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“The true value of a human being is determined primarily by the measure and 

the sense in which he has attained to liberation from the self.” 

 

― Albert Einstein, The World As I See It 
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Abstract 
 

Functional printing is a versatile mass production method that has gained 

considerable scientific and industrial attention in the past few years. A wide range 

of electronics from passive circuit components (e.g., resistors and interconnects) 

to high-performance transistors and high-quality displays can now be printed 

energy-, resource-, and cost-efficiently. In spite of the recent progresses in the 

formulation of inks and significant reductions in their production costs, most of the 

commercially available inks are still very expensive (e.g., silver inks), and limited 

to a few conductive and insulator materials that usually require high-temperature 

thermal treatments to become fully functional. To enable new applications, and 

further reduce the production costs, it is necessary to develop novel inks based on 

semiconductive and new conductive materials (with improved chemical or optical 

properties) that can become functional after drying (dry-only inks). Development 

of such inks is very challenging, and the few successful results have been mostly 

obtained by polymer-based inks, which suffer from cost and chemical-stability 

issues. 

Since 2004 and after the first successful isolation of single-layer pristine 

graphene, 2D materials have disrupted almost all fields of science and technology, 

from medicine, to electronics and beyond. Their unique morphology, diverse and 

widely-tunable physical and chemical properties, ease of synthesis, low-cost of 

production, and abundance of raw materials (in most of the cases) have brought up 

new possibilities, which were not conceivable before. Formulation of additive-free 

inks for room-temperature printing of electronics is one of such possibilities. In 

spite of their great potential, formulation of additive-free 2D-material-based inks 

has so far been limited to low-concentration inks that are not suitable for high-

throughput manufacturing, which is one of the main incentives for printing of 

electronics. Furthermore, current 2D materials’ synthesis and processing methods 

have either low yield, or are not scalable, which further limit their real-world 

applications. Here in this work, several processing and ink formulation strategies 

 



 

iv 

 

are reported, which can address the aforementioned problems and pave the way 

towards out of lab application of 2D materials. 

In chapter one, after a brief introduction on different device fabrication 

methods, basics of liquid-phase processing, especially the topics that are related to 

ink formulation and printing, are concisely reviewed. In chapter 2, a universal 

strategy for additive-free formulation of pristine 2D materials-based inks, and their 

scalable production are reported. Being a universal approach, this method allows 

us to print advanced electronic devices consisting different types of 

semiconductive and conductive materials. MXenes are a recently discovered group 

of 2D materials with exceptional optical and electronic properties which can 

revolutionize the printed electronics industry. Due to their importance and being 

at their early stages of discovery, two chapters of this thesis (chapters 3 and 4) have 

been dedicated to their ink formulation challenges. In chapter 3, the possibility of 

using byproducts of MXene synthesis as a sustainable ink formulation strategy has 

been investigated, which can simultaneously address the financial and 

environmental issues of printing electronics. Finally, in chapter 4, the conventional 

MXene ink formulation strategies are revisited to enable their high-throughput and 

roll-to-roll printing.  

 

Keywords: printed electronics, ink formulation, 2D materials, Graphene, MXene 

 

 

 

 

 

 

 

 

 



 

v 

 

 

 

 

 

Résumé 

 

Le processus d'impression fonctionnelle est une méthode de production de masse 

polyvalente qui a fait l'objet d'une attention scientifique et industrielle 

considérable au cours des dernières années. Une large gamme de produits 

électroniques, allant des composants de circuits passifs (par exemple, les 

résistances et les interconnexions) aux transistors à haute performance et aux 

écrans de haute qualité, peut désormais être imprimée de manière efficace en 

termes d'énergie, de ressources et de coûts. Malgré les progrès récents dans la 

formulation des encres et la réduction significative de leurs coûts de production, la 

plupart des encres disponibles dans le commerce sont encore très chères (par 

exemple, les encres à base d'argent) et limitées à quelques matériaux conducteurs 

et isolants qui nécessitent généralement des traitements thermiques à haute 

température afin de pleinement acquérir leur fonctionnalité. Pour permettre de 

nouvelles applications et réduire davantage les coûts de production, il est 

nécessaire de développer de nouvelles encres basées sur des matériaux semi-

conducteurs ainsi que de nouveaux matériaux conducteurs (avec des propriétés 

chimiques ou optiques améliorées) qui atteignent leur fonctionnalité après séchage 

(encres à simple séchage). Le développement de telles encres est très difficile, et 

les quelques résultats positifs ont été obtenus principalement par des encres à base 

de polymères, de coûts élevés et d´instabilité chimique. 

Depuis 2004 et après le premier isolement du graphène monocouche pur, les 

matériaux 2D ont bouleversé presque tous les domaines scientifiques et 

technologiques, de la médecine à l'électronique et au-delà. Leur morphologie 

unique, leurs propriétés physiques et chimiques multiples et largement réglables, 

leur facilité de synthèse, leur faible coût de production et l'abondance de matières 

premières (dans la plupart des cas) ont ouvert de nouvelles possibilités qui 

n'étaient pas concevables auparavant. La formulation d'encres sans additifs pour 

l'impression de produits électroniques à température ambiante est l'une de ces 
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possibilités. Malgré leur énorme potentiel, la formulation d'encres sans additifs à 

base de matériaux 2D s'est jusqu'à présent limitée à des encres à faible 

concentration qui ne conviennent pas à la fabrication à haut débit, étant l'une des 

principales motivations pour l'impression de l'électronique. En outre, les méthodes 

actuelles de synthèse et de traitement des matériaux 2D ont un faible rendement 

ou ne peuvent pas être mises à l'échelle, ce qui limite d'avantage leurs applications 

dans le monde réel. Dans ce travail de thèse, plusieurs stratégies de processus et 

de formulation d'encre sont présentés, qui peuvent résoudre les problèmes 

susmentionnés et ouvrir la voie à une application hors laboratoire des matériaux 

2D. 

Dans le premier chapitre, après une brève introduction portant sur les 

différentes méthodes de fabrication de dispositifs, les bases du dépôt en phase 

liquide, en particulier les aspects liés à la formulation de l'encre et à l'impression, 

sont passées en revue de manière concise. Au chapitre 2 une stratégie universelle 

pour la formulation d'encres à base de matériaux 2D vierges, exempte d'additifs, 

est présentée, ainsi que la mise à l'échelle de leur production. En tant qu'approche 

universelle, cette méthode nous permet d'imprimer des dispositifs électroniques 

avancés, incorporant différents types de matériaux semi-conducteurs et 

conducteurs. Les MXènes sont un groupe de matériaux 2D récemment découverts, 

dotés de propriétés optiques et électroniques exceptionnelles, qui peuvent 

révolutionner l'industrie de l'électronique imprimée. En raison de leur importance 

et leur stade précoce de découverte, deux chapitres de cette thèse (chapitres 3 et 

4) ont été consacrés aux défis de la formulation de leurs encres. Au chapitre 3, la 

possibilité d'utiliser les produits résidu de la synthèse du MXène comme stratégie 

de formulation d'encre durable a été étudiée, ce qui peut simultanément répondre 

aux problèmes de coût et environnementaux de l'électronique imprimée. Enfin, au 

chapitre 4, les stratégies conventionnelles de formulation des encres au MXène 

sont revisitées pour permettre leur impression à haut débit et de rouleau à rouleau.  

 

Mots clés: électronique imprimée, formulation d'encre, matériaux 2D, graphène, 

MXène. 
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Zusammenfassung 

 

Funktionaler Druck ist eine vielseitige Massenproduktions-Technik und Methode 

welche in den letzten Jahren auf wissenschaftlicher und industrieller Ebene 

beträchtliche Aufmerksamkeit erregt hat. Eine große Bandbreite elektronischer 

Komponenten von passiven Elementen eines Schaltkreises (z.B. Widerstände und 

Schaltungsträger) bis hin zu leistungsstarken Transistoren und hochwertigen 

Bildschirmen können energie-, rohstoff- kosteneffizient gedruckt werden. Trotz 

der jüngsten Fortschritte in der Rezeptur von Tinten, und einer bedeutenden 

Senkung der Herstellungskosten, sind die meisten kommerziellen Tinten immer 

noch sehr teuer (z. B. Silbertinten) und beschränken sich auf ein paar wenige 

leitende und isolierende Materialien, welche zum Erreichen ihrer vollen 

Funktionsfähigkeit eine thermische Behandlung bei hohen Temperaturen 

benötigen. Um neue Anwendungen zu ermöglichen, und um die Produktionskosten 

weiter zu senken, ist es unumgänglich neuartige Tinten auf der Grundlage von 

halbleitenden und neuen leitenden Materialien (mit verbesserten chemischen oder 

optischen Eigenschaften) zu entwickeln, welche ihre Funktionalität direkt nach 

dem Austrockenen gewinnen (dry-only Tinten). Die Entwicklung solcher Tinten 

stellt eine große Herausforderung dar, und die wenigen erfolgreichen Ansätze 

wurden hauptsächlich mit Tinten auf Polymerbasis erreicht, welche unter einem 

Kostennachteil und bedingter chemischer Stabilität leiden. 

Seit der ersten erfolgreichen Isolierung von einlagigem, reinem Graphen im 

Jahre 2004 haben die sogenannten 2D Materialien beinahe alle Bereiche in 

Wissenschaft und Technik revolutioniert, von Bereichen der Medizin zur 

Elektronik, und weit darüber hinaus. Ihre einzigartige Morphologie, die vielfältigen 

und weitgehend durchstimmbaren physikalischen und chemischen Eigenschaften, 

einfache Syntheseverfahren, kostengünstige Produktion und Häufigkeit der 

Rohmaterialien (zumindest in den meisten Fällen) haben neue Perspektiven 

eröffnet welche vorher nicht vorstellbar waren. Die Ausformulierung von Tinten 

ohne Zusatzstoffe, geeignet für das Drucken von elektronischen Bauelementen bei 
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Raumtemperatur ist eine solcher Möglichkeiten. Trotz dieses riesengroßen 

Potentials hat sich die Formulierung von zusatzfreien Tinten aus 2D Materialien 

auf niedrig konzentrierte Tinten beschränkt.  Diese Tinten eignen sich nicht für 

Fertigungstechnologien mit hohem Durchsatz, einer der Anreize um Elektronik zu 

drucken.  Des Weiteren, die heutigen Methoden um 2D Materialien zu 

synthetisieren und zu verarbeiten haben eine geringe Ausbeute, oder sind nicht 

skalierbar, welches Ihre praktische Anwendbarkeit weiter schmälert.  

In der vorliegenden Arbeit werden verschiedene Verarbeitungs- und 

Formulierungsstrategien vorgestellt, welche die erwähnten Probleme adressieren 

und den Weg für Anwendungen von 2D Materialien ausserhalb des Labors ebnen. 

In Kapitel 1, nach einer Einführung in verschiedene Methoden der Bauteil 

Herstellung und Grundlagen der Verarbeitung von Flüssigkeiten, werden im 

Besonderen die Themenbereiche welche Bezug zu Tintenherstellung und Druck 

haben, übersichtlich zusammengefasst. In Kapitel 2 wird über eine universelle 

Strategie zur Formulierung von zusatzfreien Tinten aus reinen 2D Materialien, und 

deren skalierbarer Herstellungsmethode, berichtet. Als universeller Ansatz erlaubt 

diese Methode den Druck fortgeschrittener elektronischer Bauteile welche aus 

verschiedenen halbleitenden und leitenden Materialien zusammengesetzt sind. 

Die Materialklasse der MXene ist eine erst kürzlich entdeckte Gruppe von 2D 

Materialien mit ausserordentlichen optischen und elektronischen Eigenschaften, 

welche das Potential hat die gedruckte Elektronik zu revolutionieren. Aufgrund 

ihrer Wichtigkeit, und der Tatsache, dass sie erst in den Anfängen der Entwicklung 

stehen, sind der MXene Tintenformulierung zwei Kapitel (Kapitel 3 und 4) 

gewidmet. In Kapitel 3 wird die Möglichkeit diskutiert ein Nebenprodukt der 

MXene Synthese für eine nachhaltige Tintenherstellungsstrategie zu nutzen, 

welche gleichzeitig finanzielle und ökologische Aspekte der gedruckten Elektronik 

adressiert. Schlussendlich, in Kapitel 4, wird die herkömmliche MXene 

Tintenherstellungsstrategie neu überdacht um Rolle-zu-Rolle Druck mit hohem 

Durchsatz zu ermöglichen.    

 

Keywords: gedruckte Elektronik, Tintenformulierung, 2D Materialien, Graphen, 

MXene 
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Introduction 

 

 

1.1. Fabrication methods of electronic devices  

The ever-increasing utilization of electronics in every aspect of our daily lives and 

the soaring demand for affordable and widely-accessible devices necessitate the 

development of new materials and low-cost fabrication methods. Up to now, silicon 

has been the workhorse for electronics industry as it can exhibit conducting, 

semiconducting, and insulating properties by proper compositional modifications 

(e.g., oxidation or doping) [1]. While silicon-based electronics are very well 

matured, silicon is not anymore the material of choice in many emerging fields, 

where new features like flexibility, transparency, or low-temperature 

processability are required [2]. Amorphous metal oxides, low-dimensional 

materials (e.g., 2D materials), and organic molecules (or polymers) are some of the 

most promising candidates for the post-silicon era. Device fabrication based on 

these new materials require new manufacturing techniques, and currently 

available methods are either based on gas-phase (GP) or liquid-phase (LP) 

deposition [3]. The GP-based methods are often complicated and expensive, but 

they can deliver high-quality devices, which make them suitable for high-

performance applications [4]. On the other hand, LP-based methods are simpler, 

easily scalable, and more versatile, making them ideal choices for cost-efficient 

mass-production [5]. 

Low-temperature (more preferably room-temperature) processing is of critical 

importance for low-cost and high-throughput manufacturing. Thermal treatments, 
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in addition to their higher energy consumption, complicate the fabrication 

processes and limit the choice of materials [6]. For instance, commercial and/or 

environment-friendly substrates such as polyethylene terephthalate (PET), paper, 

and polylactic acid (PLA) can easily decompose or deform upon heating [7,8]. 

Furthermore, in multilayer or multicomponent devices, the heat-sensitive 

elements should either be added after the heat-treatment step or replaced by heat-

resistive (often more expensive) alternatives. Depending on how the target 

material is added to the liquid-phase and the procedure that is needed for obtaining 

the final functional film/structure, the LP-based methods can be classified into five 

groups (Figure 1.1).  

Organic materials (small molecules and polymers) are the main members of 

class 1 in which, the final functional structure is obtained by dissolving the target 

material in a carrier solvent, deposition of the solution and finally evaporation of 

the solvent (hence called dry-only) [9]. Even though not necessary, usually a low-

temperature heat treatment (below 100°C) can improve their performance 

significantly. Class 2 is a group of LP-based methods in which, a solution containing 

the precursor of the target material is first deposited and after evaporation of the 

carrier solvent, a post treatment (usually heat treatment) is carried out to convert 

the precursor to the final functional material. Sol–gel derived metal oxides are one 

of the major families of this class and their conversion temperatures are usually 

above 200°C [10]. It is worth mentioning that although some functional devices 

have been produced at lower temperatures (~150°C); their performances are 

significantly inferior to their high-temperature-fabricated counterparts (e.g., at 

250°C).  

Classes 3, 4, and 5 are based on presynthesized particles (typically 

nanomaterials). High-quality particles of the target material (e.g., single crystal zinc 

oxide nanowires) are produced in a separate process (in the most desirable 

synthesis conditions) and then used in the fabrication of the final device. Formation 

of the continuous structure or film from individual particles is the greatest 

challenge regarding these classes. In class 3, particles (e.g., silver nanoparticles) are 

fused into each other (sintered) at high temperatures (above 150°C). In classes 4 

and 5, the continuous structure is obtained by the addition of binders or direct 

interactions of the particles (or their functional groups). In class 4, a thermal 

treatment is required to either remove the additives (e.g., binders) or change the 

chemical or electrical properties of the particles (e.g., conversion of graphene oxide 

to reduced graphene oxide). Room-temperature fabrication of electronics is 

possible by both additive-free particle-based (class 5), and polymer-based (class 1) 

inks. While room-temperature processed organic electronics have been 
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extensively investigated and considerable progresses have been made, high-

throughput fabrication of particle-based devices is still a big challenge. This is 

mainly due to the lack of low-cost and additive-free functional inks. 

 

 

Figure 1.1. Classification of the different liquid-phase device fabrication methods. 

 

In suspension-based LP methods, application of additives is often inevitable as 

the latter play important roles in different stages of the fabrication process.  For 

instance, suspending the particles in liquid phases, controlling the size and 

morphology of the particles during the synthesis, and preventing aggregation, 

exfoliating 2D materials, forming homogenous films upon solvent drying, and 

improving the adhesion of the particles to each other and to other device 

components (e.g., to the substrate). As mentioned earlier, despite their undeniable 
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merits, additives should be fully or mostly removed since they drastically degrade 

the functionality of the devices.  

The removal of the additives or minimizing their adverse effects can be done in 

one or several of the three following stages:  

1. During the production of the particles;  

2. During the preparation of the suspension;  

3. After the deposition and drying step. 

“After deposition” approaches are usually based on the chemical decomposition of 

the additives either by high-temperatures thermal treatments (above 200°C), 

which are out of the scope of this work, or by advanced heat-treatment methods 

(e.g., laser- or photonic-curing), which considerably complicate the fabrication 

process and have limited scope of application. In contrast, “early-stage” approaches 

(i.e., during the particle synthesis or ink formulation) are based on the fulfilment of 

the additives’ roles by other means, which have less adverse effects. For instance, 

to exfoliate and disperse graphene in water, common surfactants such as sodium 

dodecyl sulfate can be replaced by some alcohols (e.g., ethanol), which can be fully 

removed by evaporation [11]. Capillary inks are another example where the high-

molecular-weight polymers that are usually added to high-viscosity inks for tuning 

their rheological properties are replaced by the formation of a network of liquid 

bridges between the particles via addition of a second immiscible solvent to the 

suspension (to form an emulsion) [12].  

Despite the great efforts for finding alternatives that can take over the roles of 

the additives in the conventional ink formulations, efficient additive-free printing 

and coating remains a challenge. This is due to the fact that most of the proposed 

solutions only deal with one or a few of the numerous roles of additives and no 

comprehensive and universal method has been developed yet. For instance, the 

capillary inks mentioned above still require a heat treatment step for sintering the 

particles and forming a continuous pathway for the conduction of electrical 

current. To formulate additive-free inks with practical applications, it is necessary 

to gain an in-depth knowledge about the specific requirements of each liquid-phase 

method and different roles of additives at various stages of fabrication, and to 

understand the particle-particle, particle-additive, and particle-solvent 

interactions.  
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1.2. Basics of liquid-phase processing* 

1.2.1. Wettability, adhesion, and film formation 

The interactions between inks and substrates (wettability and adhesion) mainly 

depend on their surface energies and can be described by Young's and Dupre's 

equations,  

 

𝛾𝑠𝑔 = 𝛾𝑠𝑙 + 𝛾𝑙𝑔 cos 𝜃     Young’s equation (1.1) 

 

𝑊𝑠𝑙 = 𝛾𝑠𝑔 + 𝛾𝑙𝑔 − 𝛾𝑠𝑙      Dupre’s equation (1.2) 

 

where W, 𝛾, and 𝜃 are work of adhesion, surface energy, and contact angle, 

respectively [13]. These equations suggest that for a good wetting (𝜃 → 0), the 

surface energy of the carrier solvent should be lower than the surface energy of the 

substrate (𝛾𝑙𝑔 < 𝛾𝑠𝑔; inferred from Young’s equation), and for a good adhesion (0 <

𝑊𝑠𝑙), the interfacial energy between the ink and the substrate should be lower than 

the sum of their individual surface energies (𝛾𝑠𝑙 < 𝛾𝑠𝑔 + 𝛾𝑙𝑔; inferred from Dupre’s 

equation). However, it should be noted that these requirements are necessary but 

not sufficient for having a good wetting and adhesion. The reason lies in the origin 

and nature of the surface energy. In any material, the surface atoms, compared to 

the bulk atoms, are under-coordinated which is thermodynamically unfavorable. 

