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A B S T R A C T

Ti3C2Tx MXene, a two-dimensional transition metal carbide, has emerged as a highly promising material for 
energy harvesting applications due to its exceptional electrical conductivity, large surface area, and tunable 
surface chemistry. This review presents a comprehensive overview of recent progress in synthesizing Ti3C2Tx 
MXene and its nanostructured composites, highlighting both conventional and fluoride-free etching methods. We 
explore the integration of MXene with other functional materials to enhance its performance in solar cells, 
triboelectric nanogenerators, supercapacitors, and printed batteries. Special attention is given to the role of 
surface terminations, interlayer interactions, and structural modifications in optimizing electrochemical and 
mechanical properties. Finally, we discuss current challenges-such as oxidation stability, scalable production, 
and surface functionalization- and propose future directions for advancing MXene-based technologies in sus
tainable energy systems.

1. Introduction

In modern life, people heavily rely on electronic devices, wearable 
technology, and it is difficult to imagine a world without these tools, as 
they offer important convenience and have become essential portable 
items. Given the rising energy demands associated with wearable de
vices and the diminishing availability of fossil fuels, there is an urgent 
necessity for sustainable and viable energy alternatives, as well as green 
energy resources [1–4]. In recent years, to mitigate environmental 
pollution and address energy storage challenges, scientists have been 
studying renewable energy sources such as wind, tidal, solar, 

geothermal, and hydroelectric power [5–8]. These green energy sources 
need to be efficiently stored in devices like lithium-ion batteries and 
supercapacitors. Recent research endeavors have primarily concen
trated on two-dimensional materials, attributed to their distinctive 
properties such as superior optical, electrical, and mechanical charac
teristics [9–11]. These attributes render them particularly advantageous 
for a wide range of applications. Among 2D materials, MXene has 
demonstrated outstanding research potential and holds vast promise for 
energy harvesting and conversion applications [12–17].

In 2011, Yury’s group was the first to explore a new class of 2D 
materials, including transition metal carbides and carbonitrides/ 
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nitrides, which displayed a combination of naturally hydrophilic sur
faces and metallic conductivity. This new emerging family of materials 
was named MXenes. Their formula is described by Mn+1XnTx (n = 1–4), 
where M represents transition metals (Mo, Ta, Sc, Ti, Zr, V, Hf, Cr), X 
represents carbon and nitrogen, and Tx accounts for functional groups 
(-F, -OH, -O). Ti3C2Tx was the first MXene prepared, which is system
atically synthesized by HF etching to remove the Al layers from the 
Ti3AlC2 MAX phase [18–32].

To date, the scientific community has prepared more than 59 
different pure MAX phases. The well-known Ti3AlC2 MAX precursor has 
P63/mmc symmetry with hexagonal layers that are closely packed into 
octahedral sites. Generally, the anisotropic Ti-C bond exhibits strong 
mixed covalent and/or ionic/metallic properties, while the Ti-Al bond 
exhibits metallic behavior. The bond strength of titanium-carbon bonds 
exceeds that of titanium-aluminum bonds, allowing chemical agents to 
selectively remove the Al layers without destroying or interrupting the 
Ti-C bonds [33–36].

Ti3C2Tx MXene possesses a large surface area, excellent electrical 
conductivity, and low diffusion barriers, which facilitate its use as an 
electrode material in lithium-ion batteries and supercapacitors. For 
instance, additive-free MXenes have exhibited volumetric capacitances 
of up to 1500 F per cubic centimeter (F cm− 3), whereas carbon-based 
composites have shown volumetric capacitances of up to 300 F cm− 3, 
and hydrated ruthenium oxide has achieved capacitances ranging from 
1000 to 1500 F cm− 3 [37]. Ti3C2Tx MXene has demonstrated excellent 
cycling stability when lithium ions intercalate between each layer, in 
contrast to graphite structures that suffer from severe structural collapse 
and low cycling rates. Moreover, Ti3AlC2 is the most commonly and 
commercially available MAX phase on the market. Considering all these 
factors, the functionalization of Ti3C2Tx MXene beyond graphene has 
made it a potential candidate for lithium-ion batteries [38–41]. Another 
study revealed the size dependence of Ti3C2Tx nanosheets through 
sonication and investigated their electrochemical applications. Using 
ultrasound methods was shown to significantly improve the etching of 
MAX phase and greatly increase the electrochemical activity of electrode 
materials. Therefore, downsizing Ti3C2Tx MXene can lead to a remark
able difference in applications, ion conductivity, and surface termina
tion groups [42–46].

Over the past decade, numerous reviews and research have focused 
on the progress and applications of MXenes in areas such as gas sensors 
[47,48], batteries [49], supercapacitors [50], water splitting [51], 

wastewater treatment [52], and biomedical technologies [53]. Most of 
the review works discuss the fundamental properties and specific ap
plications of MXenes; however, only a few have provided a compre
hensive overview of their multifunctional capabilities. Given the rapidly 
increasing number of publications on MXene-based systems (Fig. 1), a 
more timely and integrative review is needed. Although several reviews 
have summarized the properties and applications of MXenes [54,55], 
there remains a gap in the literature concerning recent advancements in 
their use for energy harvesting (photovoltaics and triboelectric nano
generators) and energy storage (supercapacitors and batteries), as well 
as for water splitting and CO2 reduction.

In this review, Ti3C2Tx MXene is selected as a representative member 
of the two-dimensional MXene family to highlight its contemporary 
progress in energy storage and harvesting applications. We begin by 
discussing the preparation of Ti3C2Tx MXene, with a comparison be
tween conventional and fluoride-free etching methods, emphasizing 
their respective advantages, limitations, and scalability. This is followed 
by an overview of its physicochemical properties, oxidation behavior, 
and antioxidant stabilization strategies. Subsequently, the role of 
Ti3C2Tx MXene as a high-performance electrode material is examined 
across various applications, including solar cells, triboelectric nano
generators, supercapacitors, printed batteries, photocatalysis, and elec
trocatalysis. Finally, we present future perspectives on the scalable 
production of MXenes and their integration into pilot-scale systems and 
into practical renewable energy technologies.

2. Synthesize methods of Ti3C2Tx

2.1. Direct HF and in-situ HF etching

HF was employed as the primary etchant for manufacturing MXene 
from the MAX phase [56,57]. It is demonstrated that the high reactivity 
between the Al layer and F ion allowed the use of 50 wt% HF to effec
tively eliminate the aluminum layer from the Ti3AlC2 MAX. This process 
yields accordion-like MXene structures that are maintained through van 
der Waals interactions [58,59]. First-principles calculations were uti
lized to recognize the mechanism of HF etching. In comparison, different 
HF concentrations were applied to prepare Ti3C2Tx, revealing that both 
HF concentration and etching time suggestively affect the quality of the 
resulting Ti3C2Tx MXene [60–62]. It required 5 h of etching time when 
using HF concentrations of 30 wt% or higher, whereas only 2 h were 

Fig. 1. Publication trend of MXene-related research from Web of Science (2015–2025/10).
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sufficient with 50 wt% HF [63]. The sophisticated etching procedure can 
be explained by the following reactions: 

Ti3AlC2 + 3HF → AlF3 + 1.5H2 + Ti3C2                                         (1)

Ti3C2 + 2HF → Ti3C2F2 + H2                                                         (2)

Ti3C2 + 2H2O → Ti3C2(O/OH)2 + H2                                             (3)

Ti3C2 + 2HF → Ti3C2F2 + H2                                                         (4)

HF is a toxic acid with strong corrosiveness, posing risks during the 
synthesis procedure. Therefore, it is crucial to find alternative etchants 
to obtain Ti3C2Tx. HCl and LiF were employed to generate HF in situ, 
providing a safer synthesis approach for Ti3C2Tx. Various fluoride salts, 
such as NH4F, KF, and NaF, have also been used as etchants. As shown in 
Fig. 2, the Ti3AlC2 MAX phase is etched into small slices that are clearly 
separated from each other. Thus, the use of fluoride-containing etchants 
was enhanced and supplemented for improved synthesis (see Fig. 3).

2.2. F-free etching

Although conventional Ti3C2Tx MXene synthesis typically relies on 
toxic HF or in situ HF etchants, recent advancements have demonstrated 
the successful preparation of F-free MXenes, which offer improved 
safety, controllable surface terminations, and enhanced tunability. For 
example, Youbing and co-workers synthesized Cl-terminated MXene 

using a Lewis acidic etching approach. In this process, a mixture of 
Ti3SiC2 MAX and CuCl2 was heat-treated at 750 ◦C. During the reaction, 
Si atoms tended to oxidize into Si4+ cations due to the weak Ti–Si 
bonding, subsequently reacting with Lewis acidic Cu2+ to form volatile 
SiCl4 and metallic Cu. After etching, ammonium persulfate was 
employed to remove by-products such as Cu particles, SiCl4, and residual 
CuCl2 [65]. Ali et al. synthesized Br-terminated MXene under glovebox 
conditions at room temperature. Specifically, a mixture of Ti3AlC2 and 
bromine in a 1:8 M ratio was stirred in cyclohexane for 8 h. The resulting 
supernatant was collected and subsequently washed with tetrabuty
lammonium bromide and organic solvents such as tetrahydrofuran. 
Interestingly, the surface termination groups can be further tailored by 
employing different halogen sources during the etching process, 
including iodine, iodine monobromide, and iodine monochloride [66].

