁺ states in MnO₂@MXene and MnO₂@
MXene/AgNWs composites (Figures S19 and S20), sug-
gesting that MnO₂ remains redox-active during repeated 
charge–discharge processes. Together with the reduced TiO₂ 
ratios and higher Ti–C retention observed in the Ti 2p spec-
tra, these results support the oxidation-mitigation role of 
MnO₂ rather than complete prevention of MXene oxidation.

The fact was further supported by FE-SEM, EDS, and 
XRD analysis after 10,000th GCD cycles of the final com-
posite (MnO2@MXene/AgNWs). The morphological 
stability of the fabricated material was checked through 
FE-SEM, as illustrated in Figure S21a. During the cyclic 
stability analysis, MXene usually undergoes restacking 
and morphological impairments, which mitigate its capaci-
tance retention. The FE-SEM image clearly indicates that 
the incorporated MnO2 NPs avoids restacking of MXene 
sheets, which provides 98.52% capacitance retention after 
10,000 GCD cycles. Moreover, Figure S21b-j presents color 
mapping images to elucidate the elemental existence. The 
images aligned well with FE-SEM images with Ti and C as 
core elements, MnO2 intercalated in between the layers, and 
AgNWs dispersed over the sheets. Figure S21k shows the 
EDS spectrum and elemental weight% of the final compos-
ite after 10,000 GCD cycles. The results demonstrate 18.61 
Wt% of oxygen after the stability test, which is only 1.37 
Wt% higher than the fresh composite, having an oxygen 
content of 17.24 Wt%, and corresponds well with post XPS 
analysis. Similarly, the XRD spectrum of MnO2@MXene/
AgNWs was conducted after 10,000 GCD cycles, as dis-
played in Figure S22. The XRD pattern shows all the char-
acteristic peaks for MXene, MnO2, and AgNWs correspond 
well with the XRD pattern conducted for the final sample 
(MnO2@MXene/AgNWs) before stability test. These find-
ings support the fact of structural stability provided by 
highly redox-active MnO2. However, some anatase and 
rutile TiO2 mixed phase peaks were observed at correspond-
ing planes of (101), (202), and (110), (210) respectively. 
The observed peaks have very low intensities, suggesting 
minimal transformation of the Ti–C bond to Ti–O, which is 
consistent with EDS and XPS results. However, this trans-
formation can have very little effect on the conductivity of 
the composite, which can be compensated by highly con-
ductive AgNWs. Therefore, overall charge storage capabil-
ity remained unaffected. To sum up, the variable and high 
oxidation state of MnO2 makes it more readily available for 
oxidation-reduction in the MXene composite, resisting the 
oxidation of MXene (Ti3C2→TiO2) and mitigating severe 
agglomeration via surface spacers, resultantly stabilizing 
MXene morphology, structure, and chemical nature (Ti3C2). 
Although AgNWs provide effective conductive pathways in 
the printed electrode, they are not fully chemically inert in 

strongly acidic H₂SO₄ electrolyte. Post-cycling morphology 
indicates partial fragmentation/degradation of AgNWs after 
prolonged operation, suggesting that AgNWs act mainly as 
conductive additives rather than long-term chemical stabi-
lizers. Therefore, the improved cycling stability of MnO₂@
MXene/AgNWs is primarily attributed to the MnO₂-
stabilized MXene architecture, while AgNWs contribute 
mainly to enhanced electrical conductivity.