Hence, there is always a tendency in materials to minimize this additional energy 

(surface energy) either by reducing the surface area or by saturating the surface 

dangling bonds [14]. An ideal case for the saturation of the surface atoms is the 

formation of a bond with similar characteristics as the bonds in the bulk of that 

material. Hence, good wetting and adhesion to the substrate are only achieved 

when, in addition to the total surface energies, the individual components of the 

surface energies (disperse, polar, hydrogen, etc.) of the ink and substrate also 

match with each other (Figure 1.2a).  

While substrate wettability can be qualitatively examined by a simple contact 

angle measurement, it is more convenient to plot the wetting envelopes of that 

substrate using a quantitative surface energy model (e.g., Owens, Wendt, Rabel, and 

Kaelble model; OWRK model) [15,16]. To plot the wetting envelopes, polar and 

 
* Adapted from Sina Abdolhosseinzadeh, et al., Perspectives on solution processing of two-
dimensional MXenes, Materials Today, https://doi.org/10.1016/j.mattod.2021.02.010. 
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disperse components of the surface energy of the substrate should be determined 

first. This can be done by the application of the OWRK model and two probe liquids 

with known polar and disperse components (e.g., water and diiodomethane). 

According to the OWRK model, which considers the geometric mean of the 

dispersive (𝛾𝐷) and polar (𝛾𝑃)  parts of the liquid's surface tension and of the solid's 

surface energy, the interfacial energy between a solid and a liquid (𝛾𝑠𝑙) can be 

obtained by the following equation [17,18]: 

 

𝛾𝑠𝑙 = 𝛾𝑠 + 𝛾𝑙 − 2 (√𝛾𝑠
𝐷𝛾𝑙

𝐷 + √𝛾𝑠
𝑃𝛾𝑙

𝑃)     (1.3) 

 

By substituting the 𝛾𝑠𝑙 in Young’s equation (equation 1.1) from equation 1.3 and 

rearranging it according to the unknown values (𝛾𝑠
𝐷 and 𝛾𝑠

𝑃), the following linear 

equation (𝑌 = 𝑎𝑥 + 𝑏) can be obtained: 

 

𝛾𝑙(1+cos 𝜃)

2√𝛾𝑙
𝐷

= √𝛾𝑠
𝑃

√𝛾𝑙
𝑃

√𝛾𝑙
𝐷

+ √𝛾𝑠
𝐷      (1.4) 

 

By plotting 𝛾𝑙(1 + cos 𝜃) 2√𝛾𝑙
𝐷⁄  versus √𝛾𝑙

𝑃 √𝛾𝑙
𝐷⁄  for at least two probe liquids 

(for which, 𝛾𝑙
𝑃 and 𝛾𝑙

𝐷are known) and fitting a line to the obtained points, the slope 

and intersection point with the 𝑌 axis (𝑥 = 0) will give the 𝛾𝑠
𝐷 and 𝛾𝑠

𝑃, respectively 

(Figure 1.2b). Once 𝛾𝑠
𝐷 and 𝛾𝑠

𝑃 for a substrate is determined, equation 1.4 can be 

used for plotting the wetting envelopes for every chosen contact angle (Figure 

1.2c). Now, without direct measurements, the contact angle of any ink (liquid or 

liquid mixture) can be easily estimated by locating it between different wetting 

envelopes (each corresponding to a specific contact angle 𝜃 based on its surface 

tension components (𝛾𝑙
𝐷 and 𝛾𝑙

𝑃). Hence, a wetting envelope plot can provide 

guidelines for the selection of the carrier solvent (or solvent mixture) [19]. Another 

significant advantage of using wetting envelopes for designing inks, is the ability to 

adjust the contact angle to a specific value [16]. This is important since complete 

wetting (𝜃 = 0) is not always desirable (e.g., for fine-line printing) as it leads to 

uncontrolled spreading of ink (Figure 1.2d). 

When optimizing the composition of an ink, together with the wettability and 

adhesion, the drying behavior of the ink should also be considered. For instance, as 

shown in Figure 1.2e, assuming a droplet of a well-wetting ink (with pinned edges) 
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is placed on a substrate, due to the uneven evaporation of the solvent from the sides 

(because of the higher surface area to volume ratio), an outward flow from the 

center of the droplet to the edges is generated to replenish the evaporated solvents, 

in particular in low viscosity inks. Such a flow carries and accumulates the particles 

on the edge of the droplet and forms a ring-like structure (also known as coffee-

ring) [20]. This problem can be addressed by the application of multicomponent 

carrier solvents for ink formulation. Due to the disparity of evaporation rate of 

different components in the inks, surface tension, and compositional gradients 

form within the droplet and give rise to inward Marangoni flows, creating a more 

uniform redistribution of the particles [21] (Figure 1.2f).  

 

Figure 1.2. Basic surface energy characterizations and drying behavior of inks. (a) 

Schematic illustration of the interactions between the surface energy components 

of an ink and a substrate. Although total surface energies are equal in both cases, 

only the ink with matching surface energy components can properly wet the 

substrate. Keys and locks with different colors are symbolically used to convey this 

message that: only matching keys can unlock the locks. (b) Calculation of the 

surface energy components of a substrate (𝛾𝑠
𝐷 and 𝛾𝑠

𝑃) by OWRK method. (c) A 

schematic example of wetting envelope plots (with envelopes for two different 

wetting angles). (d) Effect of ink-solvent interactions; (I) strong interaction with 

complete wetting is not suitable for fine-line printing; (II) an optimum interaction 

leads to high-fidelity printing; (III) weak interaction leads to dewetting. (e) 

Schematic illustration of uneven evaporation of solvent from edges of a droplet and 

formation of a coffee-ring structure. (f) An inward Marangoni flow (by addition of 

a co-solvent) can redistribute the particles more evenly which leads to the 

formation of flat and homogenous films.  
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1.2.2. Colloidal properties of particle-based inks 

The colloidal properties of additive-free inks are mainly determined by the 

interactions of their particles (with each other) and with their environment 

(solvent molecules, gravity, etc.). The gravitational- and Brownian-forces 

constitute the major body forces acting on the colloidal particles [22]. The 

gravitational force acting on a spherical particle (diameter of 2𝑎) with the density 

of 𝜌𝑝, suspended in a medium (solution) with a density of 𝜌𝑚 can be calculated by 

the Archimedes’ principle: 

 

𝐹𝑔 = ∆𝜌𝑉𝑝𝑔 = (𝜌𝑝 − 𝜌𝑚)
4

3
𝜋𝑎3𝑔     (1-5) 

 

For a 1 µm sized particle which is 0.1 g.cm-3 denser than its dispersion medium, 

this force is about 4fN, which is comparable with the Brownian forces (𝐹𝐵 = 𝑘𝑇 𝑎⁄ ) 

that it experiences at room-temperature (4fN for the same 1 µm sized particle). 

Therefore, the random collisions of the solvent’s molecules (the Brownian forces) 

can lead to their diffusive motion. Furthermore, it can be inferred that variations of 

densities (solvent and particle), particle size, and temperature can affect the 

colloidal stability of the dispersions (e.g., sedimentation or creaming). In more 

complicated systems (i.e., in the presence of other particles), the colloidal stability 

heavily depends on the interparticle interactions (attractions and repulsions). 

While additives such as surfactants and grafted polymers (on the surface of the 

particles) can play important roles in the stabilization (or even destabilization) of 

the colloidal dispersions, since this work is dedicated to additive-free inks, here 

only the major interactions of the particles will be discussed.  

Van der Waals attractions: The interparticle interactions are attributed to the 

summation of the interactions between individual molecules of two particles [23]. 

Therefore, it is useful to first briefly review the basics of the intermolecular 

interactions. Atoms and molecules can be attracted to each other by three types of 

interactions, namely dipole-dipole (Keesom), dipole-induced dipole (Debye), and 

the London dispersion interactions. The London dispersion forces, arising from the 

fluctuating dipoles (due to the motions of the outer electrons) are the main 

attractive forces in non-polar molecules. The magnitude of this force acting 

between two atoms or molecules is inversely proportional to the seventh power of 

their separation distance (𝑟, distance between center of nuclei in atoms and center 

of mass in roughly spherical molecules): 
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𝐹𝑎𝑡𝑡 = −𝐴
𝑟7⁄         (1.6) 

 

Therefore, the required work for separating them from a distance of 𝑑 to infinity 

(where there are no interactions between them) can be calculated as: 

 

𝑊 = − ∫ 𝐹𝑎𝑡𝑡∞

𝑑
𝑑𝑟 = 𝐴′

𝑑6⁄       (1.7) 

 

where 𝐴′ is related to the polarizability of the atoms or molecules, and the 

characteristic frequency of their first ionization potential [23].  

The repulsive interaction between atoms/molecules and consequent increase in 

the free energy of the system is only observed at close distances, where the electron 

clouds begin to interact. These repulsive forces (sometimes called Born repulsion) 

can be described by the following equation: 

 

𝐹𝑟𝑒𝑝 = 𝐵𝑒−𝑎𝑑        (1.8) 

 

where 𝑎 and 𝐵 are constant numbers. Therefore, the contribution of the repulsive 

forces to the free energy of the system would be: ∆𝐺𝑟𝑒𝑝 = (𝐵 𝑎⁄ )𝑒−𝑎𝑑, which is 

usually approximated by the following expression:  

 

∆𝐺𝑟𝑒𝑝 = 𝐵′

𝑑12⁄         (1.9) 

 

The variations of the free energy of the system as a function of distance between 

two atoms or molecules can be described as: 

 

∆𝐺 = ∆𝐺𝑟𝑒𝑝 +  ∆𝐺𝑎𝑡𝑡 = 𝐵′

𝑑12⁄ − 𝐴′

𝑑6⁄     (1.10) 

 

which is usually known as Lennard-Jones potential. One method of calculating the 

potential energy of interaction between two particles is to assume that every 

molecule in one particle interacts with each molecule in the other according to a 

Lennard-Jones potential and that the total free energy of interaction is obtained by 

summing the contributions from all possible pairs of molecules [23]. Therefore, the 



Chapter 1 

 

10 

 

attractive forces between two spherical particles (diameter 2𝑎) at a closest 

distance of L can be expressed by the following equation: 

 

∆𝐺𝑎𝑡𝑡 = − 
𝐴𝐻𝑎

12𝐿
        (1.11) 

 

where 𝐴𝐻  is the Hamaker constant of that material and can be calculated by 

𝐴𝐻 = 𝜋𝑞2𝐴′, in which 𝑞 is the number of atoms or molecules per unit volume. When 

the particles are dispersed in a liquid medium (instead of vacuum), the equations 

mentioned above should be modified to take the effect of the medium into account. 

As shown in Figure 1.3a, to bring two particles from infinity to a distance of L, an 

equal amount of the medium should be transferred to infinity. Hence, the effective 

Hamaker constant for two particles (𝐴𝐻11(2)) immersed in a medium can be 

calculated as: 

 

𝐴𝐻11(2) = 𝐴𝐻11 + 𝐴𝐻22 − 2𝐴𝐻12 = (𝐴11
1 2⁄

− 𝐴22
1 2⁄

)
2

   (1.12) 

 

where 𝐴𝐻11 and 𝐴𝐻22 are Hamaker constants of the particle and the solvent in 

vacuum. As a result, the variation of the free energy of the system due to the 

attractive interactions of the colloidal particles can be expressed as: 

 

∆𝐺𝑎𝑡𝑡 = − 
𝐴𝐻11(2)𝑎

12𝐿
       (1.13) 

 

It can be inferred that the colloidal particles will always attract each other unless 

their Hamaker constant exactly match with that of the solvent. It should be also 

noted that the attractive interactions between colloidal particles decay slower than 

the attractive interactions between atoms or molecules, which means that the van 

der Waals interactions between particles can extend up to a few nanometers 

(depending on the size of the particles). 
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Figure 1.3. (a) Calculation of effective Hamaker constant for two particles 

immersed in a liquid. (b) Formation of an electric double layer around a particle 

suspended in a liquid.  

 

Electrostatic repulsions: When dispersed in a solvent, the surface of the particles 

may become electrically charged by a number of mechanisms such as ionization of 

surface groups (e.g., in oxides), differential dissolution of ions in crystals with 

limited solubility (e.g., silver iodide), specific adsorption of ions (e.g., adsorption of 

cationic or anionic surfactants), etc. [23]. The resulting electrical field (of the 

surface charges, 𝜎0) causes an unequal distribution of the counter- and co-ions in 

the solution up to a certain distance around the surface of the particles (Figure 

1.3b), which is known as electrical double layer [24]. The electrical potential (𝜓) in 

the solution decays exponentially with the distance (𝑟) from the surface by the 

following expression: 

 

𝜓 = 𝜓0exp (−𝜅𝑟)        (1.14) 

 

The distance 𝑟 = 1 𝜅⁄  where the potential drops by a factor of 1 𝑒⁄  is known as the 

“thickness” of the double layer and the inverse (1 𝜅⁄ ) is called Debye screening 

length. This thickness strongly depends on the concentration of the electrolyte (𝑛0, 

number of ions per unit volume) and the valency of the counter-ions (𝑍𝑖): 

 

(
1

𝜅
) = (

𝜀𝑟𝜀0𝑘𝑇

2𝑛0𝑍𝑖
2𝑒2

)
1 2⁄

       (1.15) 
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where 휀𝑟 , 휀0, 𝑘, 𝑇, and 𝑒 are the permittivity of the dispersion medium (solvent), 

the permittivity of the free space, the Boltzmann constant, the absolute 

temperature, and the electronic charge.  

When two charged particles approach each other, at distances of a few multiples 

of 1 𝜅⁄ , their electrostatic fields start to overlap. These electrostatic interactions are 

different from that of the atoms or molecules (discussed before) since the colloidal 

particle and its surrounding “ionic cloud” are electroneutral. Here, the electrostatic 

interactions mainly arise from the excess osmotic repulsion (due to the excess 

concentration of ions in the overlapping region). Assuming that the approaching 

particles are identical (same surface potential, size, etc.), and their surrounding 

electrostatic fields can be added linearly, their repulsive interactions (for spherical 

particles with radius R and κR < 3) can be expressed as: 

 

∆𝐺𝑒𝑙 =
4𝜋𝜀𝑟𝜀0𝑅2𝜓0

2exp (−𝜅𝐿)

2𝑅+𝐿
       (1.16) 

 

where L is the distance between two surfaces (closest points). As it can be seen 

from equation 1.16, the electrostatic repulsions decay exponentially with 𝜅; 

meaning that the overlap at higher electrolyte concentrations occurs at smaller 

distances.   

Total free energy of additive-free inks: As first proposed by Derjaguin, Landau, 

Verwey, and Overbeek (DLVO theory), the complex behavior of colloidal 

dispersions and their stability can be studied by their total free energy that can be 

calculated by the linear addition of individual contributions of the repulsive and 

attractive forces (reviewed in two previous sections): 

 

∆𝐺𝑇𝑜𝑡𝑎𝑙 = ∆𝐺𝑟𝑒𝑝 +  ∆𝐺𝑎𝑡𝑡      (1.17) 

 

The variations of ∆𝐺𝑇𝑜𝑡𝑎𝑙 vs. interparticle separation distance are plotted in figure 

1.4, which consists of three distinct regions, a deep primary minimum (∆𝐺𝑟𝑒𝑝 ≪

 ∆𝐺𝑎𝑡𝑡), an electrostatic barrier (∆𝐺𝑟𝑒𝑝 >  ∆𝐺𝑎𝑡𝑡), and a shallow secondary 

minimum (∆𝐺𝑟𝑒𝑝 <  ∆𝐺𝑎𝑡𝑡).  Similar to the case of atoms and molecules, at large 

separations, particles tend to attract and approach each other. When the secondary 

minimum is deep-enough, under certain conditions (depending on electrolyte 

concentration and particle size), bringing the particles to such distances may lead 
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to a weak flocculation, which is reversible and can be easily reversed by the 

application of sonication or shear forces.  

The height of the electrostatic barrier depends on the surface potential (𝜓0), 

electrolyte concentration (𝑛0), and the valency of the counter-ions (𝑍𝑖). At low 

electrolyte concentrations (< 10−2 mol.dm−3), the barrier height is larger than 

25 𝑘𝑇, which can effectively hinder the particles from reaching the primary 

minimum and aggregation. By increasing the concentration of the electrolyte, the 

electrostatic barrier becomes smaller and eventually vanishes at high-enough 

concentrations (Figure 1.4). It should be noted that even when the height of the 

electrostatic barrier is significantly high, the dispersions are only kinetically stable, 

meaning that after sufficient amount of time, the particles will pass the barrier (due 

to thermal fluctuations) and aggregate.  

 

Figure 1.4. Energy–distance curves according to the DLVO theory. 

 

1.2.3. Rheological properties of particle-based inks 

Particle-based inks are complex fluids and exhibit intricate mechanical responses 

to applied stresses (or strains) mainly due to the geometrical constraints imposed 

by the particles. Therefore, understanding the rheological behavior of these inks is 

crucial for their proper processing. Indeed, during all stages of solution-based 

processes, from storage to application, and drying, inks are under various types of 

stresses and their rheological properties determine their behavior at each stage.  
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All particulate inks are viscoelastic materials, meaning that their rheological 

behavior has both viscous and elastic characteristics. Pure carrier solvents are 

ideal Newtonian fluids with completely viscous behavior [25]. When deformed, 

their deformation rate (strain rate; �̇�) is linearly proportional to the applied stress 

(�̇� = 𝜙𝜏), and the proportionality coefficient (fluidity) is the reciprocal of their 

viscosity (Figure 1.5a). The deformation is irreversible, and all the applied energy 

dissipates as heat [26]. By the addition of solid particles, due to the particle-particle 

and particle-solvent interactions, the flow behavior of the carrier solvent starts to 

deviate from the Newtonian fluids and its viscosity becomes shear-rate dependent 

(Figure 1.5a). In typical inks, increasing the shear rate decrease the viscosity (also 

known as shear-thinning). In addition to the viscous behavior, these inks show 

some elastic behavior as well, meaning that a part of the deformation energy can 

be stored in the inner structure of the ink. By further increasing the solid content 

and percolating the particles, sol-gel transition (fluid-like behavior to solid-like 

behavior) occurs, and inks exhibit non-zero yield stress at zero shear rate (Figure 

1.5a). In this case, there is a range of strains (starting from rest) at which the elastic 

behavior of the inks dominates their viscous behavior [27]. Depending on the 

desired deposition technique, gelation can be both detrimental (e.g., inkjet 

printing) and beneficial (e.g., 3D extrusion printing). Therefore, determination of 

the composition (solid content) at which, the sol-gel transition occurs and 

understanding the effect of different parameters on it (e.g., particle’s aspect ratio, 

solvent type) is of great importance for ink formulation.  

The rheological properties of inks can be studied by numerous instruments and 

methods, but the most informative characterization is done by rheometers 

(especially by dynamic shear rheometers, DSR). The most commonly used 

experiments are rotational and oscillatory tests which are carried out by various 

geometries (e.g., concentric cylinder or cone and plate, Figure 1.5b) depending on 

the specific properties of the inks and the required information. Rotational tests 

are mainly used for plotting the flow curves. First, the shear rate is continuously 

increased, and the required torque is recorded. Then the viscosity is calculated 

from the torque data and plotted versus shear rate (𝜂 = 𝜏 �̇�⁄ ; the torque and 𝜏 

relation depends on the measurement geometry). A typical flow curve when 

plotted in a log-log scale has three main regions: low-shear, power-law, and high-

shear (Figure 1.5c). In low- and high-shear regions, the ink behaves like Newtonian 

fluids and the viscosity is shear-rate independent (plateau). In the power-law 

region (also known as Ostwald–de Waele power-law), the viscosity is given by 

equation 1.18 in which, K and n are the flow consistency and flow behavior indices, 

respectively [28]. 
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𝜂𝑒𝑓𝑓 = 𝐾�̇�𝑛−1         (1.18) 

 

 

 

Figure 1.5. Basic rheological characterizations of inks. (a) Relation between shear 

stress and strain rate for three main types of inks (fluids). (b) Four different 

measurement geometries for a rheometer; left top: plate-plate, left bottom: cone-

plate, middle: concentric cylinder, right: spindle type. (c) A typical flow curve for a 

power-law shear-thinning ink. (d) Three interval thixotropy test. (e) Phase shift 

between the maximum strain and maximum stress for a viscoelastic material 

(middle) in an oscillatory test. (f, g) Preset (strain) of an amplitude sweep test and 

two possible responses (read-outs). (h, i) Preset (strain) of a frequency sweep test 

and three possible responses (read-outs); (i) left: a viscoelastic solid, middle: a gel, 

and right: a viscoelastic liquid.  