It has been confirmed that the alkali-assisted hydrothermal tech
nique can prepare F-free Ti3C2Tx MXenes without any hazardous issues. 
Li et al. demonstrated a NaOH-assisted hydrothermal technique to 
synthesize Ti3C2Tx MXene with Tx = -O, -OH at 270 ◦C [67]. There are 
two steps to remove Al layers: first, Al oxidation to AlO2 and then its 
dissolution in alkali. Deprived of the F groups, the Ti3C2Tx film electrode 
displayed excellent supercapacitor performance (314 F g− 1 in H2SO4), 
that is better than Ti3C2Tx MXene synthesized using HF etching. In a 
similar scenario, Yang et al. confirmed an efficient F-free etching tech
nique for the preparation of MXene using anodic corrosion of Ti3AlC2 
MAX phase in binary aqueous electrolyte [68]. The dissolution of the A 

Fig. 2. SEM image of Ti3C2Tx MXene at different pH value. Reprinted and adapted with permission from Ref. [64].
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Fig. 3. a) Timeline of the development and evolution of MXene synthesis methods since 2011. MXene synthesis has been achieved through various approaches, 
including: b) Supercritical water-assisted etching. Reprinted and adapted with permission from Ref. [71]. c) HF or HCl/LiF etching. Reprinted and adapted with 
permission from Ref. [72]. d) Halogen etching. Reprinted and adapted with permission from Ref. [66]. e) Alkali treatment. Reprinted and adapted with permission 
from Ref. [73]. f) Surface functional group modification. g) Ion pre-intercalation of MXene. Reprinted and adapted with permission from Ref. [69].

N. Kumar et al.                                                                                                                                                                                                                                  Journal of Science: Advanced Materials and Devices 10 (2025) 101034 

4 



layer, succeeded by in-situ intercalation of NH4OH, led to the successful 
extraction of Ti3C2Tx MXene with a notable yield of 90 % and an 
approximate size of 19 μm. Moreover, the intercalation of K+, Li+, and 
Na + ions enable Ti3C2Tx MXene to retain its accordion-like morphology 
with a densely stacked hexagonal crystal structure. Ion intercalation not 
only enriches the surface functional groups but also increases the 
interlayer spacing at the atomic scale, thereby enhancing electro
chemical performance through the columnar effect within the interlayer 
voids of Ti3C2Tx MXene [69,70].

As summarized in Table 1, the synthesis of Ti3C2Tx MXene is strongly 
influenced by multiple parameters, including the selection of etching 
agents, concentration, reaction time, and the nature of surface termi
nations. Each application demands a tailored synthesis route; for 
example, HF-based etching offers high yield, excellent conductivity, and 
well-developed reproducibility, making it suitable for energy conversion 
systems. However, the use of toxic and corrosive HF introduces serious 
safety risks, waste management challenges, and environmental burdens, 
which substantially hinder industrial scalability. In comparison, the LiF/ 
HCl-assisted in situ HF method provides better delamination efficiency 
and fewer structural defects, offering improved dispersibility for elec
tronic or sensor applications, but still suffers from fluoride contamina
tion and limited oxidation stability.

To address these drawbacks, fluoride-free etching strategies; such as 
Lewis-acidic molten salts, halogen-mediated, or electrochemical 
etching, have recently emerged as safer and more environmentally 

benign alternatives, enabling tunable surface terminations and poten
tially improved oxidation resistance. Nevertheless, these approaches 
often require high-temperature processing (600–800 ◦C), complex pu
rification steps, and lower delamination yields, which currently restrict 
their large-scale implementation. Therefore, future studies should pri
oritize the design of additive-free, low-temperature, and scalable syn
thesis routes capable of delivering defect-controlled, few-layer Ti3C2Tx 
MXene nanosheets with consistent quality, thereby bridging the gap 
between laboratory synthesis and industrial production.

3. Properties of Ti3C2Tx

A fundamental understanding of surface interactions and properties 
is a prerequisite for modulating MXene for potential applications. Ac
cording to DFT, Ti3C2Tx is characterized by six-fold symmetry, a hex
agonal lattice structure with a coordination number of 6, and a rhombic 
lattice configuration when viewed from above [74]. The single carbon 
layer is located between two titanium layers. Along with pure Ti3C2Tx 
MXene, their properties are influenced by functional groups. For 
example, Wang and co-workers confirmed that the functional groups are 
randomly covered and distributed over the Ti3C2Tx surface rather than 
forming a specific domain, with -OH and -F directly bonded to the sur
face of Ti3C2Tx MXene [75].

Hydrogen bonding interactions and van der Waals forces are present 
between each layer and the associated functional groups. The strength of 
the hydrogen bonding is influenced by the spatial arrangement and 
orientation of hydroxyl groups on one surface in relation to the -O and -F 
groups on the opposing surface [75].

The type of functional groups depends on the method and concen
tration of HF used. For instance, Ti3C2Tx synthesized using HCl-LiF 
etching will have more -O groups and fewer -F groups compared to 
Ti3C2Tx synthesized with 50 % HF. According to DFT calculations, the 
orientation of Tx is energetically favorable when Tx groups are located 
on top of carbon atoms and/or in hollow spaces, as shown in Fig. 4 [76]. 
Therefore, the most stable configurations are Ti3C2(O)2 > Ti3C2(OH)2 >

Ti3C2F2 due to steric hindrance between surface terminations and car
bon atoms [76]. Moreover, Ti3C2Tx MXene easily oxidizes under 
ambient conditions. Xie et al. reported that Ti3C2(O)2 MXene is more 
stable than Ti3C2(OH)2 and Ti3C2F2 because -OH and -O tend to replace 
-F under ambient conditions and at high temperatures [77].

Lipatov and co-workers confirmed the highest Young’s modulus 
(0.33 ± 0.03 TPa) for a Ti3C2Tx single layer using AFM nanoindentation 
measurements [79]. The MXene thin films, approximately 20 nm in 
thickness, synthesized utilizing an NH4HF2 solution, demonstrated a 
transmittance of 90 % across the visible to infrared spectrum. In another 
work, the calculated Young’s modulus and fracture strength of 
single-layer Ti3C2Tx MXene measured using a push-to-pull device were 
approximately 484 GPa and 16 GPa, respectively, which are consistent 
with the values predicted by molecular dynamics simulations (Fig. 5(a, 
b)). These values are higher than those of MoSe2 and comparable to 
those of graphene, suggesting that Ti3C2Tx MXene is a promising alter
native to carbon-based materials for strain engineering applications due 
to its intrinsic mechanical properties and brittle fracture behavior [80].

Hantanasirisakul and co-workers investigated a fundamental tech
nique to prepare homogeneous, transparent Ti3C2Tx MXene films using 
spray coating of exfoliated colloidal Ti3C2Tx aqueous solutions over 
various substrates [81]. The transmittance was measured to be around 
91.2 % for 5 nm thick films and 43.8 % for 70 nm thick films. There is an 
inherent trade-off between transmittance and conductivity for thin 
films. For example, Ali et al. synthesized transparent and thin Ti3C2Tx 
MXene films using an electrohydrodynamic atomization procedure in a 
vacuum-free environment with an electric field on a glass substrate [82]. 
They achieved a resistivity of 3.4 × 10− 4 Ω/cm with a 135 nm thin film 
and 87 % transmittance under diode behavior (3V, 120 mA).

In Ti3C2Tx MXenes, the intercalation between layers has poor 
strength, facilitating the insertion of different species such as ionic, 

Table 1 
Comparison between conventional fluoride-based and fluoride-free etching 
strategies for Ti3C2Tx MXene synthesis.

Category Fluoride-based etching 
(HF or in situ HF)

Fluoride-free etching (Lewis 
acidic, electrochemical, alkali, 
or halogen-based)

Typical reagents HF (40–50 %), 
LiF + HCl (in situ HF)

CuCl2, ZnCl2, Br2, I2, ICl, IBr, 
NaOH, H2SO4, 
electrochemical electrolytes

Reaction 
temperature

Room temperature to 
~60 ◦C

25–800 ◦C (depending on 
method; e.g., 600–800 ◦C for 
molten salts)

Reaction duration 12–72 h (depends on 
MAX phase)

Minutes to several hours 
(molten salt), or 1–6 h 
(electrochemical)

Delamination yield High (up to 80–90 % few- 
layer dispersions)

Moderate (30–60 %), often 
requires post-intercalation 
and ultrasonication

Surface 
terminations

–F, –O, –OH –Cl, –Br, –I, –O (tunable 
depending on halogen source)

d-spacing 8 -11 Å 12 -14 Å
Electrical 

conductivity
Typically high 
(>103–104 S cm− 1)

Comparable or slightly lower 
(Depends on termination and 
defects)

Oxidation stability Moderate; F-terminations 
may promote oxidation in 
aqueous media

Potentially higher (Cl- 
terminated MXenes show 
improved resistance)

Advantages Mature, reproducible 
process 
Low energy input 
High delamination yield 
Compatible with Li+

intercalation

HF-free (safe and eco-friendly) 
Controllable surface chemistry 
Expanded range of 
terminations 
Reduced fluorine 
contamination

Limitations Toxic and corrosive 
reagents 
Hazardous waste 
management 
F-terminations may block 
active sites 
Oxidation susceptibility

Higher temperature and 
energy demand 
Complex purification 
Lower delamination yield 
Inconsistent flake quality

Environmental and 
safety aspects

Requires strict safety 
handling and HF-resistant 
equipment

Safer operation; reduced 
hazardous effluents

Scalability Feasible at lab scale; 
costly at industrial scale 
due to HF containment

Promising for pilot scale; 
electrochemical methods most 
scalable
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organic, and polymeric species. The intercalation of cations is crucial 
due to its unique chemical behavior and physical properties. For 
instance, Xiong and co-workers confirmed that the sliding of Ti3C2Tx 
MXene was relatively smoother with intercalated Li + cations, which 
improved the rheological properties [83]. Wang et al. reported that Al 
ion intercalation facilitated the horizontal sliding of single-layer Ti3C2Tx 
MXene and redefined the MXene structure [84]. Since intercalation 
chemistry is crucial for energy storage, the Li+ ion charge storage 
mechanism in MXenes was confirmed by X-ray absorption spectroscopy 
measurements, showing that the oxidation state of Ti varied consis
tently. However, the oxidation state remained stable when the potential 
was reduced, and a lithium layer was created [85]. As shown in Fig. 5(c), 
the rheological properties of Ti3C2Tx MXene dispersions in water were 
investigated by Bilen et al. [86]. As a result, a shear-thinning behavior 
was observed at high MXene loading (70 %) based on viscosity mea
surements. Unlike other colloidal systems, at low concentrations (1 
mg/mL), MXene exhibited an early spike in viscosity owing to its low 
mass and large surface charge (− 46 mV). The elastic component was 
detected even at very low concentrations (<0.2 mg/mL). In contrast, 
higher elasticity and viscosity were recorded in samples containing a 
greater mass of nanostructures, which are suitable for applications 
requiring a high elastic modulus, such as extrusion printing. Although 
several studies have investigated the apparent viscosities of Ti3C2Tx 
dispersions [87], further rheological studies are still needed to elucidate 
the relationship between the shear field, surface functional groups, and 
particle geometry.

