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Two-dimensional materials have revolutionized printable electronics, driven by their
unique electronic and mechanical properties. MXenes are a novel family of two-
dimensional transition-metal carbides, nitrides, and carbonitrides, arranged in
chemically ordered or disordered structures across multiple atomic layers, with
surface chemistry characterized by surface terminations. The first reported MXene,
TisC:T,, has proven to be an excellent candidate for formulating conductive inks and
for promising inks printing applications, owing to its high electrical conductivity,
tunable surface chemistry, excellent biocompatibility, and intrinsic hydrophilicity. The
broad applications of these inks in advanced fields, particularly in printed, flexible,
and wearable electronics, include printed circuits, highly sensitive and selective
sensors, energy storage systems such as micro-supercapacitor electrodes and thin-
film batteries, electromagnetic shielding, and biosensors. This paper reviews recent
progress in the development of MXene inks, including synthesis procedures, ink
formulation and performance, and printing methods. We further examine various
printing techniques for fabricating precise conductive patterns with these inks,
addressing prevailing challenges and exploring methods for improving the electrical
conductivity of MXenes.
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1. Graphene

2. Transition metal dichalcogenides
3. Silicene

4. Phosphorene

5. Organometallic frame materials
6. MXene
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1. Solid solution
2. Defect distributions
3. High-entropy
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Figure 1: Displaying MXenes compositions or building blocks using different colors on the periodic table (30).
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Figure 2: The schematic illustration of different MXene structures (The green, yellow, pink, and blue color spheres represent early transition metals
in MXenes) (31).
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Table 1: Comparative analysis of MXene synthesis methods (40-42).

Bottom-Up Advanced Methods

Top-Down

Acid etching of MAX

FEEES phases + delamination
Yield 10-100 &llI: latch
Flake Quality 0.1-5 um, moderate defects

Termination Control Moderate (-0/-0H ratio)

Equipment Cost 50 k-200 k

Scalability Industrial-ready

Simple protocol
High yield
Toxic etchants
Batch variability
Bulk applications:
Conductive coatings

Advantages
Disadvantages
Best For

TRL* 6-7 (pilot production)

*TechrraLogy Readiness Level. (TRL).
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Atomic assembly Electrochemical/molten

(CVD/MBE) salt etching
<100 mg/batch 1-10 g/batch (pilot scale)

0.5-10 pm. controlled

1-50 kim, low defects defects

Excellent (atomic
precision)

500 k-2 M

Good (tunable termination)
100 k-500 k

Lab-scale only Pilot-scale demonstrated

Safer chemicals
Better environmental

Immature technology

Atomic precision
Excellent crystallinity

Extremely costly

Very low throughput Lower yields
Precision applications: Emerging applications:
Nanoelectronics Biomedical

3-4 (lab demonstration) 4-5 (lab-to-pilot transition.)
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Figure 3: HF/H20-based etching of TisAlC2 MAX phase (44).
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precursor (51).
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1. Hydrothermal method

2 Anisotropic conduction

3 Selective ion intercalation
4 Plasmonics
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Figure 6: a) The electrical conductivity of Mo,TiC,Ty, M0,Ti3C,Ty,
Resistivity as a function of Ti3C2Tx thickness for transistors based on
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and Ti3C,Ty, b) The relation between Ti;C, Ty flake size and conductivity, c)
single- and few-layer TisC, Ty flakes, d) Sheet conductance of TisC, Ty films, €)

The relationship between the thickness of the films prepared by different methods and the conductivity, and f) Effect of alkyl chain length on
resistivity (51).
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Table 2: Overview of MXene materials, structure, properties, and key applications (17).

MXene Material Formula Structure/Phase Surface Key Properties Key Applications.
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Figure 7: The number of published articles on MXene conductive
inks from 2018 to 2023 extracted from the Scopus database (90).
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Figure 8: The essential properties required in the formulation of conductive inks (90).
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Figure 9: Transfer characteristics andmobilities of TFTs with different electrodes. a Schematic representation and an optical microscope image of

top-contact TFT with EHD printed AD-MXene electrodes. Transfer characteristics, (b) and peer values, (c) of TFTs employing AD-MXene
electrodes produced with various numbers of EHD printing cycles, (d) Schematic representation of top-contact TFTs employing vacuum-deposited
Au and Al electrodes. Transfer characteristics (e) and Lieer values (f) of TFTs employing AD-MXene, Al, and Au electrodes (114).
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Figure 10: Optoelectronic properties of TizC,Ty thin films (a) UV—vis spectra of films with various transmittance, (b) The relationship between
transmittance (T) and sheet resistance (Rs), curves T and Rs, (¢) T"*°— 1 as a function of Rs to confirm the fitting value, (d) AFM image of a TizC,Tx
film at T = 94% (MXene coverage 98%), (e) Height profiles of the different lines marked on (d), (f) Areas comprising different numbers of layers in
(d) are shown with different colors, (g) Comparison of 6DC/cop (FOMe) in various transparent conductive MXene films, and (i) Relationship
between FOMe and MXene flake sizes (115).
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4. 3D printing
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6. Viscoelastic
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1. Screen printing
2. Thixotropy
3. Inkjet printing
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Figure 11: Schematic illustration of the manufacturing steps for 3D printing of freestanding MXene and MSC (a) Synthesis process of Ti3C,Ty
MXene, (b) Preparation of TisC,Ty inks at neutral pH, (c) The 3D printing of inks with ideal viscoelasticproperties to manufacture various 3D design
objects, and (d) Solid-state MSC manufactured by 3D printing (127).
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1. Conductive bionics
2. Hyaluronic acid/Alginate biogels
3. Direct printing
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Figure 12: The comparison of ink conductivity (¢) and concentration
(c) of the MXene ink with other reported printable ink systems (132).
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