 

For a Newtonian fluid, the flow behavior index (n) is equal to 1, for a dilatant 

fluid (shear-thickening) it is larger than 1 (usually not favorable for solution 

processing), and for a pseudoplastic fluid (shear-thinning) it is smaller than 1. 
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Hence, n, which is the slope of the linear section of the flow curves (in log-log scale) 

in the power-law region, can be used for comparison of the pseudoplasticity of 

different inks. Flow curves are especially useful for the determination of the 

processability of an ink for a specific method, as each shear rate (and the behavior 

of the ink at that shear rate) can be correlated with a specific processing technique 

(Table 1.1).  

The viscosity of some non-Newtonian fluids, after a deformation and removal of 

the stress (or reduction of its level), may not immediately recover to its initial value 

(which is called thixotropy). Thixotropy can be studied by another type of 

rotational test in which, the ink is subjected to two different levels of shear strain 

within three successive time intervals (1st: low-shear, 2nd: high-shear, and 3rd: 

same low-shear as the 1st interval; Figure 1.5d), and the viscosity changes are 

monitored. While this property is useful in some solution-based processes (e.g., 

leveling of the films), it can be detrimental in some others (e.g., 3D extrusion 

printing). 

 

Table 1.1. Range of shear rates at different stages/methods of processing [29]. 

Process Shear rate, �̇� [s-1] Process Shear rate, �̇� [s-1] 

Sedimentation of 

particles 
≤ 0.001 … 0.01 Extrusion 10 … 1000 

Surface leveling of 

coatings 
0.01 … 0.1 

Coating, printing, 

rolling, blade coating 

(manually) 

100 … 10000 

Sagging of coatings, 

dripping, flow under 

gravity 

0.01 … 1 Spraying 1000 … 104 

Dip coating 1 … 100 

Blade coating 

(machine), high-speed 

coating 

1000 … 107 

 

While rotational tests provide valuable information about the rheological 

properties of the inks, the viscous and the elastic components of the flow behavior 

cannot be distinguished. For this purpose, oscillatory tests are developed (Figure 

1.5e) in which, a sinusoidal strain (equation 1.19) is applied to the ink, and 

corresponding required stress is measured (equation 1.20). For an ideally elastic 

material (consider a spring), the maximum stress is observed at the maximum 

strain (no phase shift; 𝛿 = 0), while for a purely viscous material (consider a 

dashpot), the maximum stress is experienced at the beginning of the deformation 
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(minimum strain, which corresponds to a 
𝜋

2
 phase shift). For a viscoelastic material, 

this phase shift locates between two extremes (0 < 𝛿 <
𝜋

2
), and 𝛿 =

𝜋

4
 represents 

the sol-gel transition point (0 < 𝛿 <
𝜋

4
 corresponds to solid-like behavior, and 

𝜋

4
<

𝛿 <
𝜋

2
 corresponds to fluid-like behavior). This way the viscous and elastic 

components of the flow behavior can be studied separately as shown in equations 

1.19 and 1.20 where, 𝛾0, 𝜏0, and 𝜔 are strain amplitude, stress amplitude, and 

angular frequency, respectively. The first term in equation 1.20 (𝐺′(𝜔)𝛾0 sin 𝜔𝑡) is 

in-phase with the deformation and represents the elastic behavior and the second 

term (𝐺′′(𝜔)𝛾0 cos 𝜔𝑡), which is out-of-phase, corresponds to the viscous behavior 

of the ink. 𝐺′ and 𝐺′′ are elastic and loss moduli (respectively) and are extensively 

used for the evaluation of the ink behavior in all oscillatory tests [30]. 

 

𝛾(𝑡) = 𝛾0 sin 𝜔𝑡  ⇒  �̇�(𝑡) = 𝛾0𝜔 cos 𝜔𝑡     (1.19) 

 

𝜏(𝑡) =  𝜏0(𝜔) sin[𝜔𝑡 + 𝛿(𝜔)] = 𝐺′(𝜔)𝛾0 sin 𝜔𝑡 + 𝐺′′(𝜔)𝛾0 cos 𝜔𝑡  (1.20) 

 

Oscillatory rheological characterizations usually start with an amplitude sweep 

test (especially for gel inks) in which, the amplitude of the strain is increased at 

each cycle and the elastic and loss moduli are plotted versus strain or stress (Figure 

1.5f, g). For gel inks, the limit of the linear viscoelastic region (LVR), which is the 

maximum strain up to which, the ink can be deformed without destroying its 

internal structure can be determined by amplitude sweep tests. Yield stress of gel 

inks as a very important figure of merit (FOM) in some solution-based processes 

(e.g., extrusion printing) can also be extracted from amplitude sweep tests. After 

the determination of the LVR, another important oscillatory characterization, the 

frequency sweep test, can be carried out. In frequency sweep tests, a deformation 

with an amplitude smaller than the LVR is applied, and the elastic and loss moduli 

are plotted versus the frequency (Figure 1.5h, i). The response of the sample at high 

and low frequencies represent the short- and long-term behavior of the ink, 

respectively [31].  

 

1.3. 2D materials 

Amongst different types of nanomaterials (i.e., 0D/3D, 1D, and 2D), 2D materials 

are arguably the most promising candidates for formulation of additive-free inks 

and high-throughput, cost-efficient fabrication of electronics. One of the main 



Chapter 1 

 

18 

 

reasons is their simple, low-cost, and scalable synthesis methods. Unlike other low-

dimensional materials that suffer from low production yield, and require expensive 

precursors, precise synthesis conditions, and application of surfactants or other 

additives to control their growth, 2D materials (in most of the cases) can be 

exfoliated from cheap and naturally abundant layered crystals (e.g., graphite or 

molybdenite) by simple methods and in industrial scales (Kg or even ton). 

Furthermore, as will be discussed in chapter 2, the two-dimensional morphology 

of these materials offers a unique opportunity to replace the roles of conventional 

additives and formulate additive-free inks. Indeed, thanks to their broad and 

diverse physical and chemical properties, the big family of 2D materials (Figure 

1.6) is a valuable “toolbox” for the additive-free fabrication of electronics. 

 

 

Figure 1.6. Diversity of bandgap values for different 2D semiconductor materials. 

Reprinted with permission from ref. [32] Copyright 2016 Springer Nature. 

 

Similar to other nanomaterials, 2D materials can also be synthesized by both 

bottom-up and top-down approaches; however, since the latter option is more 
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suitable (as discussed before) for low-cost and high-throughput printing, the 

bottom-up methods will not be reviewed here. So far, numerous techniques have 

been developed for the delamination of 2D materials, which can be roughly 

classified into two groups: mechanical-, and chemical-exfoliation (Figure 1.7). In 

mechanical exfoliation, the 2D nanosheets that are usually stacked and held 

together with weak van der Waals attractions are delaminated by applying 

mechanical forces to their parent layered crystal (usually in a dispersion medium). 

The mechanical force can be applied by a variety of methods such as ultrasonic 

treatment and high-shear mixing (Figure 1.7a, b). The mechanical exfoliation can 

deliver pristine and high quality nanosheets (highest possible with liquid phase 

methods); however, due to the low concentration of the obtained suspensions, 

usually dispersing agents (e.g., surfactants) are used, which degrade the electrical 

properties of the products.  

 

 

Figure 1.7. Schematic illustration of 2D materials exfoliation by: (a) Ultrasonic 

[33], (b) High-shear mixing [34], (c) Electrochemical [35], and (d) Chemical [36] 

methods. Reprinted with permission from refs. [33] Copyright 2015 Royal Society 

of Chemistry,  [34] Copyright 2015 Royal Society of Chemistry, [35] Copyright 2021 

WILEY-VCH, [36] Copyright 2011 WILEY-VCH. 
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In chemical exfoliation methods (Figure 1.7c, d), the interflake van der Waals 

attractions are weakened by either adding functional groups to the nanosheets 

(e.g., hydroxyl groups), or intercalating ions (e.g., 𝐿𝑖+ or 𝑆𝑂4
2−) to the interlayer 

spaces. The chemical methods usually have higher production yields, but their 

products are usually defective, and the electrical properties are inferior. As a result, 

typically a heat-treatment is needed to recover the structure and properties to that 

of the pristine 2D materials (e.g., graphene oxide to reduced graphene oxide), 

which is often not completely successful and definitely incompatible with room-

temperature processing. However, in some cases such as MXenes, the chemical 

exfoliation is the only option since the mechanical delamination is either not 

possible or has very low yield. It should be also noted that sometimes the chemical 

methods are preferred to their mechanical counterparts as they can add new 

properties or functionalities to 2D materials (e.g., hydrophilicity to graphene oxide, 

or semiconducting properties to partially reduced graphene oxide). Amongst 

different synthesis methods, mechanical- and electrochemical-exfoliation 

techniques are potentially the best options for the production of room-

temperature processable inks and therefore will be reviewed in this work. 

 

1.3.1. Pristine 2D materials 

Liquid-phase (mechanical) exfoliation of 2D material: Despite their wide range 

of physical and chemical properties, most of the 2D materials can be mechanically 

exfoliated in liquid phases following similar principles. Since liquid phase 

exfoliation of graphene has been extensively and systematically studied and 

validated, here the basic of liquid-phase exfoliation of graphene is reviewed.  

During the exfoliation process new surfaces are generated, giving rise to the total 

energy of the system, and therefore making it thermodynamically less stable. The 

energetic cost of the exfoliation (equation 1.21) can be minimized by matching the 

surface energy of the dispersion medium with that of the 2D material. 𝑇𝑁𝑆 is the 

thickness of the nanosheets, 𝜙𝐺  is the dispersed graphene volume fraction, and 𝛾𝑆 

and 𝛾𝐺 are the surface tensions of the solvent and graphene, respectively. 

 

∆𝐻𝑚𝑖𝑥

𝑉
≈

2

𝑇𝑁𝑆
(√𝛾𝑆 − √𝛾𝐺)

2
𝜙𝐺       (1.21) 

 

As shown in figure 1.8, solvents that are capable of dispersing graphene in high 

concentrations have surface energies of ~70 mJ.m-2. Inspired by previous works on 

carbon nanotube dispersions, Coleman et al. have proposed that the highest 
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concentration of dispersed graphene in a solvent fits well with the following 

equation [37]: 

 

𝐶𝐺 ∝ 𝜙𝐺 ∝ 𝑒𝑥𝑝 [−
𝜋𝐷𝐺

2

8𝛾𝑆𝑘𝑇
(𝛾𝑆 − 𝛾𝐺)2]     (1.22) 

 

where 𝐷𝐺  is the diameter of a graphene sheet when modeled as a disk. This way the 

surface energy of the graphene can be estimated to be 68 mJ.m-2, which is 

consistent with the results obtained from contact angle measurements [38].  

While surface tension provides useful hints for the selection of a dispersion 

medium, not every solvent with matching surface tension is capable of dispersing 

the targeted 2D material properly. This is due to the fact that (as discussed in 

section 1.2.1) the surface tension is a rather unsophisticated solubility parameter 

[37]. Therefore, more comprehensive solubility criteria such as Hansen solubility 

parameters should be used to determine the suitable solvents for the exfoliation 

process: 

 

∆𝐻𝑚𝑖𝑥

𝑉
≈ [(𝛾𝑆

𝐷 − 𝛾𝐺
𝐷)2 + (𝛾𝑆

𝑃 − 𝛾𝐺
𝑃)2 4⁄ + (𝛾𝑆

𝐻 − 𝛾𝐺
𝐻)2 4⁄ ]𝜙𝐺                         (1.23) 

 

𝐶𝐺 ∝ 𝑒𝑥𝑝 [−
�̅�𝐺

𝑅𝑇
(𝛾𝑆

𝐷 − 𝛾𝐺
𝐷)

2
] 𝑒𝑥𝑝 [−

�̅�𝐺

𝑅𝑇
(𝛾𝑆

𝑃 − 𝛾𝐺
𝑃)

2
4⁄ ] 𝑒𝑥𝑝 [−

�̅�𝐺

𝑅𝑇
(𝛾𝑆

𝐻 − 𝛾𝐺
𝐻)

2
4⁄ ]    (1.24) 

 

where �̅�𝐺 is the molar volume of graphene. By dispersing graphene in numerous 

solvents with different Hansen solubility parameters and experimentally 

measuring the maximum amount of dispersed graphene (both by drying-weighing, 

and spectroscopic (UV-vis) methods), three graphs (Figure 1.8b-d) are plotted that 

can be used for fitting the individual components of equation 1.24. This way, the 

Hansen solubility parameters for graphene has been determined to be 𝛾𝐺
𝐷 =

18 𝑀𝑃𝑎1 2⁄ , 𝛾𝐺
𝑃 = 10 𝑀𝑃𝑎1 2⁄ , and 𝛾𝐺

𝐻 = 7 𝑀𝑃𝑎1 2⁄ . This technique (methodology) 

has also been frequently used for the estimation of surface energy, and solubility 

parameters of other 2D materials and subsequently improving their liquid-phase 

exfoliation [39–42]. Using this approach (matching the solubility parameters) it is 

even possible to disperse graphene in a mixture of solvents that are not good 

dispersion media in their pure form. However, it should be noted that some 2D 

materials may undergo chemical reactions in contact with certain solvents (e.g., 

MoS2 and methanol [43]). Probably the biggest problem of the liquid-phase 
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exfoliation methods (mechanical) is their relatively low yield and the low-

concentration of the obtained suspensions. While the concentration of the 2D 

material can be increased by longer exfoliation processes (𝐶 ∝ √𝑡), the quality of 

the final product will be compromised due to the fragmentation of the nanosheets 

and introduction of structural defects [37]. 

 

Figure 1.8. Dispersed graphene concentration as a function of (a) solvent surface 

energy, and Hansen solubility parameters: (b) dispersive, (c) polar, and (d) 

hydrogen bonding. Reproduced with permission from ref. [37] Copyright 2012 

American Chemical Society. 

 

Electrochemical exfoliation of 2D material: The layered structure of the 2D 

materials’ parent crystals provides a unique opportunity to intercalate different 

ions into their interlayer spaces. As a result, their interlayer distance increases (van 

der Waals interactions are weakened) and even a short and gentle mechanical 

exfoliation is sufficient for obtaining large and few-layered flakes. For this purpose, 

depending on the intercalation ion, the layered crystal (e.g., graphite) is connected 

to either anode or cathode and a chemically stable material (e.g., platinum) acts as 

the counter electrode. While in most of the cases DC currents are used, application 

of AC (low frequency) currents has also been reported in some recent works (both 

electrodes are similar material) [44]. Because of its small size, 𝐿𝑖+ is one of the most 

used cations for the intercalation process [45], but the highest exfoliation efficiency 

is only obtained when an ion with a matching size (with the natural interlayer 

distance) is selected.  

Despite being simple, fast, and effective, the electrochemical exfoliation methods 

suffer from several drawback, which have limited their success. The biggest 

problem is the loss of electrical connection that happens during the intercalation 

process, due to the expansion of the electrode (layered crystal), gas evolution 

(bubble formation), and oxidation of the 2D material (especially in anodic 

exfoliation) [46]. The second problem is related to the high resistivity of the 

semiconducting 2D materials that leads to a huge potential drop along the 

electrode, limiting the amount of the processable material in every synthesis batch 
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[47]. Unwanted functionalization, although much less than other chemical 

exfoliation methods, is another problem, which leads to the degradation of the 

electronic properties. In spite of these problems, the electrochemical methods hold 

great promise for large-scale and cost-efficient production of 2D materials and 

definitely deserve more research attention.  

 

1.3.2. MXenes 

MXenes have the general formula of Mn+1Xn, where M is a transition metal (such as 

Ti, Sc, Nb, V, Mo, Zr, Hf, Cr, etc.) and X is carbon and/or nitrogen (Figure 1.9a). A 

single layer of MXene is composed of n layers of element X alternatively 

sandwiched between n+1 layers of element M [48]. MXenes are typically obtained 

by the selective removal of  “A” atomic layers from MAX phases, where A is an 

element from group 13 or 14 in the periodic table such as Al or Ga (M and X refer 

to the same elements in MXenes) [48–53]. Due to the strong chemical bonds of M-

A-M, mechanical cleavage of the MAX precursors is challenging and has low yields 

[54], as a result, chemical etching methods were developed. The first reported 

MXene (Ti3C2Tx), was obtained by the selective etching of Al layers from Ti3AlC2 in 

a concentrated hydrofluoric acid (HF) solution [53]. Following this groundbreaking 

discovery, dozens of other MXenes were also successfully prepared by the HF-

etching method. When MXenes are synthesized by wet-etching processes, their 

surfaces are terminated by functional groups and their general formula is written 

as Mn+1XnTx where Tx represents the functional groups. Flake size, surface 

chemistry, defects density of the delaminated flakes are etching routes-dependent; 

changing from HF etching to non-HF etching inevitably results in MXenes with 

different physicochemical properties [55], which further influence their 

processability.  



Chapter 1 

 

24 

 

 
Figure 1.9. Schematic representation of (a) an M3X2Tx MXene (with terminal 

groups); and (b) consecutive steps of MXene synthesis. Reproduced from ref. [5]. 

MXenes selective etching routes: To prepare monolayer or few-layer MXenes, the 

first step is the selective etching of MAX phases (Figure 1.9b). These routes include 

HF etching, fluoride-containing etching, alkali etching, and molten-salts etching. As 

the first developed method, HF etching is efficient in etching the MAX phases and 

gives corresponding MXenes with accordion-like structure [48,53]. In a typical run, 

1 g of Ti3AlC2 is slowly added to 10 mL of a 50 wt.% concentrated HF solution and 

stirred for 2 h at room temperature, where the following reactions occur [51,53]: 

 

Ti3AlC2(s) + 3HF(aq) = Ti3C2(s) + AlF3(aq) + 1.5H2(g)       (1.25) 

 

Ti3C2(s) + 2HF(aq) = Ti3C2F2(s) + H2(g)         (1.26) 

 

Ti3C2(s) +2H2O(aq) = Ti3C2(OH)2(s) + H2(g)                           (1.27) 

 

The proof of a successful etching trial should be based on X-ray diffraction (XRD) 

patterns rather than scanning electron microscopy (SEM) images, as the etched 

multilayered MXene may not necessarily showcase an accordion-like morphology 

[56]. The absence of characteristic peaks of the Ti3AlC2  MAX phase coupled with a 

strong peak centering at 9.5°, which is attributed to the (002) plane of Ti3C2Tx 

MXene, is a generally accepted criterion for the successfulness of a synthesis [56]. 

It is worth mentioning that the etching conditions are MAX phases-dependent. For 

instance, Nb2AlC MAX phase requires 90 h of etching in a 50 wt.% HF solution [57], 



Chapter 1 

 

25 

 

while a Ti3AlC2 MAX phase only needs 24 h of immersion in a 5 wt.% HF solution 

[56]. In general, a higher value of n in the MAX phase requires more concentrated 

HF and/or longer etching time (e.g., Nb4C3Tx needs two times longer etching than 

Nb2CTx under similar etching conditions) [58].  