4. Oxidation, storage, and life time

Among the various factors influencing the oxidation behavior of 
Ti3C2Tx MXene, the most critical are the synthetic methods, post- 
synthetic treatments, and storage environments. Specifically, each 
etching method induces distinct defects in surface morphology and 
functional groups. As shown in Fig. 6, the oxidation degradation of 
MXene generally initiates at atomic defect sites and nucleation points, 
leading to the formation of amorphous carbon and TiO2. Owing to the 
relatively low surface energy (0.44 J/m2) of the (101) lattice plane 
compared with the (001) (0.90 J/m2) and (100) (0.53 J/m2) planes, the 
preferential growth of TiO2 nanostructures on the basal plane of MXene 

predominantly happens along the (101) orientation [88,89]. Besides, 
under heat treatment at different temperatures, TiO2 begins to form on 
the surface of MXene while the 2D structure is retained below 600 ◦C 
[90]. At 350 ◦C, a cubic TiO2 phase is formed, accompanied by the 
removal of surface –OH groups driven by thermal treatment under 
ambient atmosphere [59]. When the temperature exceeds 800 ◦C, the 
accordion-like structure of MXene is completely degraded, resulting in 
the formation of anatase and rutile TiO2. Under an Ar inert atmosphere, 
MXene preserves its 2D morphology even at 1000 ◦C, whereas TiO2 
nanostructures are observed at 200 ◦C under an O2 atmosphere [91]. In 
an NH3 environment, nitrogen atoms are doped into the MXene matrix 
by substituting carbon sites at 700 ◦C [92]. Moreover, the storage con
ditions of MXene play a crucial role in preserving its structural integrity 
and electrical conductivity.

Zhang et al. demonstrated that the storage temperature is linearly 
correlated with the oxidation rate of MXene [93]. The morphological 
structure and electrical properties of MXene exhibited slight changes 
after two days of storage at ambient conditions, whereas the frozen 
dispersion showed no noticeable alteration. This stability is attributed to 
the solid ice matrix, which significantly reduces the diffusion rate and 
contact of oxygen with Ti3C2Tx MXene. The freezing method thus pro
vides an effective approach for ultra-long-term storage of MXene, 
maintaining its electrical, mechanical, and energy storage properties for 
over 1.5 years without degradation.

Across solid, liquid, and gaseous phases, it has been demonstrated 
that MXene stored in ice exhibits greater stability and better retention of 
properties compared to that stored in aqueous solutions, owing to 
oxidative degradation in water [94,95]. Consequently, Ti3C2Tx MXene is 
preferably stored in organic solvents, particularly ethanol, at low tem
peratures (below 5 ◦C) and under basic pH conditions, thereby sup
pressing electron delocalization at the titanium sites.

Moreover, to address the stability challenges and broaden the 
application of MXene in diverse environments, several strategies have 
been developed, including green synthesis and hybridization with 
polymers or MOFs. For example, Zhang and co-workers fabricated PSS/ 
PEDOT/Ti3C2Tx composites for use in flexible electronic devices, 
achieving an excellent volumetric capacitance of approximately 614.5 F 
cm− 3 at a scan rate of 5 mV/s [96]. In this optimized composite, MXene 
serves as the medium for intersheet charge transport and energy storage, 

Fig. 4. Atomic structure of MXene. Reprinted and adapted with permission from [78].
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while the PEDOT:PSS polymer chains provide mechanical strength and 
flexibility. Similarly, the green synthesis of Ti3C2Tx/PEDOT:PSS elec
trodes has been employed for microsupercapacitor applications [97]. 
Zn2+ ions were introduced during the coagulation process, disrupting 
electrostatic repulsion and acting as both bridging and protective agents 
between MXene layers, thereby enhancing the solidification of 
Ti3C2Tx/PEDOT:PSS fibers. In another study, MXene was effectively 
protected through combination with ligands, owing to the hydrophobic 
characteristics of alkylated 3,4-dihydroxy-L-phenylalanine ligands, 
which exhibited excellent electrical performance and oxidation stability. 
After nearly three weeks of operation under 85 % relative humidity, the 
composite retained approximately 90 % of its initial electrical conduc
tivity, attributed to both π–electron interactions and hydrogen bonding 
[98]. Furthermore, Tae and co-workers demonstrated that 
ligand-functionalized Ti3C2Tx composites maintained stable perfor
mance for up to six weeks when applied as printed electronics in 
thin-film transistors [99].

Despite these efforts, each method possesses inherent advantages 
and limitations concerning the oxidation behavior of Ti3C2Tx MXene 

(Table 2). A deeper and more systematic investigation, integrating ma
chine learning and mechanistic modeling, is required to comprehen
sively elucidate the fundamental oxidation mechanisms, storage 
stability, and lifetime of MXenes under various processing and envi
ronmental conditions, prior to their scale-up and integration into prac
tical technologies [100].

5. Potential application of Ti3C2Tx

5.1. MXene-based materials for energy harvesting

MXenes, a family of two-dimensional transition metal carbides, ni
trides, and carbonitride, have shown to be a good choice for different 
charge carrier layers in photovoltaic applications due to their tailorable 
electrical characteristics by compositional and functional group modi
fication [117]. The tunable band gap and electronic conductivity makes 
it suitable for being used as both ETL and HTL. Apart from having good 
electrical conductivity and mechanical flexibility, it also shows high 
hydrophilicity which helps in the good wettability for perovskite and 

Fig. 5. (a, b) The Tensile strength and Young’modulus of single layer MXene. Reprinted and adapted with permission from Ref. [80]. c) Rheological properties of 
Ti3C2Tx MXene at different concentrations (0.9 mg/mL, 2.7 mg/mL, 3.6 mg/mL). Reprinted and adapted with permission from [86].
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other organic absorber layers for solar cells.

5.1.1. Perovskite solar cells
Over the last decade, perovskites have achieved major advances in 

photovoltaics and associated sectors. However, hurdles remain in 
improving their performance and addressing stability concerns to permit 
future commercialization. The development of a unique 2D halide 
perovskite material represents a significant advancement in solar energy 
conversion efficiency. Since its original announcement in 2018, the 
incorporation of a novel 2D material, MXene, into perovskite solar cells 
has yielded encouraging results. This material exhibits excellent trans
parency, electrical conductivity, carrier mobility, extraordinary me
chanical strength, and an adjustable work function [117].

Double-layered methyl ammonium (MA)-free Cs2BiAgI6 PSCs band 

gap of 1.6 eV with MXene + TiO2 as the ETL shows a significant 
improvement in EQE and PCE of the PSCs [118]. The novel approach of 
using MXene combined with TiO2 as an ETL in PSCs significantly im
proves performance while potentially reducing manufacturing costs and 
defects. This combination achieved a remarkable PCE of over 28 %, with 
an VOC of 1.48 V, JSC of 22.8 mA cm− 2, and an FF of 84.6 %. (A detailed 
quantitative summary of these and other representative 
MXene-engineered PSCs is provided in Table 3, highlighting their 
respective J–V parameters and stability improvements). Saranin et al. 
showed that MXenes in NiO based inverted solar cell play a crucial role 
in passivating trap states within the cell structure, leading to enhanced 
charge extraction and collection at the electrodes [119]. Their presence 
also allows for easy tuning of energy level alignment at perovskite/ETL 
interfaces. As a result, MXene-based engineered cells exhibited 

Fig. 6. a) The plausible mechanism of Ti3C2Tx oxidation under acidic and basic conditions. Reprinted and adapted with permission from Ref. [101]. b) Schematic 
illustration of the ligand-functionalization procedure for Ti3C2Tx MXene. Reprinted and adapted with permission from [99].
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significantly improved performance compared to conventional devices, 
achieving a power PCE of over 19 %. While the average VOC values 
slightly declined in all structures using MXenes, this decrease was out
weighed by a significant increase in JSC, leading to an overall 
improvement in PCE (This trend is clearly reflected in Table 3, where 
MXene-based ETLs consistently show current density enhancement 
despite minor VOC variations). This approach presents new opportunities 
for the development of inverted PSCs, offering great potential for 
large-area device integration and long-term stability. Niu et al. 
demonstrated the use of Nb2C MXenes as an additive to SnO2 ETLs to 
improve the performance and stability of PSCs [120]. The addition of 
Nb2C MXenes resulted in larger SnO2 grain growth, enhanced surface 
energy, reduced defects, and improved carrier transport, leading to PSCs 
with a champion efficiency of 22.86 %, a significant increase from the 
control’s 18.96 %. Furthermore, these PSCs showed impressive stability, 
retaining 98 % of their initial efficiency after 40 days at 25 ◦C and 40–60 
% humidity, compared to just 85 % for the control devices (Table 3). 

Yang et al. explored the use of Ti3C2 MXene in organic-inorganic lead 
halide perovskite solar cells to enhance efficiency [121]. By incorpo
rating Ti3C2 into the SnO2 layer, the short-circuit current density (JSC) 
increased from 22.83 to 23.56 mA/cm2, with an optimal Ti3C2 con
centration of 1.0 wt% yielding a PCE above 18 %. The improved electron 
transport pathways facilitated better charge collection, though excessive 
Ti3C2 loading reduced VOC and FF, leading to lower PCE. Devices with 
pure Ti3C2 as the ETL showed poor efficiency (5.28 %), confirming the 
necessity of a composite ETL structure.