3.4  Application of the ASC device at varied 
temperature conditions

Operating temperature plays a significant role in the per-
formance of supercapacitor material. MXene, with high 
temperature sensitivity due to its rapid conversion to TiO2, 
exhibits poor stability at elevated temperatures. Herein, the 
stabilized MXene architecture through decorated MnO2 
nanoparticles performed well in a set of temperature ranges. 
The ASC device was fabricated and operated at 10, 20, 25, 
30, 35, 40, 45, and 50 °C, respectively. Initially, the CV anal-
ysis of the device at all the above-mentioned temperatures 
was conducted at 100 mV s− 1 and resulted in almost similar 
current densities and CV shapes (Fig. 8i). Thanks to the dec-
orated MnO2, which provides mechanical support to avoid 
morphological changes in MXene and oxidation scavenger 
for MXene. This gives a stable chemical nature to MXene 
at varied operating temperatures, making the fabricated 
MXene-based architecture feasible for different environ-
mental conditions. Similarly, GCD analysis was conducted 
to verify the effect of operating temperature on charging and 
discharging time, where 25 °C (room temperature) was con-
sidered as the standard temperature and all measurements 
were conducted at 10 mA cm− 1 (Fig. 8j). It can be depicted 
from Fig. 8j that at lower temperatures (10 °C and 20 °C) 
the charging and discharging time is relatively lower com-
pared to room temperature, which can be due to the slug-
gish movement of electrolyte ions and less diffusion inside 
the MXene sheet. At elevated operating temperatures of 30, 
35, and 40 °C, the GCD discharge time increased, indicat-
ing enhanced capacitive performance. Figure 8k shows the 
calculated areal capacitance at different operating tempera-
tures, where the capacitance at 25 °C was used as the refer-
ence value (140 mF cm⁻², 100%). At lower temperatures of 
10 and 20 °C, the areal capacitance decreased to 120.6 mF 
cm⁻² (86.14%) and 129.3 mF cm⁻² (92.35%), respectively, 
which can be attributed to sluggish electrolyte-ion kinetics 
and limited ion diffusion within the electrode. In contrast, 
the areal capacitance increased at 30, 35, and 40 °C to 150.5 
mF cm⁻² (107.5%), 171.2 mF cm⁻² (122.28%), and 176.2 
mF cm⁻² (125.85%), respectively. This enhancement can be 
attributed to improved ion-transport kinetics and increased 
ionic conductivity of the PVA/H₂SO₄ gel electrolyte at 
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moderately elevated temperatures. Higher temperature 
can increase the kinetic energy of electrolyte ions, reduce 
electrolyte viscosity, and enhance polymer chain segmental 
mobility, thereby promoting faster proton transport across 
the electrode/electrolyte interface and improving ion acces-
sibility to electroactive sites [48]. This interpretation is sup-
ported by EIS fitting results, where the equivalent series 
resistance (Rₛ) values at 10, 20, and 25 °C were 2.17, 2.06, 
and 1.98 Ω, respectively, while the Rₛ values decreased to 
below 1.5 Ω at elevated temperatures (Fig. 8l). However, 
when the temperature increased further to 45 and 50  °C, 
the areal capacitance decreased to 122.5 mF cm⁻² (87.5%) 
and 118 mF cm⁻² (84.24%), respectively. This decrease may 
be associated with thermally induced structural or chemi-
cal changes in the electrode/electrolyte system, which can 
offset the benefit of enhanced ion transport at higher tem-
peratures. Overall, the fabricated MnO₂-stabilized MXene-
based ASC device maintains considerable capacitance over 
a wide temperature range, indicating its potential for opera-
tion under varied environmental conditions. Figure 8l fur-
ther shows the EIS profiles at different temperatures, with 
Rct values remaining in the range of approximately 2–4 Ω, 
suggesting relatively stable charge-transfer behavior across 
the tested temperature range.

3.5  DFT analysis of the oxygen scavenging 
mechanism

To gain microscopic insight into the improved oxidation 
stability of the MnO2 modified MXene electrodes, density 
functional theory (DFT) calculations were carried out for O2 
adsorption on pristine MXene and on the MnO2@MXene 
heterostructure. The optimized adsorption geometries are 
summarized in Fig. 9a. On the bare Ti3C2Tx surface, the O2 
molecule resides relatively far from the surface Ti atoms and 
maintains a configuration that indicates weak interaction. In 
contrast, when MnO2 is present, O2 preferentially binds in 
the vicinity of the Mn centers, with a shorter O-Mn distance 
and a slightly elongated O-O bond, suggesting stronger che-
misorption on the MnO2 domain. The projected density of 
states in Fig. 9b reveals a clear difference in the electronic 
coupling between O2 and the underlying metal sites. For O2 
adsorbed on Ti3C2Tx, the overlap between the O 2p states 
of the O2 molecule and the Ti 3 d states of surface Ti atoms 
is relatively modest around the Fermi level. In contrast, the 
MnO2@MXene system exhibits pronounced O 2p Mn 3 d 
hybridization near EF, indicating the formation of strongly 
bonded Mn O states. This enhanced hybridization implies 
that Mn-containing sites provide electronically favorable 