Different HF concentrations lead to a variety of surface functionalities (-OH, -O 

and/or -F) as well as different density of defects. Etching in less-concentrated HF 

solutions results in more O and less F (higher O/F ratio) terminated on the MXene 

surface, while etching in a more-concentrated HF solution leads to MXenes with 

more defects/pin-holes and stronger interlayer interactions [55,59]. This allows 

the effective tuning of the surface chemistry and properties of the MXenes. After 

etching, the metallic M-A bonds are replaced by weak bonds such as hydrogen and 

van der Waals bonds, providing vast possibilities for intercalation chemistry while 

ensuring the delamination into monolayer or few-layer flakes, as will be discussed 

below. 

Besides etching the A layers from mono-metal Mn+1AXn, double-metal MXenes 

can also be produced through concentrated HF etching of the corresponding 

M'2M''AlC2 and M'2M''2AlC3 phases, where M' (outer layer metal) and M'' (inner 

layer metal) are Ti, V, Nb, Ta, Cr or Mo with M' and M'' locate in different planes 

(out-of-plane ordering MAX phases, o-MAX) [60]. Double-metal MXenes, including 

Mo2TiC2Tx, Mo2Ti2C3Tx, and Cr2TiC2Tx, were reported in 2015 through etching their 

corresponding MAX phases where A=Al in 48-51% HF solution for different 

durations [60]. In particular, by selectively etching in-plane ordering 

(M'2/3M''1/3)2AC (i-MAX phases), i-MXenes with in-plane ordered vacancies can be 

prepared through HF route. A typical example is Mo1.33CTx which is obtained by 

etching Y (or Sc) and Al out from (Mo2/3Y1/3)2AlC (or (Mo2/3Sc1/3)2AlC) [61]. The 

discovery of i-MXenes with ordered vacancies greatly expands the MXene family 

[62].   

Considering the hazardous nature of HF acid, a mild etching strategy based on 

the in-situ formation of HF upon mixing lithium fluoride (LiF) and hydrochloric 

acid (HCl) was developed in 2014 [63]. By adding 5 M of LiF powder to 6 M HCl 

solution, a diluted HF solution with a low concentration of 3-5 wt.% is thus formed 

according to equation 1.28: 

 

LiF (aq.) + HCl (aq.) = HF (aq.) + LiCl (aq.)    (1.28) 

 



Chapter 1 

 

26 

 

It is worth noting that the LiF-HCl etched multilayered MXenes don’t exhibit 

accordion-like structures. Li+ ions intercalate into multilayered particles and/or 

exchanges with surface protons to further enlarge the interlayer spacing, as 

confirmed by a larger shift of the (002) peak in the XRD pattern of multilayered 

MXene [63]. Due to their swollen nature, the etched MXenes behave like a "clay". 

Increasing the molar ratio of LiF to MAX from 5:1 to 7.5:1, and immersing in 9 M 

HCl instead of 6 M leads to Li+-preintercalated multilayered-MXenes, allowing 

delamination into nanosheets upon solvent exchange at ease (i.e., washing & 

manual shaking) [55]. Such a modified etching route is called minimally intensive 

layer delamination (MILD) developed in 2017. Compared to the HF route, the MILD 

route is able to produce MXenes with fewer pin-holes/defects and a higher O/F 

ratio [55]. Nanosheets delaminated from MILD method are also typically larger in 

lateral size, ~ 3 μm vs hundreds of nm from the HF route. Besides etching MAX 

phases, non-MAX layered ceramics can also be etched and leave out MXenes. For 

instance, the HF route and LiF-HCl route are able to leach out Ga from Mo2Ga2C, 

ending up Mo2CTx [64]. Furthermore, Zr3C2Tx and U2CTx MXenes were obtained by 

the removal of Al3C3 layers from Zr3Al3C5 and U2Al3C4, respectively using the HF 

etching route [65]. 

Aside from LiF-HCl, other fluoride-based etchants such as hydrogen bifluoride 

(NH4HF2) are also able to remove the A layers from MAX phases. By immersing 0.5 

g of Ti3AlC2  MAX into 10 mL of 2 M NH4HF2 solution at room temperature for 24 h, 

NH3 and/or NH4+-preintercalated multilayered Ti3C2Tx MXene is obtained with 

much larger interlayer spacing between adjacent layers according to the equations 

1.29 and 1.30 [56,66,67]: 

 

Ti3AlC2(s) + 3NH4HF2(aq) = Ti3C2(s) + (NH4)3AlF6(aq) + 1.5H2(g)        (1.29) 

 

Ti3C2(s) + aNH4HF2(aq) + bH2O(aq) = (NH3)c(NH4)dTi3C2(OH)xFy(s)        (1.30) 

 

Although HF or in-situ HF (also fluoride-containing) etching routes are able to 

etch away the A elements from MAX phases, the strong corrosive nature of the HF 

as well as the large amounts of the wasted acid after washing raise serious safety 

issues and environmental concerns. As an alternative, alkali etching has been 

reported in 2018 to produce good quality MXenes. By a hydrothermal reaction of 

MAX powders with concentrated sodium hydroxide deaerated solution at 270 °C, 

followed by multiple washing steps, F-free MXene (terminated with –O and OH) is 

obtained according to the equation 1.31 and 1.32 [68]: 
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Ti3AlC2 (s) + OH– + 5H2O(aq) = Ti3C2(OH)2 (s) + Al(OH)4–(aq) + 2.5H2(g)      (1.31) 

 

Ti3AlC2 (s) + OH– + 5H2O(aq) = Ti3C2O2 (s) + Al(OH)4–(aq) + 3.5H2(g)           (1.32) 

 

Although all the MAX phases can be theoretically etched, the replacement of the 

A element from Al to Si in the MAX phase drastically increases the difficulty of 

etching. This is because the Ti-Si bonds are considerably stronger than the Ti-Al 

bonds in Ti3AC2, rendering the resistance of Ti3SiC2 to strong acid and bases, 

regardless of etchant concentration [69,70]. In 2018, the first Ti3C2Tx MXene was 

successfully obtained from a MAX phase with an A-element other than Al. Such a 

process relies on a two-step etching in an aqueous mixture of HF-oxidant (such as 

H2O2, HNO3, (NH4)2S2O8, KMnO4, FeCl3, etc.): 1) stepwise oxidation of the Si layers 

of the MAX phase by the oxidant and 2) further dissolution of the Si oxides by HF 

[71]. Producing MXenes from Ti3SiC2 is of particular interest since Ti3SiC2 is 

commercially available and is less expensive compared to Ti3AlC2.  

While carbide MXenes have been frequently reported, the production of nitride 

MXenes has proven to be quite challenging. HF or in-situ HF routes are unable to 

leach out the A elements from nitride MAX phases without dissolving the unstable 

nitride MXenes [72]. The first nitride MXene, Ti4N3Tx, was reported in 2017 by 

etching the Ti4AlN3 MAX phase in a mixture of fluoride salts (LiF, NaF, KF) at 550°C 

[73]. Interestingly, Ti2NTx was reported in KF-HCl route, probably due to a small 

“n” in the MAX phase which requires a less strong etchant [74]. Nitride MXenes can 

also be produced through ammoniation of the corresponding carbide MXenes at 

high temperatures [75].  

Very recently, a general etching route was proposed to prepare MXenes through 

reacting the MAX phases with A=Al, Zn, Si, Ga, by Lewis acidic molten salts (majorly 

chlorides) at 750 °C [76]. These molten salts include but are not limited to: CuCl2, 

NiCl2, FeCl2, AgCl, CdCl2, CoCl2, etc. [76]. For instance, to etch the Ti3SiC2 MAX phase 

in CuCl2, the Si atomic layers are firstly oxidized into Si4+ by the Lewis acid Cu2+, 

leading to the formation of Cu metal and SiCl4 gas, the latter expands the sheets and 

create gaps in the resultant multilayered particles. Excessive CuCl2 further reduces 

the as-formed Ti3C2, leading to Cl-terminated Ti3C2 and Cu metal. Further washing 

the etched products in ammonium persulfate (or another chemical whose potential 

of redox couple is higher than that of Cu2+/Cu) effectively removes the Cu metal 

while adding O-containing groups to the surface (resulting in Ti3C2OxCly) [76]. 

These molten salts-etched MXenes are hardly obtainable by other methods (i.e., HF 
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or in-situ HF routes), broadening the choices of the MAX phases and the functional 

groups of the MXenes (by choosing other molten salts with anions like Br-, I-, SO42-, 

or NO3-, etc.).  

To step forward, Talapin et al. successfully modified the surface chemistry of 

molten-salts etched MXenes through reacting Br-terminated MXenes with Li2Se, 

Li2O, and NaNH2, which yielded Ti3C2Se, Ti3C2O, and Ti3C2(NH) MXenes, 

respectively [77]. In -F and -OH terminated MXenes these surface chemistry 

modifications are not possible since F-Ti and OH-Ti bonds are stronger (as 

evidenced by much higher bonding energies and bond formation enthalpies) than 

the Cl-Ti and the Br-Ti bonds (in Ti-based MXenes) [77]. Additionally, by reacting 

the Ti3C2Br2 and Ti2CBr2 with LiH at 300 °C, they were able to produce bare Ti3C2□2 

and Ti2C□2, respectively, where □ stands for the vacancy sites [77]. These findings 

allow unprecedented control over MXene surface chemistry and hence on their 

structural (e.g., in-plane lattice expansion is observed in Ti3C2Te and Ti2CTe) and 

electronic properties, enabling new applications (e.g., in the field of 

superconductors). In other words, the halide molten salts etching route is not only 

effective in producing multilayered MXenes terminated with halides, but also 

guarantees exotic properties by replacing/removing the halide elements with 

other surface terminations.  

 

Delamination of multilayered MXenes: Isolating monolayers or few-layers from 

multilayered MXenes is of particular interest for both fundamental studies and 

practical applications (where few-layers are preferred). The key to successful 

MXene delamination is to weaken the interactions between adjacent layers. To this 

end, intercalating big organic molecules or ions, followed by manual shaking or 

sonication, are plausible ways to prepare single-layer or few-layer MXenes, ending 

up with stable, colloidal solutions [52,78]. The first report on MXene delamination 

employed dimethyl sulfoxide (DMSO), urea, hydrazine, and other molecules 

causing a big swelling of multilayered MXenes [52]. For instance, the c-lattice 

parameter (c-LP) increases from 19.5 Å in the pristine Ti3C2Tx to 25.5 Å in 

hydrazine-intercalated Ti3C2Tx, and further boosts up to 44.8 Å in DMSO/water co-

intercalated Ti3C2Tx [52]. The huge expansion on the interlayer spacing greatly 

weakens the bonding between adjacent layers. Subsequent sonication efficiently 

delaminates the swollen multilayered particles into single- or few-layered flakes 

with the lateral size around hundreds of nm. For the delamination of Nb2CTx, 

isopropylamine intercalation assisted by stirring for 18 h is required [78].  
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Besides these polar solvents, large molecules such as organic bases, 

tetrabutylammonium hydroxide (TBAOH, (C4H9)4NOH), choline hydroxide, and n-

butylamine, etc., are also able to interact with multilayered MXenes, leading to a 

large increase in the interlayer spacing [78–80]. For instance, after mixing with 

TBAOH for 4 h, the c-LP in Ti3CNTx and V2CTx increases to 39.24 Å and 38.72 Å from 

21.39 Å and 19.86 Å, respectively. Slight agitation or mild sonication results in full 

delamination of large quantities MXene dispersions. On the other hand, due to the 

MXene negative surface charges, metal cations such as Li+, Na+, K+, Mg2+, NH4+, etc., 

are able to spontaneously intercalate into multilayered MXenes [81], weakening 

the van der Waals force among the sheets. This is especially true in the LiF-HCl 

etched multilayered MXenes. For the "clay" route, with the LiF:Ti3AlC2 molar ratio 

of 5 and a HCl concentration of 6 M, the sonication is necessary for the complete 

delamination of the etched MXenes. However, when the LiF:Ti3AlC2 molar ratio is 

7.5 and the HCl concentration is 9 M, the excessive intercalated Li+ ions are 

exchanged with water molecules upon multiple washing and manual shaking steps, 

leading to the full delamination when the pH 7 is reached. Due to the elimination of 

the sonication step, this MILD route allows the production of high-quality, low-

defect MXene flakes with lateral dimensions of up to 6 μm [55].  

 

Electrical properties: The most outstanding property of the MXenes is their 

metallic behavior with a well-fixed electron density near the Fermi level, similar to 

their precursor MAX phases [82]. The electronic band structure can be adjusted by 

tuning the MXene composition/surface chemistry (e.g., using different etchants), 

and controlling the intercalated ions, interlayer spacing, defects, and grain 

boundaries [83,84]. Aside from controlling the MAX phase etching routes, the 

surface chemistry of MXenes can also be modified through other methods such as 

aromatic coupling-diazotization to graft sulfonic groups [85]. Annealing MXenes 

under vacuum or inert gas flow (e.g., Ar, N2) can remove the surface terminations 

and/or water molecules that are trapped between the adjacent MXene layers 

[59,86], increasing the carrier mobility up to 10 times (substantially higher 

electrical conductivity). Intercalation of ions (i.e., Li+, Na+, K+) can improve the 

electrical conductivity by increasing the carrier density in MXenes. Nevertheless, 

intercalating bulky cations into MXene lamellas may also induce the metallic to 

semiconductor transition due to the great expansion of the interlayer distances and 

suppression of the inter-flake electron hopping [84].  

MXenes’ electrical conductivity is also morphology-dependent. For instance, 

ultrathin, compact MXene films with highly aligned flakes showcase a very high 

electrical conductivity up to 15100 S/cm [87,88]. Grain boundaries can affect the 
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electron hopping behavior as well; smaller flakes correspond to more flake 

boundaries and thus more inter-particle junctions, resulting in an inferior electrical 

conductivity in the films. This is best evidenced by the much higher conductance 

on flakes produced from spin-casting method, which produces more compact films 

(easer electron hopping). On the other hand, MXene-based aerogels are highly 

porous, which substantially lower down the electrical conductivity by two orders 

of magnitude [89,90]. Experimentally, metallic MXene, in particular Ti3C2Tx films 

possess higher electrical conductivity than any other 2D materials, including 

exfoliated graphene, metal sulfides/hydroxides, etc. [91,92]. It is worth noting that 

the etching methods also affect the electrical conductivity of MXenes; a stronger 

etchant means higher defects density in the resultant MXene samples. For instance, 

HF-etched Ti3C2Tx powders showcase moderate electrical conductivities (<1000 

S/cm) [56,93].  

 

Work function: The work function of MXenes can be adjusted by surface groups 

through controlling the Fermi level shift and electronic redistribution [94,95]. 

Based on the surface dipole modification capabilities, MXenes terminated with 

pure –O groups possess a larger work function compared to pure –F terminated 

MXenes, followed by bare MXenes and pure –OH terminated MXenes in sequence. 

According to this principle, one can achieve quite low work function-MXenes by 

surface modifications ending up with a major percent of –OH functionalities [95]. 

The work function of Ti3C2Tx MXene can be shifted in the range of 3.9-4.8 eV, 

depending on the annealing temperature associated with the surface termination 

moieties [96]. Upon high temperature annealing, surface groups tend to 

decompose while protons escape from hydroxyl groups forming –O terminations. 

A Kelvin probe detection indicates the work function of Ti3C2Tx MXene thin film is 

~5.3 eV and decreases to 4.6 eV in the –O terminated Ti3C2Tx [86,97], being good 

electrical contacts for semiconductors. Moreover, Ti3C2Tx MXene with a very low 

work function of 4.37 eV is able to form a good Schottky contact with n-Si by van 

der Waals forces at room temperature, or Schottky-barrier-free contacts, acts as a 

transparent electrode, etc., enabling the separation and transport of photoinduced 

carriers in self-driven photodetectors [98,99].  

 

Optical properties: When delaminating multilayered MXene into few-layers 

suspended in water, a Tyndall effect is typically observed. By performing UV-Vis 

spectroscopy of ultrathin films made of delaminated flakes, a transmittance up to 

97% can be achieved, corresponding to continuous coverage of single-layer MXene 

nanosheets (supported on a substrate). This implies that monolayer MXene leads 



Chapter 1 

 

31 

 

to ~3% loss in transmittance, a value that is quite similar to graphene (2.3% loss 

per layer) [87,100]. Considering the thickness of a monolayer MXene, which is four 

times thicker than graphene (1.5 nm vs 0.34 nm), one can expect that the MXene 

possesses even higher optical transmittance and better optoelectronic properties 

to those of graphene. In the UV-Vis spectrum, a broad absorption peak ~800 nm is 

typically observed in Ti3C2Tx MXene, which is attributed to the inherent out-of-

plane interband transition [101,102].  

When reducing the lateral dimension of MXene flakes to quantum size (<3 nm), 

photoluminescence (PL) phenomenon is observed in MXene dispersion due to 

strong quantum confinement. The light emission properties of MXenes can be used 

for biomedical imaging and as the gain medium of random lasers, such as white 

lasers [103,104]. The nonlinear optical response of few-layer Ti3C2Tx MXene have 

been systematically investigated from 800 to 1800 nm by z-scan method, showing 

the one-photon saturable absorption process dominates the nonlinear absorption 

at low pulse energy coupled with two or multiple-photon absorption processes as 

the pulse intensity is increased [105]. On the other hand, strong two-photon 

absorption in gapless MXene monolayers is observed, due to structures of the 

MXene energy bands near the Fermi level [106]. It is worth mentioning that the 

saturable absorption behavior in MXenes may inspire advanced ultrafast photonics 

and optoelectronic devices such as ultrafast lasers [107] and photonic diodes 

[108]. The metallic conductivity of MXenes enable a platform for photon-electron 

coupling at the surface, facilitating the excitation of surface plasmons and 

implicating promising applications in biomedical imaging and sensing [101,109].  

 

Oxidation stability: Oxidation stability of the MXenes, especially in suspensions is 

a major concern [110,111]. While the oxidation (or partial oxidation) can be used 

for some applications (e.g., energy storage [112,113], disposable electronics [114], 

sensing [115]), it is usually avoided when the electrical conductivity is important. 

Pin-holes and defects, which are formed during the synthesis, accelerate the 

oxidation of MXenes and shorten their shelf life. Water and dissolved oxygen are 

playing the main role in the oxidation of MXenes; therefore, storing MXene aqueous 

dispersion in Ar-filled vials and low temperatures (<5 °C) can considerably 

elongate their shelf life [110,116]. Freezing the aqueous dispersions under -20 °C 

is reported to be capable of preserving the MXene flakes up to two years [117]. 

After oxidation, methane (CH4) gas may evolve from Ti3C2Tx dispersion while 

cloudy-white titanium oxides settle down on the bottom [118]. For Ti3CNTx, 

ammonium gas can be detected after the solution is oxidized [118].  
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Defects’ density and flake size strongly control the oxidation kinetics. Higher 

density of defects and smaller flake size will speed up the oxidation of MXene 

dispersions. Since oxidation is more intense on the edges of the flakes, capping the 

edges with polyanionic salts (such as polyphosphates, polysilicates or polyborates) 

can effectively mitigate the oxidation [119,120]. Furthermore, treating MXenes 

with sodium L-ascorbate can improve their oxidation stability based on the same 

edge-capping mechanism by the ascorbate anions [121]. Although these 

techniques are effective, removing the added salts to restore the intrinsic MXene 

properties complicates the whole process.  

Dispersing MXene nanosheets in non-aqueous polar solvents, such as NMP, 

DMSO, ethanol, etc., can minimize their interactions with water and/or dissolved 

oxygen, extending their shelf life. Potential good solvents are those possessing a 

high surface tension, a high boiling point, and a high dielectric constant, which are 

able to stabilize MXene nanosheets [122]. Preparation of organic MXene 

dispersions can be achieved through multiple solvent exchange (3 times) without 

sonication [123]. Improving the oxidation stability by transferring to non-aqueous 

solvents is particularly of more interest in solution processing of MXenes since in 

the majority of the deposition techniques, because of the surface tension and 

adhesion considerations, organic dispersions are more preferred. 