Zhang et al. investigated the role of the HTL in PSCs, emphasizing its 
impact on both hole transfer efficiency at the perovskite/HTL interface 
and the crystallization process of the perovskite film [122]. In their 
study, Nb2CTx MXene was synthesized and utilized as the HTL due to its 
outstanding photoelectric properties. To optimize its WF, oxygen plasma 
treatment was applied to enhance the –O terminated functional groups 
on the Nb2CTx surface, thereby improving its effectiveness in inverted 
PSCs. 

(i) Improved environmental stability MXene surface termination 
due to its hydrophilic nature helps in better adhesion on the 
surface and moisture resistance which is shown to be have 
retained over 90 % of their initial efficiency after 1000 h of 
continuous illumination and humidity in exposure to open envi
ronmental conditions [123];

(ii) Reduced recombination losses: presence of trap states and defects 
across the surface of perovskite and at the junction with ETL leads 
to reduced charge transport and increased recombination losses 
which are a deterrent to achieving high efficiency. Adding 
MXenes to the perovskite/ETL interface can dramatically mini
mize charge recombination. Jin et al. showed a reduction in 
recombination losses and an increase in efficiency with the use of 
Ti3C2Tx MXene interlayers [124].

5.1.2. Silicon solar cells and Dye-Sensitized solar cells
Though a lot of research has been done to find the alternative solu

tion to silicon based solar cells it still remains the most prevalent used 
commercial solar cell due to its high efficiency and stability. Efforts are 
still made to further enhance its performance with use of various 
passivation layers and other strategies. MXene interlayers have also 
been studying surface passivation and reduced charge recombination 
velocities. MXene coating on Silicon wafer has helped in increasing its 
PCE [129]. Apart from passivating layer MXene has shown its potential 
as antireflective coating like MgF2 [130], thus resulting in better ab
sorption of photon leading to better photocurrents, hence enhanced 
power conversion.

Though not used extensible, MXene has potential to be used as a 
counter electrode due to its superior conductivity which can replace 
expensive platinum electrodes thus paving way to reduce overall cost of 
the device. As discussed in the earlier sections also Mxene has high 
photocatalytic properties reducing Triiodide to iodide essential reaction 
in DSSCs which improves the overall PCE. A 2D/2D MXene–graphene 
composite has been developed as an alternative counter electrode for 
DSSCs, achieving a power conversion efficiency of 6.4 %, comparable to 
the traditional platinum-based electrode [131].

Table 2 
Summary of current techniques for enhancing MXene stability.

Specific strategy to 
improve MXene 
stability

Advantages Disadvantages

Collection of purity 
and quality MAX 
phase [102,103]

Improves the quality and 
purity of synthesized 
MXene at the raw material 
stage

Possible introduction of 
impurities

Optimization of 
etchant type and 
concentration [104,
105]

Enables optimized 
preparation with 
controlled surface 
termination

Non-uniform surface 
terminations, low 
reproducibility.

Production of large- 
sized nanostructures 
[106]

Enhances structural 
stability and electrical 
properties simultaneously

Restricted application 
cases

Edge or surface 
protection [107]

Provides isolation from 
moisture and oxygen

May affect electrical 
performance and 
dispersion

Surface modification 
[108,109]

Modifies surface chemistry 
to control oxidation and 
improve stability

May alter intrinsic 
electrical properties

Heat treatment [110] Improves electrical 
performance

Requires high 
temperature; limited 
universality

Construction of 
Composite-derived 
MXene [59,111]

Combines MXene with 
complementary materials 
to improve stability

Involves complex 
fabrication processes; not 
universally applicable

Storage in inert 
ambient at low- 
temperature [112]

Simple, universal, and 
effective for oxidation 
suppression

High operational cost. 
Limited practicality for 
large-scale storage

Freezing storage [93] Simple and low-cost 
method to inhibit oxidation

Energy demand for long- 
term freezing. Possible 
flake aggregation upon 
thawing

Storage in organic 
solvents [112,113]

Provides better inhibition 
of degradation than 
aqueous media

Requires MXene 
separation prior to reuse

Oxide/MOF/Hydrogel 
encapsulation 
[114–116]

Effectively isolates MXene 
from the external 
environment

Increases fabrication cost 
and sophisticated 
fabrication technique

Table 3 
Performance metrics table of representative MXene-based PSCs.

Device (MXene role) VOC 

(V)
JSC (mA 
cm− 2)

FF 
(%)

PCE (%) Stability/notes Ref.

SnO2 + Ti3C2Tx (1.0 wt‰) — ETL additive ~1.06 ~23.14 ~75 ~18.34 (average) Retained ≈ 80 % of PCE after >30 days ambient storage [125]
Pristine Ti3C2Tx as ETL (no SnO2) ~0.93 ~13.7 ~41 ~5.3 (champion) Poor electron transport — demonstrates need for composite 

ETL
[125]

Surface-oxidized Ti3C2Tx MXene 
(passivation layer)

1.17 18.81 78.8 17.35 (forward 
scan)

Excellent stability: >90 % PCE retained after 1000 h under 85 
◦C/RH 40 %

[126]

Plasma-oxidized Ti3C2Tx MXene ETL 0.84 23.27 61.9 12.10 (0 min) Higher plasma time increased wettability & band alignment [127]
Nb2C MXene additive in SnO2 ETL 1.138 25.29 79.5 22.86 (champion) Retained 98 % PCE after 40 days (25 ◦C, 40–60 % RH) [128]

N. Kumar et al.                                                                                                                                                                                                                                  Journal of Science: Advanced Materials and Devices 10 (2025) 101034 

9 



5.1.3. Triboelectric nanogenerators
TENGs are devices that transform mechanical energy into electrical 

energy via contact electrification and electrostatic induction [132,133]. 
They have arisen as a potential device for capturing ambient mechanical 
energy from several sources, including human motion, wind, and water 
waves [134,135]. The integration of MXenes into TENGs has led to 
significant advancements in energy harvesting technology. MXenes 
enhance TENG performance due to their unique electronic properties, 
tunable surface chemistry, and excellent mechanical characteristics 
[136]. Their incorporation results in increased output voltage, current 
density, and overall energy conversion efficiency [137,138]. The 
layered structure of MXenes facilitates rapid electron transport, while 
their surface properties can be optimized to improve triboelectric per
formance. Ti3C2Tx MXene-based TENGs exhibit superior flexibility, 
durability, and even self-healing capabilities, expanding their potential 
applications in wearable electronics and harsh environments [139,140]. 
MXenes can function as both triboelectric materials and conductive 
electrodes, simplifying device design. Moreover, their ability to signifi
cantly improve the dielectric constant and surface charge density of 
composite materials has led to remarkable improvements in TENG 
output [141]. Recently Mondal et al. utilized Ti3C2Tx nanosheets as a 
key component to enhance the performance of a TENG. They synthe
sized MXene by etching the aluminum layer from the MAX phase 
Ti3AlC2 utilizing concentrated HCl, followed by delamination. The 
MXene sheets were then incorporated into a PVDF matrix to create a 
nanocomposite for the top layer of a double-layer electronegative 
structure in the TENG. The bottom layer consisted of PDMS with 

embedded NaNbO3 nanoparticles. This innovative double-layer design 
aimed to simultaneously enhance charge generation and improve charge 
retention in the TENG is shown in Fig. 7(a). The significant electro
negative characteristics of MXene in the top PVDF layer enhanced the 
electron affinity of the friction layer, leading to improved charge gen
eration during contact electrification. Meanwhile, the ferroelectric 
NaNbO3 nanoparticles incorporated in the lower PDMS layer enhanced 
internal polarisation and introduced extra trap sites, thereby augment
ing the retention of the generated surface charges. The synergistic 
impact of these two layers significantly improved TENG’s performance. 
The optimized double-layer structure with 15 wt% MXene in PVDF and 
15 wt% NaNbO3 in PDMS (15MP/15NP) yielded impressive results, 
generating a voltage of 150 V and a current of 4.3 μA. The power density 
achieved was 134 μW/cm2, representing an increase of approximately 
5.8 times compared to a TENG utilizing a single PVDF electronegative 
layer, as shown in Fig. 7(b). The fabricated device is utilized for signal 
transfer in wireless communication [142]. In 2022, Yang et al. used 
niobium carbide (Nb2CTx) MXene as a key component in developing a 
high-performance TENG. They synthesized Nb2CTx nanosheets through 
a two-step process: first, etching Nb2AlC MAX phase with LiF/HCl to 
remove the aluminum layer, then intercalating with tetrabutylammo
nium hydroxide (TBAOH) to achieve monolayer nanosheets [143]. The 
innovative aspect of their work lies in creating a hybrid film combining 
1D CNT, 2D Nb2CTx MXene, and conductive polymer PEDOT using a 
one-step vacuum-assisted filtration technique. SEM reveals the 
morphology of Nb2CTx MXene having an accordion-like structure shown 
in Fig. 7(c). In the flexible TENG sensor, this hybrid film functioned as 

Fig. 7. a) TENG setup and different configurations of the electronegative layers. b) Output power density across external loads (Reprinted and adapted with 
permission from Ref. [142]. c) SEM image of multilayer MXene. d) Output voltage of the TENG sensor after 400 cycles at 4 Hz pulse. (Reprinted and adapted with 
permission from Ref. [144]), e) 3D schematic illustration of corona discharge treatment on SRP/MXene composite composites film f) Digital image demonstrating 
direct powering of 558 blue LEDs (3.3 V per unit) (Reprinted and adapted with permission from Ref. [145], g) optical image of fabricated VPCN-TENG device, h) (i) 
Peak load voltage and peak power density of the VPCN-TENG under various external loads (ii) Schematic of the proposed smart belt being worn by a volunteer. 
Real-time signal response of the VPCN-TENG sensor attached to the waist belt during (Reprinted and adapted with permission from Ref. [146]).
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the triboelectric layer and electrode. The synergistic effect of these 
materials resulted in impressive output performance, with the device 
based on the CNT/MP11 hybrid film achieving a maximum voltage of 
184.1 V and a current of 4.42 μA. The incorporation of Nb2CTx MXene in 
this hybrid structure contributed significantly to the TENG’s high 
output, likely due to its excellent conductivity and unique surface 
properties. Additionally, the sensor demonstrated extremely sensitive, 
exhibiting a 20 ms response time, a 30 ms recovery time, and good 
stability across 400 cycles, as shown in Fig. 7(d) [144].