Fig. 9  Optimized geometries of O2 adsorbed on MXene and MnO2@
MXene, showing that O2 sits closer to Mn sites with a slightly elon-
gated O-O bond (a). PDOS for O2@Ti3C2Tx and O2@MnO2@MXene. 
Stronger overlaps between O 2p and Mn 3 d states near EF indicate 
stronger MnO2 bonding than for O 2p and Ti 3 d (b). Bader charge 
analysis giving the net charge gained by O2 and lost by Ti or Mn. 
MnO2@MXene exhibits much greater charge transfer, indicating 

that Mn acts as a sacrificial redox center (c). Charge density differ-
ence maps Delta rho(r) = rho(O2@system) minus rho(system) minus 
rho(O2) (d, e). Almost no redistribution is seen for Ti3C2Tx, while 
MnO2@MXene shows electron accumulation around O2 and deple-
tion at Mn. Schematic summary of the net charge transfer between Mn 
and O2, consistent with the Bader results in panel (f, c)
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adsorption sites for oxygen species, in agreement with the 
more negative O2 adsorption energy on Mn sites compared 
to Ti sites, as shown in Figure S23a.

Bader charge analysis further quantifies the distinct 
charge transfer behavior, as summarized in Fig.  9c. For 
O2@Ti3C2Tx, only a small amount of charge is transferred 
from Ti to the adsorbed O2 molecule, consistent with weak 
oxidation of the Ti sites. In the O2@MnO2@MXene config-
uration, however, a substantially larger amount of charge is 
transferred from Mn atoms to O2. This result demonstrates 
that Mn is preferentially oxidized and effectively acts as a 
sacrificial redox center, or oxygen scavenger, that buffers 
the oxidative attack on the conductive Ti3C2Tx backbone. 
The real space charge density difference plots in Fig. 9d and 
e, and 9f provide a visual representation of this behavior. 
The pristine Ti3C2Tx case shows negligible charge redistri-
bution between O2 and the surface, whereas the MnO2@
MXene case exhibits strong electron accumulation around 
O2 accompanied by electron depletion at Mn sites, confirm-
ing the strong MnO2 interaction inferred from the PDOS 
and Bader analyses. The total DOS comparison in Figure 
S23b further indicates that MnO2 decoration introduces 
additional Mn 3d-derived states near the Fermi level, which 
likely facilitate this strong interaction with oxygen species. 
Overall, the DFT results consistently support the experi-
mentally observed enhancement in oxidation resistance. 
MnO2 domains serve not only as structural modifiers but 
also as chemically active oxygen scavengers that preferen-
tially bind and consume oxygen species, thereby protect-
ing the Ti3C2Tx framework from degradation under ambient 
conditions.

4  Conclusion

A well-delaminated MXene was synthesized from the MAX 
phase as starting materials. The decoration of the MnO2 NPs 
on the MXene sheets significantly mitigate the restacking of 
the MXene sheets and alleviate the oxidation of MXene dur-
ing long-term cyclic stability and harsh environmental con-
ditions, owing to the highly redox sponsor nature, which can 
shield the oxidation of MXene. Additionally, to enhance the 
rheological properties and conductivity of MnO2@MXene, 
AgNWs were added to the as-synthesized MnO2 decorated 
MXene to fabricate the MnO2@MXene/AgNWs compos-
ite. Physicochemical characterizations confirm the synthesis 
of MXene, MXene/AgNWs, MnO2@MXene, and MnO2@
MXene/AgNWs. The MnO2@MXene/AgNWs exhibited 
the highest specific capacitance (878 F g− 1 @ 0.5 A g− 1) and 
lowest impedance compared with MXene, MXene/AgNWs, 
and MnO2@MXene, which ensures their potential practi-
cal applications. The combination of the AgNWs allows the 

direct printing of the MnO2@MXene/AgNWs on a flexible 
PET substrate, and AC was printed as the cathodic material. 
The incorporation of highly conductive 1D-AgNWs makes 
the fabrication of the current collector-free supercapacitor 
possible. This simplifies the device architecture and is com-
patible with a scalable printing process. The ASC device 
demonstrated high Ca (565.1 mF cm− 2 @ 6 mA cm− 2), Ea 
(~ 0.2 mWh cm− 2), Pa (51.39 mW cm− 2), cyclic stability 
(98.52%), and 86.14% (10 °C) and 84.24% (50 °C) capaci-
tance retention at extreme environmental conditions. The 
role of MnO2 to mitigate MXene oxidation was verified by 
examining the tested devices after 10,000 GCD cycles using 
XPS. The DFT simulation and post-cyclic characterization 
of the final composite using FE-SEM/EDS, XRD, and EIS 
further validate the role of MnO2 in mitigating excessive 
MXene oxidation. These favorable characteristics of the 
material allow its practicality for printing and operations 
in harsh conditions; however, additional studies would be 
required to fully confirm the mechanisms.
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