 

Colloidal properties: MXenes form very stable dispersions in water (solid loading 

and zeta potential of up to 70 wt.% and -80 mV, respectively), nevertheless due to 

its high surface tension, water cannot be a suitable carrier solvent for the 

formulation of MXene inks, especially for polymeric substrates. In conventional 

inks, additives (e.g., surfactants) are used to address the surface energy 

mismatches; however, in the case of MXenes, due to their oxidation sensitivity, 

formulation of additive-free dry-only inks is crucial. In other words, due to the 

restriction of employing additives, methods available for the production of stable 

dispersions (which are necessary for ink formulation), are thus limited. 

Minimization of the energetic cost of the delamination process by matching the 

surface tension of the dispersion media with the surface energy of the target 

material is a well-established approach for the production of 2D materials 

dispersions [124]. When MXene is delaminated and dispersed in a solvent (or 

solvent mixture), a huge number of new surfaces are generated which increases 

the interfacial energy of the system. This excess energy is the driving force for the 

aggregation of the dispersions, and its minimization can slow-down the 

aggregation process. Hence, all the discussions in matching the surface energy of 

the ink and the substrate (section 1.2.1) are also valid here. However, 
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unfortunately, the determination of the surface energy components (SECs) of the 

2D materials (MXene) is not as straightforward as the substrates. Furthermore, 

variations in the SECs of the particles (MXenes) are usually synthesis route-

dependent, which makes their determination even more challenging.  

A common practice in the estimation of the SECs of a 2D material is based on the 

comparison of stabilized concentrations of dispersions in various solvents (with 

different SECs). Higher concentration refers to better matching and closer 

estimation to the intrinsic SECs of the 2D material. In the case of Ti3C2Tx MXene, it 

is found that the optimal parameters include surface tensions between 35 and 42 

mN.m-1 and the ratio of polar/dispersive components between 0.61 and 0.87, 

whereas the ability of the solvent to form hydrogen bonds is not necessarily 

important [122]. For instance, solvents like propylene carbonate, NMP, DMF, and 

DMSO are good carrier solvents for the Ti3C2Tx MXene. It is also shown that the 

synthesis route and types of the surface groups of MXene have considerable effects 

on its dispersibility, which allow the utilization of different types of solvents for ink 

formulation through modification of the MXene surface chemistry [122]. With such 

an approach, it is even possible to transform the hydrophilic MXene to hydrophobic 

and disperse it in organic solvents. For instance, terminal groups of MXenes (-OH, 

-O, -F) can be replaced with long hydrophobic alkyl chains by treating the MXene 

with an alkylphosphonic acid (e.g., dodecylphosphonic acid; C12PA) [125]. The 

resulting surface-modified MXene which can be dispersed in nonpolar solvents 

(e.g., chloroform) exhibits decent colloidal and chemical (oxidation) stability. 

However, the surface functionalization slightly degrades the electrical conductivity 

as insulating alkylphosphate ligands grafted on the MXene flakes, slightly disturb 

the electronic conduction. 

 

Rheological properties: Flow behavior of MXene dispersions have been 

extensively investigated, and the concentration of MXene, as well as its aspect ratio, 

are found to be the most influential factors [126–128]. Single-layer MXene 

dispersions (average flake size ~1 μm), in contrast to their multi-layer 

counterparts and even other types of nanomaterials, exhibit a very steep viscosity 

rise by increasing their concentration (or volume fraction), mainly due to the very 

high aspect ratio of the flakes [126]. While this behavior limits the formulation of 

high-solid-content inks, which is necessary for some applications (e.g., energy 

storage), it provides a unique opportunity for the deposition of thin and 

transparent films.  
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Surprisingly high levels of elastic behavior have been observed in dilute 

dispersions of MXene (even as low as 0.36 mg.ml−1) which is beneficial for thin-film 

processing methods such as spin- and spray-coating [87,129] as it assists with the 

elimination of process-imposed perturbations [130]. By increasing the MXene 

concentration to 0.9 mg.mL-1 (close to the sol-gel transition point), a volume-

spanning percolating network starts to form within the system, which is reflected 

in the soft-solid-like behavior of the dispersion at low frequencies and fluid-like 

behavior (power-law scaling) at high frequencies. This rheological behavior could 

be suitable for techniques such as inkjet printing in which, the ink should become 

jettable under application of the shear stress and be able to regain its viscosity and 

rigidity after the deposition (at rest). At higher concentrations, 𝐺′ becomes 

frequency-independent and its crossover point with 𝐺′′ shifts to higher 

frequencies. This rheological behavior resembles that of soft gels [131]. Similar 

trend but at much higher concentrations in the rheological behavior of multi-layer 

MXene is also observable.  

When developing an ink for a specific application, the substantial difference in 

the rheological properties of single- and multi-layer MXenes is the first parameter 

for consideration. For instance, if deposition of a thick film is required, the ultra-

high viscosity of the high concentration single-layer MXene inks will render them 

unprocessable with the majority of the solution-based techniques. In contrast, for 

achieving the highest possible transparency in the deposited films, defect-free 

large flakes of single-layer MXene would be the best choice. 
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Abstract 

Processing 2D materials into printable or coatable inks for the fabrication of 
functional devices has proven to be quite difficult. Additives are often used in large 
concentrations to address the processing challenges, but they drastically degrade 
the electronic properties of the materials. To remove the additives a high-
temperature post-deposition treatment can be used but this complicates the 
fabrication process and limits the choice of materials (i.e., no heat-sensitive 
materials). Here, by exploiting the unique properties of 2D materials, we have 
developed a universal strategy for the formulation of additive-free inks in which 
the roles of the additives are taken over by van der Waals (vdW) interactions. In 
this new class of inks, which we term vdW inks, solvents are dispersed within the 
interconnected network of 2D materials, minimizing the dispersibility-related 
limitations on solvent selection. Furthermore, flow behavior of the inks and 
mechanical properties of the resultant films are mainly controlled by the inter-
flake vdW attractions. The structure of the vdW inks, their rheological properties, 
and film-formation behavior are discussed in detail. Large-scale production, and 
formulation of the vdW inks for major high-throughput printing and coating 
methods as well as their application for room-temperature fabrication of 
functional films/devices are demonstrated. 
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With hundreds of discovered members, and thousands more predicted, the big 
family of 2D materials exhibits an immense range of physical and chemical 
properties [1]. Most of these materials can be either synthesized by a solution-
based method or exfoliated from a layered crystal in a liquid [2]. In either case, the 
final product is a suspension of 2D nanosheets in a solvent (or solvent mixture) 
which can be further processed into a printable or coatable ink. The behavior of 
these suspensions is often described by the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory [3], which implies that the concentration of the nanosheets in the 
suspensions has an upper limit above which the suspension becomes unstable[4]. 
Nevertheless, high-concentration suspensions (inks) are necessary for the 
formation of percolated particle networks [5], and fulfilling the rheological 
requirements of high-throughput printing and coating methods (e.g., high 
viscosity). Regardless of their concentration, suspensions are thermodynamically 
unstable, and particles tend to reduce their surface energy by aggregation [6]. To 
lower the rate of sedimentation, the surface energy difference between the solvent 
and the 2D material must be minimized [3], which limits the choices of the 
dispersion-media to a few solvents whose solubility envelope may not be suitable 
for subsequent processing.  

In conventional ink formulations, additives such as surfactants, binders, and 
rheology modifiers are used to address the aforementioned problems and process 
the 2D material suspensions into printable or coatable inks [7]. For instance, large 
concentrations of polymeric binders (e.g., 70 mg mL−1 cellulose acetate butyrate) 
are needed to increase the viscosity of graphene inks to a level that is suitable for 
screen printing [8]. Since typical additives adversely affect the electronic 
properties (e.g., conductivity) of the deposited materials [9] and reduce their active 
surface area, it is crucial to remove them at the end of the fabrication process[10]. 
However, removal of the additives requires thermal treatments (typically at 300-
400°C) [11], which often cannot fully recover the electronic properties (especially 
for semiconducting materials), limit the choice of materials, complicate the 
fabrication process, and increase the manufacturing costs [12]. Most of the 
commercially available polymeric or biodegradable substrates such as PET 
(polyethylene terephthalate), ABS (acrylonitrile butadiene styrene), PLA 
(polylactic acid), and paper suffer from low glass-transition- or decomposition-
temperature (usually <150°C) [13,14]. Even when the substrates are heat-
resistive, their deformation and/or thermal expansion coefficient mismatches with 
the deposited layers can lead to thermal-stress induced delamination and cracking 
of the printed or coated films[15]. Similar problems have been observed with 
localized or selective heating techniques based on intense-pulsed-light, 
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microwave, or laser, which mainly originate from fast release of gaseous 
decomposition products, thermal shocks, or steep temperature gradients [16]. 
Furthermore, in multilayer or multi-component devices with heat-sensitive 
materials (e.g., biomolecules, or perovskites), thermal treatments even at 
moderate temperatures (e.g., 80°C for a methylammonium-lead-iodide-based 
perovskite solar cell [17]) can lead to drastic chemical degradation and loss of 
functionality. Therefore, development of room-temperature printable 2D materials 
inks can not only address the aforementioned challenges but also bring up new, 
and formerly-inconceivable possibilities.  

Here we describe additive-free inks that exploit the unique ability of 2D 
nanosheets to form percolating networks, accommodating a given solvent. In this 
novel class of inks, the roles of the traditional additives such as stabilizing the 
dispersion, adjusting the ink’s rheological properties, and binding the particles to 
each other (cohesion) and the film to the substrate (adhesion), are fully taken over 
by interparticle van der Waals attractions (vdW inks), enabling completely room-
temperature processing of 2D materials. To realize such inks, the nanosheets must 
be brought close enough to each other to establish the vdW interactions 
(aggregation) and form a space-filled gel. While the particles’ volume fraction is the 
only requirement for the formation of these gels (𝜑𝜑 > 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔), the initial aggregated 
dispersion (Figure 2.1a left) is an inhomogeneous mixture of two phases with 
unstable rheological properties (Figure 2.1b) that can neither be printed nor 
coated. To process such a dispersion into a printable or coatable ink with a steady 
flow behavior (Figure 2.1b, c), and capable of forming a continuous film (Figure 
2.1a right), it is necessary to carry out a short and gentle shear-treatment (e.g., by 
three-roll-milling). This shear-treatment (�̇�𝛾 < 1000 𝑠𝑠−1) leads to a substantial and 
irrecoverable drop in the viscosity of the aggregated system (Figure 2.1b), 
indicating the flattening and aligning of the crumpled or folded nanosheets (Figure 
2.1d). This results in the formation of a gel (Figure 2.1c): a homogenous dispersion 
of a liquid (solvent) within a solid phase (3D network of nanosheets).  

The ability of aggregated dispersions to form a film depends on their solid 
content (volume fraction 𝜑𝜑 of the nanosheets). Upon drying the ink after 
deposition, the percolated 3D network which incorporates the solvent (Figure 2.1e, 
f) collapses, and eventually a uniform and continuous film is obtained. Lower solid 
contents correspond to smaller inter-flake overlapping areas and interaction sites 
between the aggregated nanosheets (Figure S2.1). When the composition of the ink 
is close to the gel point (𝜑𝜑 ≅ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔), the 3D network is so weak that even small 
stresses can lead to the formation of cracks in the wet film (distinct from the typical 



Chapter 2 
 

51 
 

drying-induced cracking [18]; Figure S2.1). At lower concentrations (𝜑𝜑 < 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔), the 
3D network disintegrates into aggregated fractals, and convectional flows of the 
solvent carry them apart (Figure S2.1). In this case, the aggregated dispersion 
cannot form a continuous film, even though upon drying the volume fraction 
increases again to above the gel point.  

 

 

Figure 2.1. Structure and film-formation of aggregated 2D materials. (a) Left: An 
aggregated graphene dispersion in NMP (1 vol.%), capable of forming a gel 
(𝜑𝜑 > 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔); Right: A transparent film obtained from the same dispersion after 
homogenization (low-shear treatment). Scale bars: 1 cm. (b) Low-shear treatment 
of an aggregated dispersion in a dynamic shear rheometer by low-speed rotation 
of parallel plates. Curve (I): as-obtained aggregated dispersion. The huge 
irrecoverable drop in the viscosity during the ramp-up stage suggests a structural 
ordering. Curves (II) and (III): the repetitions of the same test on the same ink with 
30 min rest in between. Curve (IV): the same ink after a three-roll-mill treatment. 
(c) Amplitude sweep test of vdW inks made of different 2D materials with different 
solid contents, confirming their gel structure. (d) Schematic illustration of the 
internal structure of (left) an aggregated dispersion with 𝜑𝜑 > 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔 and (right) the 
gel obtained after shear-treating the aggregated dispersion. (e) Binary X-ray 
tomogram (scale bar: 40 µm) and (f) SEM image (scale bar: 2 µm) of a freeze-dried 
graphene vdW ink. 
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Gelation is a common phenomenon in highly concentrated colloidal systems. 
However, the structure of the gels and the types of interaction which lead to the 
gelation differ greatly, ranging from electrostatic and vdW interactions to chemical 
bonding [19]. The structures of previously reported gel inks such as graphene-
ethylcellulose [8], graphene oxide [20], and MXene [21], are mainly based on the 
interactions of the functional groups, binders, or their combinations. In these 
colloidal systems, due to the relatively high dispersibility of the 2D materials 
(because of the additives and/or functional groups), the sol-gel transition usually 
occurs smoothly when continuously increasing the solid content [20,21]. In 
contrast, for dispersions of pristine 2D materials a dispersibility gap exists, 
meaning that by increasing the volume fraction to above the solvent’s dispersibility 
limit [22] the “sol” becomes unstable (aggregation/sedimentation) and a gel is only 
obtained when the volume fraction is higher than the gel point (vdW ink). In stark 
contrast to binder-based gel inks, adding binders to vdW inks actually decreases 
their yield strength by weakening (interrupting) the inter-flake vdW attractions 
(Figure S2.2). 

A thorough understanding of particle-particle and particle-solvent interactions 
is necessary for an efficient formulation of inks and adjustment of their properties. 
Typically, these interactions are indirectly studied by the highest concentration of 
the 2D material that is dispersible in a specific solvent [23,24]. Similarly, the gel 
point, defined as “the largest amount of solvent that a 3D network of nanosheets 
can accommodate”, can also be used to evaluate the particle-solvent and particle-
particle interactions. In this regard, we prepared several vdW inks in different 
solvents and measured their gel points. Rheological investigations (comparison of 
elastic and loss moduli) can be used for the determination of the sol or gel state of 
the inks. Nevertheless, direct measurement of the gel point, if not impossible, is 
very difficult, time-consuming, and inaccurate. Gels are very fragile close to their 
gel points and their formation can sometimes take several hours. To better 
determine the gel point, we developed an alternative method based on the 
observation of a power-law relationship between the yield stress of the gels (𝜏𝜏𝑦𝑦) 
and the volume fraction of the 2D materials (𝜏𝜏𝑦𝑦 = 𝐴𝐴𝜑𝜑𝑚𝑚, where A and m are 
constant numbers; Figure 2a, b). Conceptually, at the gel point the strength of the 
3D network is just sufficient to overcome the gravitational forces. Hence, it is 
possible to determine the critical yield stress (𝜏𝜏𝑐𝑐𝑐𝑐) at which a thin layer of gel 
collapses under its own weight and estimate the gel point (𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) by extrapolation 
of the scaling relation between 𝜏𝜏𝑦𝑦 and 𝜑𝜑 (Figure 2.2c). 
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The critical yield stress (𝜏𝜏𝑐𝑐𝑐𝑐) for graphene gels was experimentally determined 
by successive dilution of 4 different inks to their gel points to be between 0.5-1 Pa. 
Based on this criterion and using the extrapolation method (𝜏𝜏𝑦𝑦 vs. 𝜑𝜑), we estimated 
𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔 for 15 different solvents (Figure S2.3). To find a relationship between the gel 
point and the properties of these solvents, 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔 was plotted versus their viscosity, 
surface tension, Hildebrand solubility parameter, Hansen solubility parameter 
components, and Flory-Huggins parameter (Figure 2.2d and Figure S2.4). 
Surprisingly, the only clear trend was found when plotting 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔 versus viscosity. 
When increasing the viscosity of the solvents, the gel point decreases, which 
implies some unexpected conclusions. For instance, the 3D network of graphene 
nanosheets can accommodate ~2.3 times (volumetric) more terpineol than N-
Methyl-2-Pyrrolidone (NMP), which is a well-known solvent for dispersing 
graphene. Another example is the equal gel points of the formamide- and 
quinoline-based inks which are chemically very different but have similar 
viscosities (Figure S2.5).  

The yield strength of the gels (and consequently the gel point) also strongly 
depends on the exfoliation degree of the 2D materials. Gels made with less 
exfoliated nanosheets (LEG-NMP in Figure 2.2c) have significantly lower yield 
strengths for equal volume fractions in a given solvent, which can be attributed to 
their lower number of inter-flake interaction sites (vdW attractions). The gel points 
obtained for other 2D materials (Figure S2.6) are higher than in graphene gels; 
nevertheless, due to the strong dependence of the yield strength on morphological 
parameters, and considering the large variations in the outcome of the exfoliation 
processes for different 2D materials (Figure S2.7 and S2.8), drawing a conclusion 
on the effect of the density of the particles on 𝜏𝜏𝑦𝑦 is not possible.  

The strong dependence of 𝜏𝜏𝑦𝑦 on morphological factors can be used to evaluate 
the stability of the inks. Previous theoretical studies [25] suggest that removal of 
the last monolayer of solvent from between two graphene sheets (restacking) 
requires a large energy barrier to be overcome (except for water). No visual signs 
of restacking were noticed during long-term storage of the inks (>3 months). This 
was further examined by temporal amplitude sweep tests of a single ink (4 times 
every 10 days; Figure S2.9) where we were unable to observe any change in its 
yield strength (exfoliation degree). Thus, when stored properly, phase separation 
does not occur in the vdW inks, especially if their composition is not close to the 
gel point. The long-term stability of the gels was also confirmed by the frequency-
independent responses of their elastic and loss moduli at low frequencies in the 
frequency sweep tests (Figure 2.2e). 
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Figure 2.2. Rheological properties of the vdW inks. (a) Amplitude sweep test for 4 
different concentrations (vol.%) of an NMP-graphene vdW ink. (b) Critical yield 
stress (at 𝐺𝐺′′ 𝐺𝐺′⁄ = 1) for successive dilutions (vol.%) of an NMP-graphene vdW ink 
obtained from the amplitude sweep tests. (c) The power-law relation between 𝜏𝜏𝑦𝑦 
and 𝜑𝜑 (G: graphene, LEG: less exfoliated graphene). (d) Gel points obtained from 
the intersection of 𝜏𝜏𝑦𝑦 = 1 𝑃𝑃𝑃𝑃 and 𝜏𝜏𝑦𝑦 = 0.5 𝑃𝑃𝑃𝑃 with extrapolation of the fitted lines 
in 𝜏𝜏𝑦𝑦 vs. 𝜑𝜑 graphs for graphene gels in 15 solvents with different viscosities. (e) 
Frequency sweep test for 3 concentrations (vol.%) of a terpineol-graphene vdW 
ink. (f) Flow curves for 3 concentrations (vol.%) of a terpineol-graphene vdW ink 
(Inset: 0.4 vol.% curve plotted in the log-log scale). (g) Three interval thixotropy 
test (3iTT) of graphene vdW inks with 4 different solvents (viscosities of the 
solvents: Terpineol = 36.5 mPa.s; m-Cresol = 12.9 mPa.s; Quinoline = 3.34 mPa.s; 
NMP = 1.68 mPa.s). (h) 3iTT results of 4 different concentrations (vol.%) of a 
terpineol-graphene vdW ink. (i) Schematic illustration of two nanosheets moving 
towards each other to reaggregate. (j-l) Digital photographs of a terpineol-
graphene vdW ink at three concentrations for (j) Flexographic printing (0.7 vol.%), 
(k) Screen printing (2 vol.%), and (l) Extrusion printing (4 vol.%). 
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Shear-thinning is an important requirement for printing and coating with high 
viscosity inks. The viscosity (𝜂𝜂) of vdW inks, despite being very high at low shear 
rates (e.g., >100 Pa.s at rest), drops very fast when increasing the shear rate (�̇�𝛾), 
and follows the Ostwald-de Waele model (𝜂𝜂 = 𝐾𝐾�̇�𝛾𝑛𝑛−1; Figure 2.2f and Figure 
S2.10). The power-law index (n) is a measure of shear-thinning behavior and 
smaller numbers correspond to higher pseudoplasticity [26]. From the double 
logarithmic plot of 𝜂𝜂 vs. �̇�𝛾 ( Figure 2.2f inset), a power-law index n~0.17 is obtained 
which is smaller than for conventional [27] graphene inks (n~0.4), suggesting a 
higher pseudoplasticity. The viscosity of the vdW inks can easily be adjusted over 
a very wide range (>20 mPa.s measured at �̇�𝛾 = 100 s−1) by varying the solvent type 
and volume fraction of the 2D material, allowing the rheological properties to be 
adjusted as required for different printing and coating methods (Figure 2.2f and 
Figure S2.10). 