In another study, Cho and team used Ti3C2Tx MXene to create a high- 
performance and sustainable TENG based on a SRP composite. They 
synthesized the MXene by etching aluminum layers from Ti3AlC2 pow
der using a LiF/HCl etchant, resulting in exfoliated single-layer MXene 
nanosheets stably dispersed in deionized water. The team then devel
oped a novel approach to incorporate MXene into SRP by coating SRP 
powder with an aqueous MXene solution and hot-pressing the coated 
powder. This method created a uniform MXene segregated structure 
within the SRP matrix, maximizing the interfacial area between MXene 
and SRP while using minimal MXene content (below 1 wt%). They 
optimized the MXene content and film thickness to achieve outstanding 
TENG performance without electrical percolation. The resulting SRP/ 
MXene composite-based TENG demonstrated significant improvements 
in output performance, requiring only 0.4 wt% of MXene to achieve the 
highest output. Compared to previous SRP-based TENGs (Table 4), this 
new composite showed 2.9 times higher peak voltage and 19.5 times 
higher peak current. After scaling up to a 4-inch wafer size and applying 
corona discharging, shown in Fig. 7(e), the TENG exhibited an 8.4 times 
improvement in peak power density, reaching 3.80 Wm-2. The TENG 
turns on the 558 blue LEDs as shown in Fig. 7(f) [145]. Recently, Faruk 
and team prepared V2CTX by etching V2AlC MAX phase with HCl and 
HF. The resulting V2CTX powder was then combined with PVDF-HFP to 
formulate a composite solution, which was electrospun to produce a 
V2CTX@PVDF-HFP composite nanofibrous (VPCN) mat. This mat served 
as a negative tribolayer in the TENG. The incorporation of V2CTX, with 
its abundant functional groups (-F, -O, and -OH), enhances the electro
negativity of the composite. Additionally, the development of 
micro-capacitor networks within the polymer matrix resulted in a 
reduction of charge loss, thereby improving dielectric properties and 
enhancing electron-trapping capability. They developed the 
VPCN-TENG by pairing the VPCN mat with a PEO nanofibrous mat as 
the opposing triboelectric material, which is shown in Fig. 7(g). This 
configuration resulted in a remarkable power density of 18.2 W/m2, 
surpassing a TENG utilizing pristine PVDF-HFP nanofibers by a factor of 
3.5. VPCN-TENG’s improved electrical output made it possible for it to 
efficiently transform biomechanical energy from a range of human 
movements into electrical power, which could run commercial devices 
like thermo-hygrometers and stopwatches. As a self-powered pressure 
sensor, the VPCN-TENG performed admirably, displaying an astounding 
sensitivity of 25.17 V/kPa in the 1–42 kPa range. The VPCN TENG acts 
as a motion sensor for tracking a variety of human activities by being 
incorporated in a belt, as shown in Fig. 7(h) [146].

5.1.4. Photocatalysis and electrocatalysis
Photocatalysis and electrocatalysis represent crucial methodologies 

for the conversion of solar and electrical energy into chemical fuels, with 
MXene-based materials assuming a progressively significant position in 
these fields [147,148]. In photocatalysis, MXene composites improve 
light absorption, facilitate charge separation, and offer numerous active 
sites, resulting in enhanced efficiencies for hydrogen evolution and CO2 
reduction [149]. The materials contribute to the minimization of 
electron-hole recombination and enhance the visible light response of 
semiconductor photocatalysts, facilitating a more efficient conversion of 
solar energy into chemical energy [150–153]. The advantages of elec
trocatalysis are enhanced by the exceptional electrical conductivity, 
adaptable structural characteristics, and plentiful active sites of MXenes. 
These features contribute to reduced overpotentials and improved 
selectivity in various reactions, including hydrogen evolution, oxygen 
evolution, and CO2 reduction [148,154]. Electrocatalysts based on 
MXene frequently demonstrate improved stability and catalytic perfor
mance when they are doped or hybridized with metals or metal oxides, 
positioning them as promising options for sustainable energy applica
tions [155]. Additionally, the tandem photoelectrocatalytic systems 
merge the benefits of photocatalysis and electrocatalysis using light 
absorption and electrochemical catalysis as a tandem system, producing 
a valuable chemical fuel, such as ethanol, methanol or even CO which 
can be used in steel production manufacturing, that could potentially 
replace fossil fuels [156–161], as seen in Fig. 8.

This innovative system has no CO2 concentration limits due to sol
ubility and diffusion across the double layer, and competing water 
chemisorption is much reduced [163] (see Fig. 9). These systems employ 
MXene-based materials to enhance charge carrier separation and 
transport, consequently enhancing the efficiency and selectivity of CO2 
reduction and water splitting reactions. The combined effects in 
MXene-containing photoelectrodes promote swift electron transfer and 
efficient use of photogenerated carriers, leading to increased product 
yields and enhanced stability during operational conditions [162]. 
However, catalytic photocorrosion and compatibility affect tandem 
photoelectrocatalysis efficiency, stability, and selectivity, as seen in 
Fig. 6. Contact with the catalyst could change the reaction pathway, 
which could change the selectivity of the product and the effectiveness 
of the photoelectrocatalytic CO2 reduction. Addressing these issues is 
necessary to create highly stable, efficient, and selective photo
electrocatalytic CO2 reduction systems. For example, in some research 
studies, methanol content increased significantly compared to previous 
tests, indicating improved reaction conditions [164–167]. Ethanol pro
duction explains this improvement in photoelectrochemical systems 
[168]. These systems have more methanol and less ethanol, at least six 
times higher than other systems, such as photocatalysis and electro
catalysis [169]. Recent advances encompass the creation of hetero
junctions and composite structures that enhance light harvesting and 
catalytic interfaces, advancing the performance of photoelectrocatalytic 
devices toward practical solar fuel production [170]. Despite these ad
vances, challenges such as material stability suppression of electron-hole 
recombination, and large-scale fabrication persist, guiding continuous 
research in this dynamic field.

5.2. MXene-based materials for energy storage

MXenes, a family of 2D transition metal carbides and nitrides, have 
emerged as highly promising materials for ES devices due to their unique 
structural and electrochemical properties. As illustrated in Fig. 6, 
MXenes are synthesized by selectively etching the ’A’ layer from MAX 
phases, followed by delamination into few-layered nanosheets [171,
172]. These nanosheets can be formulated into stable inks, enabling 
advanced printing techniques such as IJP, screen, gravure, DIW, and 3D 
printing to fabricate customized electrode patterns on flexible substrates 
[173–175]. This printing capability not only allows for precise control of 
material deposition over flexible or rigid substrates but also supports 

Table 4 
Performance metrics table of representative MXene-based TENGs.

Material System Voltage Current Power 
Density

Ref.

MXene (Ti3C2Tx)/PVDF, 
with NaNbO3/PDMS

150 V 4.3 μA 134 μW/ 
cm2

[142]

Nb2CTx MXene/CNT/ 
PEDOT hybrid film

184.1 V 4.42 μA 420 μW [144]

MXene/Sulfur-Rich 
Polymer (SRP) 
composite

2.9 × SRP 
baseline

19.5 × SRP 
baseline

3.8 W/m2 [145]

V2CTx/PVDF-HFP 
nanofibrous composite

1180 V 120 18.2 W/ 
m2

[146]
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Fig. 8. CO2 photoelectrocatalytic performance over Pd@TiO2/Ti3CN MXene composites. Reprinted and adapted with permission from [162].

Fig. 9. A schematic diagram illustrates the evaluation parameters for issues related to photoelectrocatalytic CO2 reduction, along with associated innovative 
strategies and solutions.
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scalable and cost-effective production of ES devices [176,177]. The high 
electrical conductivity, tunable surface chemistry, and mechanical 
flexibility of MXenes make them ideal candidates for SCs and batteries, 
where they can enhance charge transport, storage capacity, and cycling 
stability. Overall, MXene-based printable electronics offers a trans
formative platform for the development of next-generation, lightweight, 
and flexible ES systems.

The formulation of MXene inks for printed supercapacitors has to 
precisely meet the requirements of each printing technique, as these 
parameters directly influence device performance and scalability. For 
example, IJP, operating at a speed of approximately 1 m/min, requires 
low-viscosity MXene inks (1–20 cP) and small particle sizes, typically 
below 200 nm depending on the cartridge nozzle size, with surface 
tension values between 25 and 40 mN/m to ensure smooth jetting and 
prevent nozzle clogging. This method produces films with thicknesses 
ranging from 0.5 to 5 μm and achieves high resolution (10–50 μm). 
Furthermore, substrates such as PET and polyimide are commonly 
treated with plasma or UV-ozone to enhance wettability, and post- 
printing steps involve drying or annealing at temperatures between 80 
and 200 ◦C [178–181].

Spray printing such as the aerosol jet printer operates at high speed 
of~20 m/min and also utilizes low-viscosity inks (1–10 cP). It is capable 
of producing films with thicknesses from 5 to 100 μm and moderate 
resolution (50–200 μm). The technique is well-suited for rapid, large- 
area deposition, but requires careful control of ink fluidity and 
colloidal stability to avoid nozzle clogging and aggregation. Spray- 
printed MXene supercapacitors have demonstrated high areal and 
volumetric capacitance, with recent studies reporting in literature [182,
183]. However, challenges such as nanosheet restacking and drying 
dynamics have to be managed to maintain film uniformity and optimal 
device performance [184–186].

Screen printing operates with significantly higher viscosities, 
ranging from 100 to 107 mPa s, and accommodates larger MXene par
ticle sizes up to 10 μm. This technique produces relatively thick films, 
typically between 10 and 100 μm, with good resolution in the range of 
30–100 μm. However, screen printing faces limitations due to low solid 
loading in the inks, high additives content and the tendency of MXene 
nanosheets to restack, which can negatively impact the areal capaci
tance of the resulting supercapacitor electrodes. To address adhesion 
and film quality, standard protocols include substrate pretreatments and 
post-printing drying or annealing at temperatures between 100 and 300 
◦C [186].