In addition to pseudoplasticity, depending on the chosen deposition method an 
ink should exhibit different levels of thixotropic behavior.  The levelling behavior 
of inks and the smoothness of resultant films are mainly determined by their 
thixotropy. Optimizing the thixotropy is thus particularly crucial for contact 
printing methods and techniques that rely on the spreading of the ink for the 
formation of a continuous film (e.g., gravure printing). Similar to viscosity, the 
thixotropic behavior of the vdW inks can also be controlled by altering the volume 
fraction and the solvent type (Figure 2.2g, h). Nevertheless, it should be noted that 
inks made with low viscosity solvents show little thixotropy and only at 
compositions close to their gel point (e.g., the NMP-graphene ink in Figure 2.2g). 
This limits the application of such inks to deposition techniques that require little 
or no thixotropy (e.g., extrusion printing or blade coating).  

The observed thixotropy is directly related to the viscosity of the solvents, and 
its likely origin reveals another interesting aspect of the internal structure of the 
vdW inks. In the absence of polymeric additives and functional groups, the 
thixotropy can be attributed to the time that is needed for the nanosheets to 
reaggregate and reconstruct the 3D network which has been broken apart by 
shearing. The higher the viscosity of the solvent, the longer it takes for the 
nanosheets to move towards each other, rebuild the gel structure, and enable the 
ink to regain its initial viscosity (Figure 2.2g). Lower solid contents correspond to 
longer travel distances (longer time) and higher thixotropy (Figure 2.2h). At high 
volume fractions, the recovery takes place almost instantly and no thixotropy is 
observed. Considering the aforementioned discussions, the flow behavior of the 
vdW inks can be easily adjusted over a wide range to fulfil the rheological 
requirements of common printing and coating methods (Figure 2.2j-l). 
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In conventional inks, additives (binders) account for the cohesion of the 
nanoparticulate film and its adhesion to the substrate. In vdW inks, this role is also 
taken over solely by the vdW attractions. In fact, in all colloidal gels, vdW 
attractions are present but their (collective) strength in non-2D materials and less 
exfoliated 2D materials gels is not sufficient to replace the binders (Figure 2.3a-f 
and Figure S2.11). Owing to their unique morphology, 2D materials can establish 
the largest amount of vdW interactions between themselves and with the substrate 
(Figure 2.3a). Furthermore, compared to other nanomaterials 2D materials can 
form more efficient interlocks (between nanosheets) and their films can reach 
higher packing levels (Figure 2.3b, c). Upon drying, pristine 2D materials can 
restack and reform their parent layered crystals (highest amount of vdW 
interactions), which is not possible in the presence of residual functional groups 
(Figure 2.3e and Figure S2.12). Since the cohesion of the flakes in the parent 
crystals is lower than in the binder-based films, additive-free films are not expected 
to exhibit better mechanical properties than their binder-based counterparts. In an 
abrasive wear test (Figure 2.3f), under application of a 5 N force (maximum 
applicable force by the instrument), ~400 nm of an additive-free graphene film was 
removed (~10% of the film thickness) but the binder-containing film lost only 
~200 nm (~4%). While the cohesion of 2D nanosheets in the additive-free film is 
slightly lower than in traditional inks, it is superior to other nanomaterials and is 
sufficient for most applications. 

Considering the strong dependence of the mechanical properties and adhesion 
of the additive-free films on the exfoliation level of the 2D materials, it is crucial to 
use single or few-layered flakes for the preparation of the vdW inks. However, in 
exfoliation suspensions, which typically contain flakes with different thicknesses 
and lateral sizes, the few-layered nanosheets have the highest colloidal stability 
and the lowest concentration [28]. To overcome this problem, we have developed 
a residual-free, interface-assisted extraction method, which can provide 
concentrates of few-layered 2D materials at large scales (Figure S2.13). After 
separation of the less exfoliated flakes (high-speed centrifugation) by forming an 
emulsion within the exfoliation suspension, nanosheets are forced to move to the 
interface of the emulsion microdroplets to minimize the interfacial energy [29] 
(see Methods). Once the phase separation is completed, nanosheets accumulate at 
the interface of two main phases as a third phase which itself is a metastable 
Pickering emulsion [30] (Figure S2.14 and S2.15). By collecting this (middle) phase 
and adding a mutual solvent (miscible with both liquid components of the 
Pickering emulsion), aggregated nanosheets precipitate and can be separated and 
used for the preparation of vdW inks. 
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Figure 2.3. Cohesion and adhesion of additive-free gels. Cross-sectional SEM 
images of (a) graphene (scale bar: 1 µm), (b) ZnO nanowires (scale bar: 5 µm), and 
(c) ZnO nanoparticles (scale bar: 2 µm) films made with additive-free gels. (d) 
Abrasive wear test results; Top: Comparison between adhesion of heat-treated (at 
300°C for 1h) ethylcellulose-containing graphene ink (HT-Graphene-EC) and a 
graphene vdW ink (Graphene-4500 rcf) to a glass substrate. Inks made with less-
exfoliated graphene (centrifuged at 3500, 2500, and 1500 rcf) show significantly 
lower adhesion. Bottom: Comparison of adhesion (to glass substrates) between 
vdW inks and gels made with 1D and 0D/3D materials. NMP was used for the 
formulation of the inks for all of the adhesion test samples. (e) Digital image of the 
films made with different vdW inks. All of the films, after drying, regained a metallic 
sheen similar to their parent crystals except for RGO (width of the glass slide: 2.6 
cm). (f) Wear test profile for comparison of the particles' cohesion (Graphene-EC: 
Film obtained from an ethylcellulose-containing ink before heat treatment). 
 

To demonstrate the vdW inks’ promising potential for room-temperature 
fabrication of functional devices and films, several inks with different 2D materials 
and rheological properties were formulated and deposited using common printing 
and coating methods (Figure 2.4a, Figure S2.16). Conductive electrodes and 
interconnects are indispensable parts of electronic devices and are arguably the 
most-used components [31]. Flexible and robust graphene films (8% resistivity 
increase after 18000 bending cycles, Figure 2.4b) with low sheet resistance (as low 
as ~3 Ω/□, Figure 2.4c) were successfully blade-coated on PLA substrates at room-
temperature by a terpineol-graphene vdW ink. PLA is a biodegradable polymer and 
thus of interest for use in disposable electronics and smart packaging [32]. 
However, it is also one of the most challenging substrates to print conventional 2D 
materials inks due to its solubility in the well-known exfoliation solvents [33] (e.g., 
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NMP) and thermal instability even at low temperatures (Tg = 62°C for amorphous 
PLA [34]). It should be noted that while slightly lower resistivity values (e.g., ~1 
Ω/□) have been previously reported for additive-containing inks [8], they require 
additional treatments (thermal [35] and/or mechanical [8]) that drastically limit 
their application. When processed at room-temperature, vdW inks can offer 4-5 
orders of magnitude higher conductivity than their additive-based counterparts 
[35,36].   

 

 

Figure 2.4.  Applications of the vdW inks. (a) Left to right: 1. Slot-die coated 
propylene glycol-graphene vdW ink (0.5 vol.%, 𝜏𝜏𝑦𝑦 = 1.6 𝑃𝑃𝑃𝑃) on a PET substrate 
(size of the substrate: DIN-A5). 2, 3. Gravure and flexographic printing of a 0.7 
vol.% (𝜏𝜏𝑦𝑦 ≅ 2 𝑃𝑃𝑃𝑃) terpineol-IPA-graphene vdW ink (Terpineol:IPA 80:20) on 
glossy photo paper and PET substrates (respectively). 4. Extrusion printed 8 vol.% 
NMP-WSe2 vdW ink on a PET substrate (scale bar: 1 cm). (b) Resistance changes of 
4 additive-free graphene films with different exfoliation degrees upon 180° 
bending cycles. (c) Sheet resistance of additive-free graphene films (4500 rcf) with 
different thicknesses (four probe method). (d) Transfer and (e) output 
characteristics of a fully printed WSe2-based electrolyte-gated field-effect 
transistor with graphene source/drain/gate electrodes (Inset in d: schematic 
representation of the device architecture).   
 

The large number of interparticle junctions in particle-based films is the main 
limiting factor for electric charge transport. Therefore, usually relatively thicker 
films (compared to nonparticulate films) are needed to obtain acceptable electrical 
properties [5,36]. This highlights the importance of high-throughput deposition 



Chapter 2 
 

59 
 

methods such as screen-printing for the efficient application of particle-based inks 
(otherwise, multiple overlayer printing, even up to 40 passes will be required [36]). 
In this work, we also demonstrated the feasibility of screen printing all-2D-
material-based field-effect transistors (FET) with vdW inks. Electrolyte gated FETs 
with a maximum ON/OFF current ratio of ~2000, a transconductance of 3.13 mS, 
and a charge carrier mobility of 0.066 cm2 V-1 s-1 (Figure 2.4d, e, Supplementary 
Note 2, and Figure S2.17), were fully printed at room-temperature on PET 
substrates with graphene and WSe2 vdW inks. The majority of previous reports on 
printed 2D materials-based transistors, are either fabricated with a different 
device architecture and/or materials combination (e.g., metallic source-drain, or 
MoS2 channel), or only have one printed layer (the semiconductor layer is printed 
and the rest of the layers are either deposited by lithography or spray coating [37–
39]), making it difficult to benchmark our results. However, we believe that further 
improvement of the figures of merit is definitely possible by optimization of the 
exfoliation methods or development of new techniques to obtain nanosheets with 
a larger flake size [37]. 
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Materials and Methods:  

Table S2.1. List of utilized materials. 

# Material Manufacturer 
Product 

code 
1 Graphite Sigma Aldrich 332461 
2 WSe2 Alfa Aesar 13084.09 
3 WS2 Sigma Aldrich 243639 
4 MoSe2 Sigma Aldrich 778087 
5 MoS2 Sigma Aldrich 69860 
6 InSe Ossila M2135C1 
7 SnS Sigma Aldrich 741000 

8 
Single-walled carbon nanotube 
(SWCNT) 

Sigma Aldrich 805033 

9 Multi-walled carbon nanotube 
(MWCNT) 

Ossila M2008D1 

10 Zinc oxide nanowires (ZnO NWs) ACS Materials NWZO01A5 
11 Titanium dioxide nanotubes (TiO2 NTs) Sigma Aldrich 799289 
12 Carbon black nanoparticles  Solaronix  
13 Zinc oxide nanoparticles (ZnO NPs 18 

nm) 
US Research 

Nanomaterials 
US3599 

14 Zinc oxide nanoparticles (ZnO NPs 100 
nm) 

Sigma Aldrich 721077 

15 Zinc oxide nanoparticles (ZnO NPs 500 
nm) 

US Research 
Nanomaterials 

US1003M-
500 nm 

16 Zinc oxide microparticles (ZnO NPs 10 
µm) 

US Research 
Nanomaterials 

US1003M-10 
µm 

17 Indium tin oxide (ITO) Sigma Aldrich 544876 
18 Antimony tin oxide (ATO) Sigma Aldrich 549541 
19 Aluminium doped zinc oxide (AZO) US Research 

Nanomaterials 
US3805 

20 Laponite clay BYK LAPONITE-
EP 

21 1-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 
(EMIM-TFSI) 

Iolitec 
 

22 Poly-(vinylidenfluorid-co-
hexafluorpropylen) (PVDF-HFP) 

Sigma Aldrich 427187 
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Exfoliation of 2D materials: 

Graphite, MoSe2, WSe2, SnS, and InSe powders were added to NMP, and MoS2, and 
WS2 to 70 vol.% water, 30 vol.% IPA (all with initial concentrations of 50 mg/ml), 
and sonicated for 85 h in a bath sonicator (BANDELIN SONOREX SUPER, 600W, 
35kHz). It should be mentioned that the exfoliation method and its parameters 
(e.g., duration, or the utilized solvents) are not optimized in this work and are 
chosen according to the literature [40,41]. In principle, vdW inks can be produced 
from any additive-free suspension of pristine 2D materials (see Supplementary 
note 1); therefore, other liquid-phase exfoliation processes (e.g., different method/ 
power/duration/solvent(s)) can also be used for the production of 2D materials 
suspensions. A major issue with almost all liquid-phase exfoliation methods is the 
broad aspect-ratio-distribution of the produced nanosheets, and the low yield of 
the single-layer flakes (typically <10%) [41]. However, in most of the applications 
such as field effect transistors [42,43], and printed interconnects [44], multilayer 
flakes can offer similar or even better performance. Nevertheless, since the aspect-
ratio of the nanosheets plays important roles in processing of the vdW inks (e.g. 
rheological properties of inks and mechanical integrity of the films), it is necessary 
to separate the less exfoliated nanosheets (discussed in more details within the 
main text). For this purpose, the obtained suspensions were then centrifuged at 
4500 rcf (graphene) or 3500 rcf (MoS2, MoSe2, WS2, WSe2, SnS, and InSe) for 30 
mins, and the supernatants were collected (Figure S2.13). To study the effect of 
exfoliation degree of the nanosheets, less exfoliated graphene suspensions were 
obtained by centrifugation at lower speeds (3500 rcf, 2500 rcf, and 1500 rcf). 
Reduced graphene oxide was obtained by a modified Hummers method as 
described elsewhere [45].  

Preparation of 2D materials concentrates via interface assisted 
extraction (IAE) method: 

For NMP based suspensions (graphene, MoSe2, WSe2, SnS, and InSe), typically, 500 
ml of suspensions and 200 ml xylene were mixed and added to a 1L separation 
funnel. 300 ml deionized (DI) water was then added to initiate the phase separation 
(Figure S2.13). For MoS2 and WS2 suspensions, 300 ml xylene was gradually added 
to 500 ml of suspension in a separation funnel. In both cases, phase separations 
and formation of the Pickering emulsions take only a few seconds. The middle 
phase was separated and washed (3 times) by ethanol (and centrifugation) to 
obtain the concentrates of each 2D material. We have used two different solvent 
systems (single (NMP) and cosolvent (water-IPA)) to demonstrate that the IAE 
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method can be used for any 2D material suspension and the process is independent 
of the exfoliation method. For more discussions about the IAE method see 
Supplementary note 1. 

Preparation of vdW inks: 

As-obtained concentrates of 2D materials (in ethanol) were further washed 3 times 
(by centrifugation) with the target solvents (e.g., terpineol for a “terpineol-in-
graphene vdW ink”). When the target solvent has a high boiling point, a rotary 
evaporator can be used to remove the ethanol and transfer the 2D material to the 
desired solvent. After the last centrifugation step (or alternatively after 
evaporation of the ethanol), obtained sediments were collected and homogenized 
with a three-roll-mill (3 passes). To meet the rheological requirements of each 
printing and coating technique, the solid contents of the inks were adjusted by 
addition of solvent during the homogenization step. To formulate low viscosity inks 
(low solid content), which were not processable by a three-roll-mill, the 
homogenization was carried out at high concentrations (high viscosities), and the 
composition was adjusted (dilution) by mechanical mixing.  

Instruments and characterization methods: 

The rheological characterizations were carried out by an Anton Paar MCR 301 
rheometer with a 25 mm profiled parallel plate (PP25/P2) measuring system. All 
the tests were performed at 25°C, with a gap size of 1 mm. Examination of the “low-
shear-treatment” process was done by 25 mm flat parallel plate measurement 
system at a gap distance of 100 µm. The X-ray tomography was performed using 
an EasyTomo XL-Ultra tomograph (RX Solutions) with a cone-beam geometry. The 
X-ray source (Hamamatsu L10711-02) was equipped with a LaB6 filament and a 1 
μm-thick W target deposited on a 500 nm-thick diamond support, which allowed 
achieving sub-micron X-ray source focal spot size. For each tomography, 3600 
radiographs were acquired over 360° of specimen rotation. Tomogram 
reconstruction was carried out using a GPU-optimized cone beam filtered back-
projection algorithm provided by RX Solutions (XACT Ver. 1.1). The effective 
spatial resolution in the tomograms were approximately 1.92 μm and 2.78 μm for 
DME and freeze-dried vdW ink, respectively. The DC characteristics of the 
electrolyte-gated field-effect transistor were acquired in the dark with a Keithley 
4200 Semiconductor parameter analyser. Cyclic voltammetry tests were 
performed on a µAutolab type III with a platinum wire as a pseudo-reference 
electrode.   
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The microstructures and exfoliated particles were characterized by Scanning 
Electron Microscopy (SEM, FEI NanoSEM 230), Atomic Force Microscopy (AFM, 
Bruker ICON3), and Transmission Electron Microscopy (bright field imaging TEM 
with 200 kV using JEOL 2200 FS). Slot die coating was done on a TSE Troller 
(Switzerland) tabletop slot die coater. Screen-, gravure-, and flexographic-printing 
were performed on a C600 multifunctional printer (nsm Norbert Schläfli). 
Extrusion-printing was done using a direct ink writing equipment from 
EnvisionTEC (Bioplotter Manufacturing Series). An AJ 5X System (Optomec) with a 
pneumatic atomizer was used for aerosoljet printing. 
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Figure S2.1. (a) Schematic illustration of a vdW ink before (left) and after dilution 
(right). (b) Formation of cracks in a wet film (top) made with a terpineol-graphene 
vdW ink 𝜑𝜑 ≅ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔 (bottom: after drying; scale bar: 7 mm). (c) Aggregated 
dispersions with compositions above gel point (𝜑𝜑 ≥ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) can form continuous 
films. (d) In aggregated dispersions with compositions below gel point (𝜑𝜑 < 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) 
phase separation occurs, and a continuous film cannot be obtained (scale bar: 100 
µm). 
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Figure S2.2. Effect of addition of a binder (ethyl cellulose) to a terpineol-graphene 
vdW ink on its (a) yield strength (amplitude sweep test results) and (b) viscosity.  
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Figure S2.3.  Power-law relationship between yield strength of graphene gels 
(vdW inks) and volumetric concentration of graphene in different solvents. 
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Figure S2.4. Relationship between critical volumetric concentration (𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) of 
graphene gels and (a) surface tension, (b) Hildebrand parameter, (c) Flory-Huggins 
parameter, and (d-f) Hansen solubility parameters of the utilized solvents.  

 

 

Figure S2.5. Relationship between critical volumetric concentration (𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) and 
utilized solvent viscosity of two graphene gels made with quinoline and 
formamide.  



Chapter 2 
 

69 
 

 

Figure S2.6. Power-law relationship between yield strength of vdW gels and 
volumetric concentration of 2D material in NMP. 
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Figure S2.7. Transmission electron microscopy images of exfoliated (a) graphene, 
(b) RGO, (c) WSe2, (d) WS2, (e) MoSe2, (f) MoS2, (g) InSe, (h) SnS. 
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Figure S2.8. Atomic force microscopy images of exfoliated (a) graphene, (b) MoS2, 
(c) MoSe2, (d) WS2, (e) WSe2.  
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Figure S2.9. Temporal amplitude sweep tests of a single graphene vdW ink: T0: as-
prepared, T10: after 10 days, T20: after 20 days, and T30: after 30 days. 
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Figure S2.10. Dependence of the viscosity of graphene vdW inks (with similar 
volume fractions) on the utilized solvent. 
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Figure S2.11. Digital photographs of (a) blade coated films made with additive-
free gels of different types of nanomaterials, (b) abrasive wear test, (c-d) two 
examples of abrasive wear test specimens after failure (c: RGO and d: ZnO NPs 
500nm). Optical microscopy images of abrasive wear test specimens (e) Graphene-
EC, (f) HT-Graphene-EC, and (g) Graphene-4500 rcf (when films withstood the 
maximum applied force, wear test profiles were compared). (h) Abrasive wear test 
results for films made with additive-free gels of different types of nanomaterials 
(Graphene-EC: ethylcellulose-containing graphene ink before heat treatment, HT-
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Graphene-EC: ethylcellulose-containing graphene ink heat-treated at 300°C for 1h, 
Graphene-4500 rcf: graphene vdW ink made with graphene suspension 
centrifuged at 4500 rcf, Graphene-3500 rcf: graphene gel made with graphene 
suspension centrifuged at 3500 rcf, Graphene-2500 rcf: graphene gel made with 
graphene suspension centrifuged at 2500 rcf, Graphene-1500 rcf: graphene gel 
made with graphene suspension centrifuged at 1500 rcf). Gels of other 
nanomaterials were also made with the same procedure as vdW inks, by dispersing 
them in NMP, removing nondispersed particles, extraction of well-dispersed 
particles by IAE method and transferring them to small amount of NMP to form a 
gel (𝜑𝜑 ≥ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔). All of the films were coated with similar thicknesses (~4 µm) by 
adjusting the thickness of the wet films (depending on the solid content of the gels). 
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Figure S2.12. X-ray diffraction patterns of 2D materials films coated on glass 
substrates from gel inks (all vdW inks except for RGO). 
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Figure S2.13. Large scale exfoliation of 2D materials (a) bath sonication of 5L 
graphene dispersion, (b) graphene suspensions in NMP, (c) From left to right: 
MoSe2 (in NMP), MoS2 (in Water/IPA), WSe2 (in NMP), WS2 (in Water/IPA) 
suspensions. (d-h) Consecutive steps of interface-assisted extraction method for 
processing 3L of graphene-NMP suspension (d) addition of graphene-NMP 
suspension to the separation funnel, (e) addition of xylene, (f) addition of water, 
(g) phase separation (completed in a few seconds), (h) graphene concentrate is 
collected for further processing. 
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Supplementary note 1 

Production of 2D materials concentrates via interface assisted 
extraction method:  

Liquid phase exfoliation is one of the main methods for large scale synthesis of 2D 
materials; however, because of their high stability and low concentration [28], 
separation of well-exfoliated nanosheets and the production of “2D materials 
concentrates” is very challenging. Low-pressure evaporation-based methods (e.g. 
in a rotary evaporator) are extremely energy- and time-consuming since the main 
exfoliation solvents (e.g. NMP) have high boiling points. High-temperature 
evaporation can lead to the oxidation/degradation of the solvents [46] or 2D 
materials [47]. Filtration- and ultrahigh-speed centrifugation-based [5] methods 
have low yields and can only process small amounts of suspensions. Polymer-
assisted extraction techniques [48] are not residual-free and face the same 
problems as additive-containing inks (for removal of the polymer).  

To address the aforementioned challenges and produce vdW inks in large scales 
(kg), an interface-assisted extraction (IAE) method for controlled aggregation of 
2D materials is developed (Figure S2.13d-h). For this purpose, after exfoliation of 
2D materials and separation of less exfoliated particles, well-dispersed nanosheets 
are extracted from their suspension by the formation of an emulsion. To reduce the 
resulting huge interfacial energy, the nanosheets cover the surface of the 
microdroplets and by accumulation as a middle phase in a three-phase system, 
form a Pickering emulsion (Figure S2.14a). Due to the density difference and the 
pressure applied by the other droplets, a part of the solvent leaves the 
microdroplet, but the rest remains inside the “deflated ball” of 2D nanosheets 
(Figure S2.14b-d). Since the nanosheets on one side are attached to a solvent with 
lower density, they can remain suspended in the middle phase even under the 
application of high gravitational forces (12500 rcf for graphene; Figure S2.15).  

This highly concentrated middle phase can be easily separated from the top and 
bottom phases (immiscible solvents) and purified to obtain the “2D material 
concentrate”. The purification step should be done by a mutual solvent, in which 
all the liquid components of the Pickering emulsion are miscible; however, it can 
be then easily transferred to any other solvent (e.g., with successive washing with 
centrifugation, or evaporation, when the final solvent has a higher boiling point). 
The “2D material concentrate” can have numerous applications. It can be further 
processed to obtain a vdW ink by adjusting the solid content to above the gel point 
and a low-shear homogenization process (the main subject of this article). 
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Additionally, it can even be used for the formulation of a conventional ink 
(suspension-type (e.g., an inkjet printing ink) or additive-based (e.g., a binder 
containing screen-printing ink)), as such inks also require high concentrations of 
2D materials for an efficient printing. When transferred to a low boiling solvent 
such as diethyl ether, acetone, ethyl acetate, or ethanol (by washing), the “2D 
material concentrate” can be easily used for the production of 2D materials based 
composites (e.g., a graphene reinforced polymeric composite). 

Concentrates of 2D nanosheets can be produced by the IAE method from any 
stable suspension, regardless of the exfoliation method (e.g., ultrasonic, or high-
shear mixing) and/or the utilized solvents (i.e., single (NMP) or cosolvent systems 
(water-IPA)). In general, the majority of the exfoliation methods suffers from a 
trade-off between the quality and the quantity of their products; longer exfoliation 
time leads to higher exfoliation yield but smaller flake size with more defects. While 
we have used a relatively long exfoliation process (85h according to literature 
[40]), it is also possible to shorten the exfoliation time, separate the larger and 
higher quality nanosheets (at the cost of lower yield) by the IAE method, and repeat 
the exfoliation process on the unexfoliated particles. This can be commercially 
justified since all the solvents that are used for the IAE method can be easily 
recycled either by phase separation or distillation. Other immiscible solvent 
systems can also be used for the IAE method, some of which are provided in the 
table S2.2. 

Table S2.2. Minimum water content for initiation of the phase separation. 
Dispersion 
solvent (S1) 

Water-immiscible 
solvent (S2) 

Minimum critical ratio 
(S1/S2/H2O)  

NMP Toluene 1/1/0.2 
NMP Butyl acetate 1/1/0.24 
NMP Propyl acetate 1/1/0.36 
NMP Amyl acetate 1/1/0.18 
NMP Xylene 1/1/0.15 
NMP Cyclohexane 1/1/0.065 
NMP Anisole 1/1/0.38 
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Figure S2.14. (a) Interface assisted extraction of graphene. From left to right: 
Toluene is added to a Graphene-NMP suspension; Water is added to initiate the 
emulsion formation and the phase separation; Three-phase system remains 
unchanged even after 4 months; When toluene is allowed to evaporate, graphene 
nanosheets settle-down. (b) 3D rendering of the asymmetric microdroplets 
segmented form the X-ray tomogram of the middle phase in a three-phase system 
(graphene-based Pickering emulsion made with water-NMP-diiodomethane) 
formed in a capillary tube. Symmetric microdroplets are shown in blue and semi-
transparent (scale bar: 130 µm). (c) Count and volume of the asymmetric 
microdroplets of emulsion in the middle phase (in the three-phase system shown 
in b) increases from one interface towards the other one. Inset: An asymmetric 
microdroplet in a non-thermodynamically-stable state (meta stable state; scale 
bar: 40 µm). (d) Schematic illustration of three stages of the deep-metastable-
emulsion formation.   
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Figure S2.15. Digital photographs of a deep-metastable-emulsion of graphene 
(water-NMP-xylene system) after centrifugation at 12500 rcf.  
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Figure S2.16. (a) Left: A free-standing graphene film floating on the surface of 
formamide. A 1.7 vol.% NMP-graphene vdW ink (𝜏𝜏𝑦𝑦 = 14 𝑃𝑃𝑃𝑃) is blade coated 
(laser-scribed for pattering) on glass and separated (from it) by placing a few drops 
of formamide close to the edges of the film (on the glass). Such a film can also be 
used for conformal printing of 2D materials (scale bar: 2 cm). Right: SEM image of 
the same free-standing film (scale bar: 1 µm). (b) Spin-coated MoSe2 film on a glass 
substrate from a 3 vol.% NMP-MoSe2 vdW ink (𝜏𝜏𝑦𝑦 = 2 𝑃𝑃𝑃𝑃). Hot air (50°C) was used 
to speed-up the drying upon spinning (scale bar: 1 cm). (c) Aerosoljet printed (with 
a pneumatic atomizer) terpineol-graphene vdW ink (0.5 vol.%, 𝜏𝜏𝑦𝑦 = 3 𝑃𝑃𝑃𝑃) on a 
glossy photopaper and corresponding height profiles (scale bar: 3 mm). (d) 
Flexographic printing of a 0.7 vol.% terpineol (80 vol.%):IPA (20 vol.%)-graphene 
vdW ink (𝜏𝜏𝑦𝑦 ≅ 2 𝑃𝑃𝑃𝑃) on glossy photopaper and corresponding height profiles 
(scale bar: 3 mm) (e) Screen printed 2 vol.% terpineol-graphene vdW ink on a 
glossy photopaper (𝜏𝜏𝑦𝑦 = 120 𝑃𝑃𝑃𝑃) and corresponding height profiles (scale bar: 1.5 
mm)  (f) Extrusion printed 8 vol.% NMP-WSe2 vdW ink on a PET substrate and 
corresponding height profiles (scale bar: 2mm). 
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Supplementary note 2 

Printing and characterization of the electrolyte-gated field-effect 
transistor: 

A propylene glycol-graphene vdW ink (4 wt.% graphene) was used for screen-
printing the source, drain and gate electrodes on a PET substrate. To print the 
source and drain, small amount of laponite clay (0.04 wt.%) was added to the ink 
to reduce the porosity of the films (L = 200 µm, W = 3cm). For this purpose, the clay 
was first dissolved in DI water with a concentration of 1 wt.%. The active layer 
(WSe2) was screen-printed from an NMP-WSe2 vdW ink (8 vol.% WSe2). Gel 
electrolyte was inkjet printed from a solution of EMIM-TFSI/PVDF-HFP in acetone-
dimethylacetamide mixture (weight ratio EMIM-TFSI:PVDF-HFP:acetone: 
dimethylacetamide = 2.5:1:4.5:3.5). The whole fabrication process was carried out 
under ambient conditions.  

 

Figure S2.17. (a-d) Consecutive steps of printing an electrolyte gated field-effect 
transistor (scale bar: 6 mm). (a) Screen printed source and drain interdigitated 
electrodes from a propylene glycol-graphene vdW ink (4wt.% graphene, 0.04 wt.% 
laponite clay). (b) Screen printed (5 passes) gate electrode from a propylene glycol-
graphene vdW ink (4wt.%). (c) Screen printed active layer from an NMP-WSe2 vdW 
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ink (8 vol.%). (d) Inkjet printed electrolyte from a solution of EMIM-TFSI/PVDF-
HFP in an acetone-dimethylacetamide mixture. (e, f) SEM images of the surface of 
a (e) laponite-containing graphene film (used for printing the source and drain 
electrodes; scale bar: 2 µm), and a (f) laponite-free graphene film (used for printing 
the gate electrode; scale bar: 2 µm). (g) Normalized cyclic voltammetry results for 
determination of capacitance at electrolyte-active layer interface (voltage vs. 
pseudo-reference electrode). (h) Volumetric capacitance of the transistor channel 
at different scan rates.   
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Abstract 

Printed functional conductive inks have triggered scalable production of smart 

electronics such as energy storage devices, antennas, wearable electronics, etc. Of 

particular interest are highly conductive additive-free inks devoid of costly post 

deposition treatments to eliminate sacrificial components. Due to the high filler 

concentration required, formulation of such waste-free inks has proven quite 

challenging. Here, we demonstrate additive-free, two-dimensional titanium 

carbide MXene aqueous inks with appropriate rheological properties for scalable 

screen printing. Importantly, the inks consist essentially of the sediments of 

unetched precursor and multi-layered MXene, which are usually discarded after 

delamination. We present screen-printed structures on paper with high resolution 

and spatial uniformity, including micro-supercapacitors, conductive tracks, 

integrated circuit paths and others. We reveal that the delaminated nanosheets 

among the layered particles function as efficient conductive binders, maintaining 

the mechanical integrity and thus the metallic conductive network. The areal 

capacitance (158 mF/cm2) and energy density (1.64 µWh/cm2) of the printed 

micro-supercapacitors are much superior to other devices based on MXene or 

graphene. The ink formulation strategy of "turning trash into treasure" for screen-

printing highlights the potential of waste-free MXene sediment printing for 

scalable and sustainable production of next-generation wearable smart electronics. 
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The advancement of smart electronics and internet of things (IoTs) have 

significantly stimulated the development of functional materials and devices[1–3], 

in particular miniaturized supercapacitors (or micro-supercapacitors, MSCs)[4,5]. 

Manufacturing MSCs with high energy density, long cycle life and fast 

charging/discharging rate at low cost remains a major challenge [6]. Albeit 

patterning methods such as template filtration[7], lithography [8], spray-masking 

and laser/plasma cutting[9,10] can partially meet the requirements, the involved 

lengthy procedures and material waste inevitably restrict these protocols from 

scalable production of high-performance MSCs. This means that questing novel 

materials and developing scalable device patterning techniques at low cost are of 

significance and thus in high demand.  

Compared to the abovementioned techniques, screen printing allows rapid, 

scalable fabrication of co-planar MSCs with reduction in material waste[11,12] 

Among all other printing techniques, screen printing offers highest deposition rate 

(deposited material weight per unit time), especially if done in the roll-to-sheet 

mode. This is of particular interest for fabrication of energy storage devices with 

high areal capacitance. The major challenge consists in the development of 

functional inks with suitable rheological properties that allows high-resolution 

screen printing [8,12–14] The solvent should be environmentally friendly so that 

the whole process is scalable and sustainable. To this end, great efforts have been 

made on screen printing of various functional inks based on one-dimensional 

carbon nanotubes [15], two-dimensional (2D) graphene [11,16], 2D layered double 

hydroxide [17], transition metal dichalcogenide [18], etc. Although devices printed 

from these inks feature good capacitance and cycle life [17], quite limited success 

has been achieved on screen printing devices with high resolution and excellent 

charge storage/energy density/fast charging/discharging properties. In addition, 

most reported ink systems contain additives with the purpose either to boost 

electronic conductivity or to enhance the mechanical stability, adjust the 

rheological properties, or simply to increase the dispensability of the active 

materials [12,13,19–21]. Some other inks include a secondary solvent to tune the 

solidification speed as well as surface tension [19,20]. The presence of these 

additives requires additional removal processes (i.e. thermal annealing) which 

inevitably complicate the device manufacturing procedures. In other words, 

questing functional viscous inks in the absence of any additives at low cost for 

screen printing is of significance for scalable production of MSCs and other smart 

printed electronics. 

MXenes are a new class of materials from the 2D family made of carbides and 

nitrides of transition metals (M), where X represents carbon and/or nitrogen [22–
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24]. MXenes are typically obtained by selective removal of the A element (group 14 

and 15, i.e. Al or Ga) from the MAX precursors [25,26]. Due to their exotic electrical, 

mechanical, thermal, optical properties and so forth [27,28], MXenes, especially the 

most widely studied member Ti3C2Tx (where Tx is surface termination groups), 

have quickly attracted huge research attention in many areas covering 

electrochemical energy storage [29–36], electromagnetic interference shielding 

[37,38], catalysis [39], sensing [40], transparent conductive films [41], with 

excellent performances. By delaminating multi-layered Ti3C2Tx (m-Ti3C2Tx), 

colloidal solutions composed predominantly of monolayered nanosheets are 

obtained, which can be further employed for inkjet or extrusion printing [4,42,43]. 

Recently, Han et al. reported screen printing of MSCs based on delaminated-MXene  

(d-MXene) inks, showcasing a specific capacitance of 52 F/g at a current density of 

1 A/g in potassium hydroxide electrolyte [17]. By employing nitrogen-doped 

Ti3C2Tx inks, Sun et al. demonstrated efficient printing of 3D electrodes based on 

delaminated MXene solutions for sodium-ion hybrid capacitors [44]. To date, there 

are a few reports on the screen printing of delaminated MXene inks for MSCs. 

Nevertheless, all screen-printed MXene MSCs with fine printing resolution and 

excellent charge storage properties have yet to be developed. Moreover, we note 

that, even after an efficient delamination of multilayered MXene (m-MXene), the 

weight percent of residues consisted of unetched MAX and un-exfoliated m-MXene 

can be up to 80-90% [45,46]. These sediments are typically trashed away, which 

surges the printing cost of MXene-based MSCs and wastes quite some amount of 

materials. This is especially true by taking the large amount of inks required by the 

screen printing technique into consideration.  

Herein, we report on the ink formulation and scalable screen printing of MXene 

sediments. The MXene sediments after delamination are collected and formulated 

as screen-printable inks in the absence of any additives. We demonstrate the fine 

printed MXene-MSCs with excellent mechanical flexibility and areal 

capacitance/energy density. We also show efficient printing of various patterns, i.e., 

conductive tracks and integrated circuits, with high-resolution and spatial 

uniformity. We further demonstrate scalable screen printing based on MXene 

sediment inks, suggesting the great potential of this printing platform for upscaling 

and sustainable production of next-generation wearable electronics. 
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Scheme 3.1. Schematic illustration of direct screen printing of MXene sediments. 

After centrifugation, solely the delaminated few-layered Ti3C2Tx MXene nanosheets 

solution (in the supernatant) is generally collected, while the sediments consisting 

of multi-layered Ti3C2Tx MXene and unetched Ti3AlC2 MAX phases are typically 

discarded as "trash". By collecting the "trash" and tuning their viscosity properties, 

the sediment inks are used for screen printing of various patterns, such as letters, 

conductive wires, MSCs and other patterns. As for the MSCs, a gel electrolyte made 

of H2SO4-PVA, was coated onto the as-printed patterns and dried at ambient 

condition for 6 h, forming solid-state MSCs. 

 

We employed a less aggressive etching method, so-called minimally intensive 

layer delamination (MILD) [28,45], to remove the A element from the MAX phase, 

as shown in Supplementary Scheme 1. After etching, the morphology changes from 

compacted layered ceramics to a loose structure with apparent gaps among the 

sheets (Figure S3.1), agreeing with previous reports and confirming the removal of 

aluminum from Ti3AlC2Tx [45]. After vigorous shaking and/or sonication of the m-

Ti3C2Tx suspension and subsequent centrifugation, mono- or few-layered Ti3C2Tx 

nanosheets (supernatant) are separated from unetched MAX phase and un-

exfoliated m-MXene (sediment) which leads to a substantial loss of material and 
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surges up MXene synthesis costs, hampering the scalable production of MXene-

based devices [30,32,45–48]. To this end, we formulate the "trashed" sediments by 

leaving a few percent of delaminated nanosheets when decanting the supernatant, 

and adding a small amount of DI-water, followed by a three-roll mill processing to 

form a homogeneous sediment ink, as detailed in Methods. Such modified "trashed" 

sediment inks are additive-free and are further employed for screen printing of 

various patterns, such as MSCs and conductive tracks, as shown in Scheme 3.1.  