For 3D printing, the requirements are even more demanding, with 
MXene inks needing to be highly viscous and exhibit shear-thinning 
behavior, with viscosities typically between 106 and 108 mPa s. These 
inks are often formulated with additives such as cellulose nanofibers or 
carbon nanotubes, which help prevent nanosheet restacking and 
improve printability. The 3D printing process can produce films thicker 
than 50 μm, with resolutions ranging from 10 to 100 μm. To enhance 
adhesion, substrates may be heated or functionalized, and post- 
processing steps such as drying, sintering, or curing are commonly 
employed to ensure structural integrity and optimal electrochemical 
performance [187].

R2R gravure printing, which is well suited for large-area device 
fabrication, requires MXene inks with moderate viscosity (50–500 mPa 
s), excellent colloidal stability, and particle sizes below 500 nm to ensure 
uniform transfer from the engraved cylinder to the substrate. Achieving 
good pattern fidelity (10–50 μm) and film thickness (10–100 μm) de
pends on matching the surface energy of the ink and substrate, while 
post-printing drying is typically performed at 80–150 ◦C [177].

The choice of solvent, such as aqueous and organic solvents, and the 
use of additives such as binders, surfactants, and rheology modifiers are 
carefully optimized to balance printability, film formation, and device 
performance, while minimizing MXene oxidation and restacking. 
Notably, recent advances have demonstrated the feasibility of additive- 
free MXene inks, which can further simplify processing and enhance 

electrochemical performance by avoiding unwanted side reactions or 
impurities [183].

5.2.1. MXene-based supercapacitors
MXenes, particularly Ti3C2Tx, have developed as promising candi

dates for printed SCs, owing to their exceptional electrochemical prop
erties. These include superior conductivity, a large surface area, and 
rapid ion diffusion rates, making them ideal for advanced ES applica
tions [188]. The 2D layered architecture of MXenes, combined with 
their surface functional groups such as OH–, F–, and O–, enhances redox 
activity and enables high energy density, which are critical properties 
for ES [189]. This structural and chemical interaction improves charge 
transfer kinetics and ion accessibility, positioning MXenes like Ti3C2Tx 
as the first candidate in the next generation of printed ES systems [190]. 
Due to these exceptional properties, the MXene ink was used to print SCs 
using different printing techniques, such as screen, 3D, IJP, and DIW 
[143,191–193]. This is why formulating MXene-based inks with good 
rheological properties for printing and high electrochemical perfor
mance is a massive step forward in the research of MXene-based printed 
SCs [191,194,195]. Therefore, to formulate an ink of MXene, different 
surfactants or polymers can be used to adjust the rheological properties 
[194,195].

The assembly of 2D materials, specifically MXene, into functional 3D 
aerogels through the application of 3D printing technologies is attract
ing high attention. Tetik et al. [196] attributed this interest to the 
straightforward fabrication process, the ability to customize geometry 
and physical properties, resulting enhancement in electrochemical 
performance. In their investigation, the researchers employed a hybrid 
approach combining unidirectional freeze casting with inkjet-based 3D 
printing to construct porous aerogels at the macroscopic scale. These 
aerogels were characterized by precisely oriented Ti3C2Tx MXene sheets 
aligned vertically, enabling meticulous control of the internal micro
structure and orientation. The resulting aerogels exhibited improved 
electromechanical characteristics, demonstrated by their resilience in 
recovering their original form after compression of nearly 50 %. 
Notably, the electrical conductivity of the printed MXene structures 
remained stable even under repeated compressive stress. Furthermore, 
by inkjet-printed MXene sheets aligned horizontally as a current col
lector, the electrochemical performance was significantly enhanced, 
attributed mainly to increased porosity and optimized ion transport.

μSCs extensively utilize MXenes due to their superior conductivity 
and hydrophilic properties for flexible wearable electronics. However, 
MXene-based μSCs usually have low capacitance and poor rate perfor
mance due to limited porosity and ion diffusion pathways. Therefore, 
Wang et al. investigated the preparation of MXene inks with large 
interlayer spacing between the layers, which speeds up the ion diffusion 
of lithium ions between the layers [197]. Lithium-ion-introduced MXene 
inks were utilized via screen printing for scalable fabrication of μSCs. By 
incorporating a concentrated aqueous electrolyte (21 M LiTFSI) and 
employing an optimized electrode structure, the device achieved a wide 
effective voltage range. It exhibited an outstanding areal capacitance of 
252 mF cm− 2 with an enhanced capacitance retention of 80 %. Addi
tionally, the fabricated μSC demonstrated impressive cycling durability, 
retaining approximately 98.4 % of its original capacitance even after 10, 
000 charge-discharge cycles. The device also displayed significant me
chanical flexibility, highlighting its strong potential for use in wearable 
smart electronic applications.

With the fast development of wearable, flexible, and implantable 
microelectronics, there is an increasing demand for compact and inte
grated ES devices possessing robust mechanical properties, capable of 
working under high voltage conditions, and easily adaptable for inte
gration into IoT systems. Zheng et al. proposed a systematic approach for 
developing KIμSCs by employing MXene-derived KTO nanorods as the 
anode, while a porous AG as the cathode, specifically aimed at powering 
a highly sensitive pressure sensor [198]. The sophisticated nano
structure of KTO nanorods enabled substantial potassium-ion storage 
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capacity (145 mAh g− 1). Notably, the fabricated KIμSCs exhibited an 
extended working voltage window of 3.8 V, outperforming previous μSC 
designs. Furthermore, KIμSCs reached an impressive volumetric energy 
density of 34.1 mWh cm− 3, along with excellent rate capability and 
substantial capacitance retention. These superior performance results 
from the dominant capacitive storage mechanism and minimal struc
tural changes during the reversible intercalation/deintercalation of po
tassium ions within KTO, as well as from the efficient 
adsorption/desorption processes of LiTFSI anions on the AG cathode. 
When integrated with a wireless pressure sensor on a flexible substrate, a 
KIμSC effectively monitors body movement.

To enhance μSC performance, improving the 3D printing capability 
of MXene inks and addressing the nanosheet restacking issue are crucial. 
In response, Zhou et al. formulated a composite ink incorporating 
MXene [191], MWCNTs, and CNFs [199]. They subsequently fabricated 
precise, customizable, freestanding electrodes using a controlled DIW 
method. Integrating conductive MWCNTs and hydrophilic CNFs signif
icantly improved the ink’s rheological characteristics, resulting in a 
more cohesive internal structure and expanded interlayer spacing within 
the MXene nanosheets. Consequently, the 3D-printed flexible electrodes 
exhibited stable electrical conductivity, increased accessible surface 
area, enhanced wettability, and superior electrochemical performance. 
Furthermore, the authors prepared a CNF/PAM hydrogel electrolyte via 
in situ radical polymerization. Using this electrolyte in combination with 
two 3D-printed IDE, they developed a flexible IDE μSC exhibiting 
notable energy density (21.7 μWh cm− 2) and power density (0.3 mW 
cm− 2).

The rapid progress of wearable electronics demands higher- 
performing power systems with features such as flexibility, easy 
attachment and detachment, reliable output, and prolonged lifespan. 
Given the limited capacity of typical ES devices, integrating energy 
harvesting with storage becomes an effective solution for improved 
performance. Zhou et al. developed a flexible, wearable, and wireless 
energy supply system combining a PUAHs and MSSSs into a comfortable 
wristband suitable for continuous usage [200]. The MSSS component 
comprises a finger-shaped carbon cloth framework coated with Ti3C2Tx 
nanosheets as electrode material and a PVA/H3PO4 gel electrolyte, 
achieving remarkable energy density (58.74 Wh kg− 1) and exceptional 
cycle stability, maintaining 99.37 % of its capacity after 10,000 cycles. 
The wireless charging module consists of a two-dimensional, stretchable 
piezoelectric array, utilizing high-efficiency 1–3 composite elements 
and serpentine-shaped electrodes, which facilitate wireless energy 
transmission via ultrasonic waves. This module attains a maximum 
power density of 1.56 W cm− 2 and an output voltage of 20.75 V. With a 
compact thickness of merely 2 mm, the integrated PUAH-MSSS system 
delivers superior energy harvesting and storage capabilities, excellent 
mechanical flexibility, and consistent cyclic performance.

The DIW of functional inks is increasingly critical for numerous 
fields, including EES, healthcare, and smart electronics. However, 
existing printable ink formulations still have limitations, often relying 
on surfactants, additives, or higher ink concentrations, complicating 
production and negatively affecting print quality. Zhang et al. developed 
two distinct types of 2D Ti3C2Tx MXene inks, one aqueous for extrusion 
printing and one organic for inkjet printing [191]. Remarkably, these 
formulations avoided additives and binary solvent mixtures altogether. 
They demonstrated printing high-resolution structures composed solely 
of MXene, including μSCs, conductive pathways, and ohmic resistors, on 
untreated plastic and paper substrates. These MXene-based printed 
structures exhibited superior uniformity and resolution. Furthermore, 
μSCs fabricated entirely from printed MXene inks displayed volumetric 
capacitance and energy densities significantly exceeding those achieved 
with conventional extrusion- and inkjet-printed active materials. Their 
DIW approach emphasizes the viability of additive-free MXene inks for 
scalable and efficient fabrication of components suited to advanced 
printable electronics applications (see Fig. 10).

Sun et al. explored the feasibility of inkjet printing to fabricate 

intricate three-dimensional structures, specifically developing a novel 
porous network composed of N-MXene and NiCo2S4 for high- 
performance hybrid μSCs, as illustrated in Fig. 11 [201]. Utilizing 
XPS, they identified a unique bridging interaction between nickel and 
oxygen atoms. DFT calculations revealed that oxygen atoms in N-MXene 
effectively attract electrons from nickel atoms within NiCo2S4, leading 
to electron redistribution throughout the composite structure. This 
electron redistribution enhances the overall structural stability of the 3D 
N-MXene/NiCo2S4 composite. Remarkably, the developed μSCs retained 
approximately 99.1 % of their initial capacitance after 25,000 
charge-discharge cycles, benefiting from the continuous exposure of 
active sites in the porous architecture. The μSCs also demonstrated an 
extensive potential window, high volumetric capacitance, and an 
impressive energy density of 1.6 V, 342.4 mWh cm− 3, and 983.9 F cm− 3, 
respectively, surpassing previously reported performances. Addition
ally, this research proposed an innovative method using high-precision 
inkjet printing to precisely control the morphology and internal micro
structure of electrodes, thereby significantly enhancing the electro
chemical properties of μSCs.

μSCs have gained attention for their outstanding power density and 
prolonged operational lifespan, making them suitable as integrated ES 
units in electronic devices. Dey et al. developed an IDE interdigitated 
μSC design fabricated on transparent and flexible substrates by 
employing a precisely patterned mask combined with screen-printing 
technology [202]. They utilized two distinct electrode materials: 
Ti3C2Tx MXene and nickel selenide (NiSe). The layered structure of 
MXene facilitated rapid ion diffusion within the IDE arrangement, 
whereas NiSe nanoparticles contributed enhanced surface area and 
increased active sites. The resulting asymmetric NiSe/MXene μSC 
(NiSe/MXene A-μSC) operated within an aqueous electrolyte over a 
voltage range of 0–1.8 V, maintaining 72 % capacitance retention after 
1000 charge-discharge cycles. It exhibited a notable volumetric energy 
density of 117.6 mWh cm− 3 and a power density of 1285.7 mW cm− 3. 
Moreover, the μSCs demonstrated robust mechanical flexibility under 
bending conditions. This work highlights the potential of integrating 
planar Ti3C2Tx MXene and NiSe electrodes in aqueous-based asymmetric 
μSCs, using MXene as the negative electrode and NiSe as the positive 
electrode, to enhance both energy density and voltage window, fulfilling 
essential criteria for powering advanced electronic systems.

Despite substantial advancements in using inkjet printing to create 
scalable and customizable power sources, developing environmentally 
sustainable aqueous inks remains challenging. Ma et al. addressed this 
by introducing an aqueous MXene/PEDOT:PSS (MP) hybrid ink with 
tunable viscosity, enabling direct fabrication of high-performance MP- 
based-μSCs [203]. These printed devices demonstrated exceptional 
electrochemical properties, ease of integration, and significant adapt
ability, making them highly promising for industrial-scale applications 
in self-powered integrated electronics. Specifically, the MP-μSCs ach
ieved a volumetric capacitance of 754 F cm− 3 and delivered an energy 
density of 9.4 mWh cm− 3. Such notable performance arises from inte
grating the highly conductive PH1000 polymer into MXene, effectively 
preventing the restacking of MXene nanosheets and enhancing rapid 
electron and ion mobility within the electrode structure. By arranging 
60 MP-μSC cells in series, they successfully increased the overall work
ing voltage to 36 V, attaining a notable areal voltage of 5.4 V cm− 2. 
Additionally, the integrated system incorporated a printed temperature 
sensor and flexible solar cells, demonstrating a notable 2 % response 
sensitivity and superior mechanical flexibility. The developed 
MXene-based inks thus provide extensive potential for miniaturizing 
and fabricating novel, flexible microsystems that seamlessly combine 
harvesting, energy storage, and utilization in printed electronic devices.

3D printing has emerged as an attractive manufacturing technique 
for producing supercapacitor electrodes, enabling precise and custom
izable fabrication of complex electrode designs, which significantly 
enhances device performance. However, limitations in the conductivity 
and electrochemical performance of electrodes created through 3D 
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printing persist due to the lack of suitably conductive materials. To 
overcome this limitation, Mappoli et al. enhanced the electrical prop
erties of 3D-PnC activated electrodes by depositing Ti3C2Tx MXene onto 
their surfaces [204]. Subsequently, they developed a solid-state asym
metric supercapacitor employing the 3D-PnC/Ti3C2Tx composite as the 
negative electrode and 3D-PnC@PANI as the positive electrode. This 
configuration notably enhanced the overall operating voltage range, 
areal capacitance, and energy density of the resulting asymmetric 
supercapacitor device.

Sarfraz et al. conducted a theoretical investigation into the structural 
and electronic characteristics of homo-bilayer and hetero-trilayer sys
tems. The study covered CQ, density of states and surface charge, 
average CQ, work function, charge redistribution (both integrated and 
isosurface), and bader charge analysis [205]. The negative binding en
ergies confirm that all the proposed configurations are energetically 
stable. Notably, introducing a 3d transition metal at the interface sub
stantially enhances both CQ and total stored charge (Q), with 
hetero-trilayers showing superior performance compared to 
homo-bilayers. In aqueous environments, most bi- and tri-layer systems 
exhibit asymmetric charge behaviour, except for M/V/M, M/Cu/M, and 
M/Fe/M trilayers. Among these, M/Zn/M demonstrates the highest 
cathodic charge capacity (906.75 μC cm− 2), while M/Fe/M stands out as 
the best-performing anode (925 μC cm− 2). For ionic and organic sys
tems, all bilayers display asymmetric behavior except for M/V/M. Here, 
M/Mn/M achieves the highest anode charge (1538.5 μC cm− 2), and 
M/Fe/M again ranks as the most efficient cathode (1416.4 μC cm− 2). 
Interestingly, the electrode role of certain hetero-trilayers shifts with 
voltage conditions. M/Fe/M and M/Cu/M transition from symmetrical 
supercapacitor electrodes to cathodic materials in asymmetrical con
figurations, whereas M/Ti/M switches from cathode to anode func
tionality. Overall, M/Fe/M, M/Mn/M, and M/Zn/M hetero-trilayers 
exhibit notably high CQ, surface charge accumulation, and electro
chemical energy and power densities, indicating strong potential for 
advanced energy storage applications. The integration of super
capacitors into self-powered sensors and biosensors offers a promising 
solution to the economic, miniaturization, biocompatibility, and 
disposal challenges associated with batteries, while showcasing recent 
advances, fabrication techniques, diverse energy harvesting approaches, 
and future prospects for improved biomedical and analytical applica
tions [53,206].

5.2.2. MXene-based batteries
In the area of printed batteries, MXene-based materials, especially 

Ti3C2Tx, have received considerable attention due to their exceptional 
electrical conductivity, mechanical flexibility, and versatile surface 
chemistry. Two-dimensional MXenes are particularly suitable for ES 
applications, including LIBs, as they can efficiently serve as both elec
trodes and current collectors [207]. Techniques such as inkjet and 3D 
printing leverage MXene’s high conductivity and rapid ionic transport to 
fabricate flexible and lightweight battery components. The use of MXene 
in printed batteries provides significant benefits, such as an extensive 
surface area and excellent ion intercalation capabilities, which enhance 
ES capacity and enable faster charging. For example, inkjet-printed 
Ti3C2Tx MXene current collectors combined with LTO and LFP elec
trodes have demonstrated superior mechanical flexibility, retaining 
stable electrochemical performance even under bending conditions, 
making them highly suitable for wearable electronics and flexible device 
applications [208,209].

Ramachandran et al. [49] examine the role of MOF/MXene hybrid 
materials in enhancing ZAB performance, detailing ZAB architecture, 
ORR and OER mechanisms, synthesis strategies, and design consider
ations for optimizing catalytic activity, stability, and gas diffusion, while 
addressing kinetic challenges and electrolyte effects on energy effi
ciency, power density, and cycling durability. It concludes with 
forward-looking strategies to overcome current limitations—such as 
reaction kinetics and material robustness—highlighting the trans
formative potential of MOF/MXene hybrids to drive the commercial 
adoption of high-performance, sustainable ZABs.

Vanadium-based materials are considered promising electrode can
didates for ES systems due to their low cost, abundant availability, and 
diverse chemical and structural characteristics. Among them, vanadium 
compounds with layered architecture have attracted significant atten
tion for exhibiting efficient multielectron redox activity. In a study by 
Myint et al., a VM incorporating TiO2@Ti3C2 MXene was synthesized 
through the in situ thermal decomposition of a VO2(OH)/Ti3C2 mixture, 
as illustrated in Fig. 12 [210]. Structural analysis confirmed the for
mation of orthorhombic V2O5 nanostructures along with nanocrystalline 
TiO2 supported on Ti3C2 layers. The optimized composite containing 5 
% MXene (VM5) achieved a specific capacity of 460 mAh g− 1 at 0.1 A 
g− 1 and 290 mAh g− 1 at 1 A g− 1, maintaining an average coulombic 
efficiency of 98.5 %. The integration of Ti3C2 was found to reduce 
charge transfer resistance, improving the electrochemical kinetics. VM5 

Fig. 10. The schematic illustration provides a comprehensive overview of the MXene-based printable electronics process, highlighting each stage from material 
preparation to final application.
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also demonstrated decent cycling performance, with 62 % capacity 
retention over 500 cycles at 1 A g− 1, corresponding to a per-cycle ca
pacity fade of 0.22 %. Charge storage behavior analyzed using Dunn’s 
method revealed that 72 % of the capacity originates from 
surface-controlled capacitive processes, while 28 % arises from 
diffusion-driven intercalation at a scan rate of 0.4 mV/s, underscoring 
the material’s potential as a high-performance pseudocapacitive elec
trode for lithium-ion batteries.

ES plays a crucial role in powering electronic devices, and inkjet 
printing has emerged as a promising technique for battery fabrication. 
This method leverages the benefits of thin-film technologies, such as 
lightweight construction, mechanical flexibility, and ease of integration 

into various systems. As the IoT sector continues to grow rapidly, there is 
increasing interest in developing smart, seamlessly integrated electronic 
components. A key challenge in producing fully inkjet-printed batteries 
lies in the fabrication of CCs, which are responsible for providing me
chanical support to the electrodes while ensuring efficient electrical 
connectivity to the external circuit. To address this issue, Viviani et al. 
introduced a straightforward ink formulation based on Ti3C2Tx MXe
ne—an electrically conductive and hydrophilic material, suitable for 
printing current collectors [193]. Their study included an evaluation of 
substrate compatibility and device configuration requirements. The 
resulting battery was entirely printed and demonstrated excellent flex
ibility, maintaining its performance even under mechanical 

Fig. 11. a) Schematic illustration of the fabrication of the 3D pleated N-MXene/NiCo2S4 for inkjet printing and the assembly process of HμSCs; b) Specific capacity of 
3D N-MXene/NixCo3− xS4-50/75/100 electrodes at different current densities. c) The capacity retention rate of 3D N-MXene/NixCo3− xS4-50/75/100 electrodes. d) EIS 
spectra of NiCo2S4 and 3D N-MXene/NiCo2S4 electrodes. e) The Specific capacity of pristine MXene, NiCo2S4, 3D N-MXene/NixCo3− xS4, 3D N-MXene/NiCo2S4, and 
3D N-MXene/CoNi2S4. Reprinted and adapted with permission from Ref. [201]).
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deformation. The results highlight the potential of Ti3C2Tx MXene as a 
candidate for flexible printed CCs. However, for real-world applications, 
further improvement in the electrochemical properties, particularly the 
areal capacity, is still necessary.

Zn metal anodes have garnered considerable attention for use in 
AZIBs due to their high theoretical capacity, low redox potential, and 
affordability. Despite these advantages, issues such as uncontrollable 
dendrite formation and parasitic side reactions hinder their reversibility 
and lead to rapid battery degradation. To address these challenges, Zhu 
et al. developed a protective layer composed of PVDF and MXene 
nanosheets using a 3D printing approach [211]. This technique pro
moted the transformation of PVDF from the non-polar α-phase to the 

electroactive β-phase, thereby enhancing its ferroelectric characteristics. 
The presence of MXene facilitated this phase transition and contributed 
to a more homogeneous distribution of Zn2+ ions, promoting uniform 
zinc deposition. Anodes equipped with the PVDF-MXene-Zn exhibited 
highly stable zinc plating and stripping behavior, maintaining low 
voltage hysteresis at 1.0 mA cm− 2 with a capacity of 1.0 mAh cm− 2 over 
4200 h. These anodes also demonstrated strong rate capability up to 10 
mA cm− 2. Furthermore, pairing MnO2 and activated carbon with these 
modified anodes led to the fabrication of Zn-MnO2 batteries and zinc-ion 
capacitors with significantly improved cycling performance. The study 
presents an innovative approach to enhance the stability and practicality 
of ZIBs through the effective protection of the zinc anode.

Fig. 12. i) Schematic Representation of the Fabrication of the VM Composite Electrode via In Situ Thermal Decomposition of the VO2(OH)/Ti3C2 Mixture: (a) 
Preparation of Ti3C2-MXene Suspensions and (b) Preparation of VO2

+ Solutions; ii) (a) TEM, (b) HR-TEM, (c) ED, and (d) HAADS-STEM images of VM5. (e–h) EDS 
elemental mapping; and iii) Cyclic performance of V2O5 and VM5 (a) at 0.1 Ag–1 and (b) at 1 Ag–1 (Reprinted and adapted with permission from Ref. [210]).
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Zn-P anodes offer notable advantages over traditional zinc foil an
odes, particularly in terms of adaptability and ease of processing. 
However, their inherently rough and high-surface-area structure tends 
to promote uncontrolled dendritic growth and undesirable side re
actions. To overcome these challenges, Lu et al. employed a 
microfluidic-assisted 3D printing method to construct a corrosion- 
resistant Zn-P-based anode, incorporating a functional layer composed 
of an MXene/Cu-THBQ heterostructure [212]. This protective layer 
exhibits excellent corrosion resistance and strong Zn2+ adsorption ca
pabilities, which collectively help regulate zinc ion transport and sup
press the HER during repeated plating/stripping cycles. As a result, the 
symmetric cell utilizing this engineered Zn-P/MXene/Cu-THBQ anode 
demonstrated outstanding cycling stability, maintaining performance 
for 1800 h at a current density of 2 mA cm− 2 and a capacity of 1 mAh 
cm− 2. Additionally, a full zinc-organic battery incorporating an organic 
cathode based on 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl teth
ered to graphene exhibited high reversible capacity and excellent cycle 
life, further supporting the practical viability of the proposed anode 
design. Table 5 provided an overview of MXene-based devices, sum
marizing key performance metrics, including power density, capaci
tance, and energy density; across different material systems and device 
configurations, with particular emphasis on the performance enhance
ments achieved through MXene incorporation.

6. Conclusion and future perspectives

In summary, research on MAX phases and MXenes has rapidly 
advanced since their initial exploration in 2011. Among the MXene 
family, Ti3C2Tx has emerged as a prominent material in the energy 
harvesting field. As discussed in this paper, various preparation tech
niques, including HF and non-HF methods, have been adopted for the 
synthesis of MXenes and their composites. Benefiting from their large 

surface area, inherent hydrophilic properties, abundant surface termi
nation groups, and excellent metallic conductivity, MXene-based com
posites have been extensively studied for energy harvesting and storage 
applications, such as batteries, supercapacitors, TENGs, and solar cells. 
However, the comparison between the extensive studies of MXenes and 
other 2D materials remains in its preliminary stages, and several urgent 
issues must be addressed before MXenes can be scaled up for commercial 
applications (Fig. 13).

First, most methods for preparing MXenes involve complex steps, 
which are time-consuming, toxic, and limited by the challenges of 
bottom-up techniques. There is a pressing need for cost-effective, envi
ronmentally friendly, and efficient methods for large-scale production.

Second, uniform surface termination functional groups have yet to be 
consistently prepared, which affects the efficiency and electronic prop
erties of MXenes in energy storage applications. Therefore, it is neces
sary to develop and design effective strategies to optimize and 
accurately control the functional groups of MXenes, with an emphasis on 
qualitatively and quantitatively understanding the Tx groups. Further
more, experimental work and machine learning techniques should be 
combined to gain a deeper understanding of the fundamentals of MXene 
surface functionalization.

Third, energy harvesting applications typically use accordion-like 
and few-layered structures, which often aggregate and agglomerate 
during the storage process. To address this issue, further investigation of 
quantum dots and 3D architecture is needed.

Finally, MXenes are well known to be easily oxidized in air and 
humid environments due to their metallic conductivity and the tendency 
of Ti atoms to lose electrons in the presence of oxygen, which negatively 
affects electron transport and charge carrier separation. To address this 
challenge, novel strategies, such as coating with carbon materials, 
semiconductors, or polymers, have been explored to enhance the sta
bility of MXenes. If these bottlenecks can be resolved, the potential of 

Table 5 
Overview of MXene-based devices, summarizing key performance metrics.

Device 
Materials 
(Application)

Technique Ink solvent Viscosity Electrolyte Cell 
Type/ 
(PW*)

Capacitance Energy/Power 
density

Capacitance 
retention% 
(Cycle)

Ref.

Ti3C2Tx MXene AJP DI water ~4 cP PVA/H2SO4 (IDE) 
(1.6 V)

122 mF cm− 2 – 86.22 % 
(10,000)

[183]

MXene/ 
Conductive 
Cellulose

3D 
printing

DI water 5 Pa s LiCl/SiO2 gel electrolyte (IDE) 
(1.6 V)

3.12 F cm− 2 1.25 mWh 
cm− 2

95 % (10,000) [213]

MXene/CNT 
composite

3D 
printing

DI water 10291.1 
Pa s

PVA/H2SO4 (IDE) 
(0.8 V)

1249.3 mF 
cm− 2

111 
μWh cm− 2/ 
0.4 mW cm− 2

82 % (5000) at 
10 mA cm− 2

[214]

VCG//ACG/ 
CG/MXene 
ASC devices

3D 
printing

DI water 0.5 pa.s at 
100 S− 1

PVA/KOH (IDE) 
(0.8 V)

205.57 mF 
cm− 2

60.03 μWh 
cm− 2/0.174 
W cm− 2

70 % (200) at 
3.6 mA cm− 2

[215]

V2CTx inkjet 
printing

DI water/ 
anhydrous 
ethanol

7.8 mPa s PVA/H2SO4 (0.4 V) 23.4 μF cm− 2 at 
5 mV s− 1

– 83 % (7000) [216]

titanium 
carbide 
(Ti3C2Tx)/Ag 
NWs

DIW (PEDOT:PSS)/ 
EG/DI water

– H3PO4/PVA (IDE) 
(1 V)

8.34 mF cm− 2 1.5 μW h 
cm− 2/0.6 mW 
cm− 2

88 % (10000) [217]

CoNi-PBA/ 
MXene

Screen 
printing

7 wt% ethyl 
cellulose 
solution in n- 
propanol

0.9 Pa s at 
1000 S− 1

Acrylamide, ammonium 
persulfate, N, N 
methylenebisacrylamide, and 
NaCl/DI water

(1.6 V) 245.36 mF 
cm− 2

0.087 mWh 
cm− 2/16.00 
mW cm− 2

77.52 % 
(16000)

[218]

MXene Screen 
printing

DI water – H2SO4/PVA gel (IDE) 
(0.6 V)

4979.2 mF 
cm− 2

62.2 μWh 
cm− 2/0.19 
mW cm− 2

80.53 % 
(3500)

[219]

NiSe/MXene A- 
MSC

Screen 
printing

ethyl 
cellulose/ 
terpineol 
solvent

1200 Pa s 
at 1000 
S− 1

CMC-NaOH gel electrolyte (IDE) 
(1.8 V)

65.4 mA h 
cm− 3 (91.6 μA 
h cm− 2) at 0.4 
mA

117.6 mW h 
cm− 3/1285.7 
mW cm− 3

72 % (1000) [220]

(Cu,Co)Se2 

Nanocubes 
and Ti-MXene

Screen 
printing

DI water 10 Pa s at 
100 S− 1

PVA/KOH (IDE) 
(1.0 V)

58 mF cm− 2 at 1 
mA cm− 2

8.06 μWh 
cm− 2/5 mW 
cm− 2

84 % (10000) [221]
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MXenes for energy applications will be significantly advanced.
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