We start by describing the ink characterizations. The as-obtained inks possess a 

viscous nature (inset of Figure 3.1A) and a very low loss factor at rest, as also 

confirmed by the almost stand still of the ink dropped on the glass substrate at an 

incline angle of 30° after 30 min (Figure 3.1A). Scanning electron microscope (SEM) 

images indicate the presence of delaminated nanosheets as well as layered 

particles in the inks (Figure1B,C). Figure 3.1D shows the transmission electron 

microscope (TEM) image, further verifying the existence of high-quality 

delaminated nanosheets and m-Ti3C2Tx in the inks. The atoms in the delaminated 

nanosheets show hexagonal packing behaviors (inset in Figure 3.1D). These 

delaminated nanosheets appear transparent to the electron beam, underlining 

their ultrathin nature. The dimensions of the flakes can be further confirmed by 

atomic force microscopy (AFM). The height profiles reveal lateral flake dimensions 

of ~4 µm and a thickness range of 1.5~6.5 nm (Figure 3.1E-F), corresponding to a 

layer number per sheets ranging from 1 to 4. Indeed, this small percentage of 

delaminated nanosheets (~2 wt.%) are left in the sediment on purpose to cross-

bind the layered particles as well as adjusting the rheological properties. Based on 

the viscosity-shear rate plots in Figure 3.1G, the inks exhibit an apparent viscosity 

of 35 Pas coupled with non-Newtonian characteristics and shear-thinning 

(pseudoplastic) behaviour. The storage modulus and loss modulus were further 

measured to reveal the viscoelastic properties of the as-formulated inks. As shown 

in Figure 3.1H, the storage modulus is higher than the loss modulus when the strain 

is smaller than 40%, exhibiting the behavior of a typical elastic-like solid. 

Increasing the strain beyond 40% leads the loss modulus to be higher than the 

storage modulus, implying a transition from solid-like to liquid-like behavior [49]. 

It's worth noting that during printing, the aqueous inks gradually lose water and 

thus change their own rheological properties. For instance, after printing, the solid 

fraction increases to 34 wt.% with high apparent viscosity of 480 Pas and high 

storage modulus (Figure S3.2), which are beyond the favorable ink rheological 

properties for the screen printing.  
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We then demonstrate the characterizations of screen-printed patterns. In 

printed electronics, the line gap and width with a straight shape are equally 

important for the realization of high-performance devices, such as interdigitated 

MSCs where straight lines with small gaps and narrow width are preferred to 

achieve high capacitance. By carefully designing the screens with predefined 

geometries, various conductive tracks with different line gaps can be quickly 

printed. For instance, interdigitated MSCs consisting of straight lines with gap of 

100 µm (Figure S3.3A,B) and 200 µm (Figure 3.2A), respectively, were simply 

printed; In the printed lines, the surface exhibits some texture (Figure S3A,B). This 

texture is partially caused by the screen mesh which is a common phenomenon in 

screen printed structures. When ink is transferred to the substrate, upon releasing 

of the mesh, ink will be dragged out by the mesh which can level out again if ink 

shows enough thixotropy. However, since paper absorbs ink’s water rapidly, 

viscosity of the ink increases dramatically, and a rough surface is obtained. 

Existence of large particles (either unetched MAX phase or multilayer MXene) in 

the sediment ink is another reason for such a rough surface. Close examination of 

the printed lines reveals that m-MXene and MAX particles are well wrapped by the 

delaminated nanosheets (Figure 3.2B and Figure S3C), forming a continuous 

metallic network. The small amount of delaminated nanosheets added to the 

sediments not only smoothens the line surface (Figure 3.2C and Figure S3D), but 

also maintains good mechanical stability upon bending as well as provides good 

electron transport pathways with the printed lines, as will be discussed below. The 

X-ray diffraction pattern further confirms the presence of unetched MAX and un-

exfoliated MXene particles, as well as delaminated nanosheets in the printed lines, 

best evidenced by the (002) peak centered at 6.8° (Figure S3.4).  

In printed electronics, printing resolution and spatial uniformity are of great 

importance [4]. Here we demonstrate that the as-obtained lines (width ~235 µm, 

number of printed passes, <N>=3) exhibit a high printing resolution with a spatial 

uniformity (averaged width variation based on the statistics) as low as 6%. Such a 

high printing resolution allows us to print various fine patterns, such as 

Switzerland's map, letters, QR codes, integrated circuit paths, etc. (Figure 3.2E), 

showcasing a great versatility of this screen-printing technique. By adjusting the 

printing passes, both thickness (measured with confocal microscopy, Figure S3.5) 

and sheet resistance of the lines can be effectively tuned; multiple printed passes 

result in thicker films in general, and thus reduced sheet resistance. For instance, 

as increasing the printed pass from 1 to 6, the thickness boosts from 1.4 µm to 18 

µm while the sheet resistance dramatically decreases from 16 ohm/sq to 2.2 

ohm/sq (Figure 3.2F, G). Based on the thickness and sheet resistance, the electrical 
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conductivity of printed lines was calculated, showing 260~450 S/cm, depending 

on the number of printed passes (Figure S3.6). We note that the capability of 

multiple screen printing without compromising the printing resolution or flooding 

the interspace to the neighboring lines is of significance, enabling us to efficiently 

print thick films with better charge storage properties and higher rate performance. 

 

 

 
Figure 3.1. Characterizations of MXene sediment inks. (A), Photos of as-prepared 

MXene sediment inks (top and the inset) and after 30 min (bottom), showing a 

highly viscous nature. SEM images of the as-prepared MXene sediments at a low 

(B) and high (C) magnification, respectively, showing the smooth surface due to the 

presence of few-layered MXene nanosheets that act as conductive binder. (D), TEM 

image of MXene sediment inks. Inset shows the selected area electron diffraction 

(SAED) pattern. (E), AFM image and (F), the corresponding height profiles along 

the lines in (E). (G), Viscosity plotted as a function of shear rates of as-formulated 

MXene inks. (H), Storage modulus and loss modulus plotted as a function of strain 

of as-formulated MXene inks.   
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Figure 3.2. Screen printing of MXene sediment inks. (A-C), SEM images of screen-

printed lines with different magnifications. (D), Width distribution (top) and 

variation distribution (bottom) of MXene printed lines with <N>=3. The narrow 

width distribution indicates a high printing resolution corresponding to a spatial 

uniformity of <W> of 6%. (E), Various screen-printed patterns, including a 

Switzerland's map (top left), letters (top right), conductive tracks, integrated 

circuits (bottom), etc. The line thickness (F) and sheet resistance (G) plotted as a 

function of <N>, respectively. The inset in (G) is the as-printed lines using the 

sediment ink without d-MXene nanosheets. Resistance change at different bending 

degrees (H) and bending cycles (I) of the as-printed lines from sediment inks 

with/without d-MXene nanosheets. One cycle is defined as bending the printed line 

to 180° and then releasing to 0° (flat). The right panel in H shows the optical images 

of as-printed line (2 cm in length) at different bending degrees based on the 

sediment inks with d-MXene nanosheets. (J) Raman spectra of as-printed lines on 

paper and glass and comparison to that of pure MXene film. 
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Figure 3.3. Electrochemical characterization of screen-printed MXene micro-

supercapacitors. (A), Scheme of as-printed MXene-based microsupercapacitor, 

indicating the pseudocapative energy storage mechanism induced by the protons 

interacting with OH groups-terminated Ti (B). (C), Normalized cyclic 

voltammogram (CV) profiles and (D), Galvanostatic charge-discharge (GCD) curves 

of a typical screen-printed MSC (<N>=3, gap=200 µm). (E), Areal capacitance (C/A) 

of screen-printed MSC obtained via CV and GCD, respectively, showing similar 

values. (F), Electrochemical impedance spectroscopy of screen-printed MSC before 

and after the CV tests at various scan rates. CVs of screen-printed MSC under 

different bending degrees (G, H) and bending cycles (I) at 20 mV/s.  

 

We then evaluate the charge storage properties of the screen-printed MSCs as 

examples to demonstrate the possible use of this "turn trash into treasure" strategy. 

No additional current collectors or polymeric binders were used, all the MSCs were 

measured using a sulfuric acid (H2SO4)-poly(vinyl alcohol, PVA) gel electrolyte [41], 

as shown in Figure 3.3A. The protons from the electrolyte interact with hydroxyl 

groups on the MXene, which further result in the continuous valence change of Ti 

(Figure 3.3B) [50]. As such, Ti3C2Tx MXene exhibits a pseudocapacitive behaviour 

when used as a supercapacitor electrode in acidic electrolyte. This is further 

verified by the normalized cyclic voltammograms (CVs) and galvanostatic charge-

discharge (GCD) curves shown in Figure 3.3C,D, as rectangular CV shape and 

symmetric, linear GCD curves are observed, respectively, in the typical printed MSC 

(<N>=5, Gap=200 µm). Areal capacitances derived from CV and GCD profiles are 

plotted as a function of charge/discharge rates in Figure 3.3E. The values achieved 

from these two techniques are comparable and are well maintained when elevating 

the current density by 30 times (from 158 mF/cm2 at 0.08 mA/cm2 to 127 mF/cm2 
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at 2.4 mA/cm2), indicative of a high response rate. The pseudocapacitive charge 

storage behaviour is also confirmed by electrochemical impedance spectroscopy 

(EIS, Figure 3.3F). The Nyquist plot shows an electrolyte resistance of 27 Ω based 

on the intercept at high frequency region. After repeated GCD tests, the electrolyte 

resistance increases to 32 Ω (inset of Figure 3.3F). No semicircle is observed, 

suggesting the charge transfer resistance (Rct) can be neglected. Importantly, the 

Nyquist plots exhibit almost vertical curves in the low frequency region, suggesting 

ideal capacitive behaviours, agreeing with the CV and GCD results. The voltage 

window of screen-printed MSCs is limited to 0.6 V, highlighting the necessity of 

printing an asymmetric configuration to broaden the operation voltage window. In 

addition, the as-printed MSC showcases excellent mechanical resilience; the CV 

curve at 20 mV/s are well maintained even when bending to 180° (Figure 3.3G,H). 

After 1000 complete bending cycles, the CV integrated area decreases by 8% 

(Figure 3.3I), showcasing excellent mechanical flexibility of the device. 

By optimizing the printed line gap as well as the number of printed passes (<N>), 

the charge storage properties can be tuned. Here we achieved this by engineering 

the pattern of the screens with different line gaps ranging from 200 to 500 µm. CVs 

and GCDs of printed MSCs with different gaps are shown in Figure 3.4A,B and 

Figure S3.7A, indicating better charge storage performance when the gap is 

narrower. Almost all devices showcase excellent Coulombic efficiency (~97~99%) 

except the sample with gap=200 µm, <N>=5 one (~87%), which probably due to 

the mismatch of electrode height and/or sample impurities. Decreasing the line gap 

from 500 µm to 200 µm leads to a much enhanced areal capacitance by a factor of 

1.83 (from 87 to 158 mF/cm2) at 0.08 mA/cm2 (Figure 3.4C). On the other hand, by 

multiple screen printing passes of as-formulated inks, MSCs with different line 

thickness (Figure 3.2F) can be obtained. The electrochemical responses of devices 

with different <N> are shown in Figure 3.4D,E and Figure S3.7B. In general, 

increasing <N> from 1 to 5 results in an enhancement of areal capacitance from 27 

mF/cm2 to 158 mF/cm2.  
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Figure 3.4. Effects of device configuration on the electrochemical performance. CV 

curves (A), GCD profiles (B) and areal capacitance (C) of screen-printed MSCs with 

different finger gaps (<N>=5). CV curves (D), GCD profiles (E) and areal capacitance 

(F) of MSCs with different number of printed passes (<N>). (G), Areal capacitance 

(C/A) comparison of this work to other reported MSC systems, showing much 

higher C/A of our printed MXene MSCs than other reports. (H), Ragone plot 

comparison of this work (screen-printed MSC with <N>=3) to other MSC systems. 

Detailed references and specific values in (G-H) can be found in the Supplementary 

Information. (I), Long-term cycling of screen-printed MSC. Inset is the typical GCD 

curves, showing capacitive behaviour during cycling, indicating that the excellent 

electrochemical performance is not due to parasitic reactions.  
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PANi/graphene (119 mF/cm2) [54], our screen-printed MSCs based on MXene 

sediment inks possess much higher areal capacitance (158 mF/cm2, <N>=5). The 

calculated energy density and power density of the typical MSC (<N>=5) reaches 

as high as 1.64 µWh cm-2 and 778.3 µW cm-2, respectively, which are orders of 

magnitude higher than those of MSCs based on rGO [55], spray coated graphene 

[56], and extrusion-printed MXene [4], etc. (Figure 3.4H). The typical MSC also 

showcases excellent cycling performance, retaining 95.8% of initial capacitance 

after cycling 17000 times without parasitic reactions involved (Figure 3.4I and 

inset). The charge storage properties and energy/power density of our MSCs can 

be further optimized by either engineering the screens, tuning the m-MXene 

interlayer spacing/defects/surface chemistries, and/or printing asymmetric 

configurations. There are also dozens of MXene members other than Ti3C2Tx to 

choose from [57], opening up a great opportunity of achieving superior MSCs by 

simply screen printing of MXene "trashed" sediments. 

Actually, inks with a lower degree of exfoliation may be even more preferred 

compared to the fully delaminated nanosheets inks especially when a moderate 

mechanical stability is expected from the printed films. Indeed, MXene sediment 

inks can be formulated with higher solid contents, leading to more material 

deposited on the substrate than delaminated inks upon screen printing at each 

print pass. Hence, for equal number of overprints, higher areal capacitance is 

achieved for the sediment ink. From the ion diffusion/intercalation kinetics point 

of view, by printing sediment inks, abundant voids are typically created among the 

coalesced particles. The conductive MAX filler and higher-capacitance m-MXene 

than d-MXene due to the larger sheet spacing in the former facilitate improved 

proton intercalation/diffusion kinetics, resulting in enhanced charge storage 

performance in the sediment ink based MSCs. 

Finally, we demonstrate the scalable production by screen printing using the as-

formulated inks. By designing patterns with different line gaps and shapes, 

hundreds of MSCs, conductive tracks and letters in high resolution can be rapidly 

printed within seconds (Figure 3.5A and Figure S3.8). These all-printed MSCs can 

be readily connected in series and/or parallel, forming tandem devices to satisfy 

specific energy/power demands (Figure 3.5B). For instance, all tandem devices (4S, 

4P and 8S) showcase ideal capacitive behaviour with ignorable IR drop (Figure 

3.5C,D and Figure S3.9,S3.10). The 8S tandem device is able to charge/discharge at 

a high rate (Figure 3.5D,E), indicating a small equivalent series resistance. The all-

printed high-performance MSCs can readily power a bright light emitting diode 

(LED) (Figure 3.5F), demonstrating practical applications for screen printed 

MXene "trashed" sediments.  
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In summary, we demonstrate the formulation of additive-free MXene sediment 

inks and scalable printing of various patterns and structures with a high resolution 

and spatial uniformity. We find that the inclusion of a few percent of delaminated 

MXene nanosheets is of crucial importance in facilitating ink formulation while 

maintaining the continuous metallic network and mechanical integrity. The 

printed resilient MSCs demonstrate excellent charge storage performance, 

including high areal capacitance and high energy/power density, surpassing all 

printed MSCs known to date. Such a screen printing technique based on the MXene 

"trashed" sediments is waste-free, scalable and low-cost. For this reason it is of 

industrial relevance to areas like internet-of-things (IoTs), smart labels, smart 

packaging, etc., where cheaper and easy-to-integrate components are required. 

Considering the rich MXene family, we believe that the "turn trash into treasure" 

ink formulation strategy has a much broader scope of application. Owing to their 

excellent confirmed performance in energy storage, sensors, antennas, 

electromagnetic shielding, to name just a few, such inks are likely to gain growing 

importance. 

 

 

Figure 3.5. Scalable production of micro-supercapacitors based on MXene 

sediment inks. (A), Optical image of screen-printed MXene-based 

microsupercapacitor, showing the great promise of scale-up production of high-

performance MSCs. (B), CV profiles of different tandem devices at 50 mV/s. (C-D), 

CVs of a tandem device with 8 MSCs connected in series at different scan rates, 
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showing a high-rate response. (E), GCD profiles of a tandem device with 8 MSCs 

connected in series, indicating symmetric, linear curves at various currents. (F), 

Optical image of the tandem device to power a LED light, demonstrating the 

feasibility of the as-printed tandem device for practical applications.  
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Materials and Methods  

Etching of the MAX. The etching of the MAX phase was performed using a 

minimally intensive layer delamination or "MILD" synthesis route. Typically, 0.5 g 

of lithium fluoride (LiF, Sigma Aldrich, USA) was slowly added to 10 mL, 9 M 

hydrochloric acid (HCl, 37 wt%, Sigma Aldrich, USA) under vigorous stirring at 

room temperature. After the complete dissolution of LiF in HCl, 0.5 g of Ti3AlC2 MAX 

phase (average particle size ~38 µm, Y-Carbon, Ukraine) was slowly added to the 

above mixture under vigorous stirring, then reacted for 24 h at room temperature 

at a stirring speed of 300 rpm. Once the reaction ended, the suspension was 

transferred to centrifuge tubes and centrifuged at 1500 rcf for 3 min. After the 

centrifugation, the supernatant was decanted, and 40 mL of fresh DI water was 

added to the suspension followed by vigorous shaking for 1 min, then subjected to 

another round of centrifugation at 3500 rcf for 3 min. This washing process was 

repeated 5 times until the pH of the supernatant became ~6. The sediments are 

etched MAX. 

Formulation of MXene sediment inks. To prepare the sediment inks, 

delamination of the etched MAX is necessary. In the etched MAX, the multi-layered 

MXene can be further exfoliated by a manual shaking method as reported in 

REF[41]. After vigorously shaking the etched MAX suspension, the multi-layered 

MXene can be delaminated into few-layered or mostly single-layered MXene 

nanosheets. Further centrifuging separates the delaminated nanosheets from the 

multi-layered MXene and un-etched MAX. Therefore, after decanting the 

supernatant, the sediments are usually trashed away. However, these sediments 

could be further formulated to become a valuable printable ink to print various 

patterns or devices. Three main parameters were considered upon sediment ink 

formulation: rheological properties (suitable for screen printing), high solid 

content, and adhesion/mechanical stability of the printed traces. Since increasing 

the ratio of mono- or few-layered MXene to unetched MAX and m-MXene limits the 

highest attainable solid content, the minimum amount of the well delaminated 

MXene which was necessary for a good mechanical stability of the films was kept. 

The rheological properties were fine-tuned by addition of water. As such, after 

vigorously shaking the as-etched MAX suspension for 40 min with a vortex mixer 

(VORTEXER-Heathrow) at 3000 rpm, centrifugation was performed at 1500 rcf for 

30 min. After collecting the supernatant-delaminated MXene nanosheets, we left 2 

wt.% of delaminated MXene nanosheets in the centrifuge tube and added a 

required amount of DI-water with solid content set to 22 wt.%, followed by a three-

roll mill processing to form a homogeneous sediment ink. 



Chapter 3 

 

108 

 

Screen designing. Two screens were used, equipped with either a standard PET 

mesh (150/31; 22.5°) and coated by hand with an all-round photoemulsion (FLX 

Screen; Siebdruckversand, Germany) or with a stainless steel mesh (159/18; 45°) 

coated with Polycol Micro (EOM 15 ± 2μm from Kiwo, Germany). Printed structures 

are simple lines for conductivity and bending experiments with line lengths of 10 

mm and various width from 200 - 1000 µm. Furthermore, interdigitated structures 

with various line widths and gaps ranging from 100 - 500 µm were designed to 

print micro-supercapacitors (MSCs). Interdigitated structures with 50 μm gap, 

which is close to the resolution of the screen printing method (25-30 μm), can be 

printed but the number of overprint passes can hardly exceed 2 (since by spreading 

of the ink, fingers will merge). Hence, larger gaps (e.g. 100-200 μm) are preferred 

for overlayer printing. Existence of large particles in the sediment ink is another 

limiting factor for increasing of the print resolution. 

Screen printing of various patterns. Screen printing was performed on the 

multifunctional sheet-to-product printer C600 manufactured by nsm Norbert 

Schläfli AG, Switzerland. The printer hosts a gravure-, flexo- and screen printing 

unit, as well as a hot air Comb Nozzle® dryer from CN drying technology, Germany. 

A high repeat accuracy of the nsm C600 was demonstrated in previous work [58]. 

Devices were printed on office paper (Canon Pixma HR-101N) and glossy photo 

paper (Epson C13S041706) with lift-off set to 0.800 mm, printing speed was 50 

mm/s and the squeegee (RKS Carbon S 65) angle was 71.5° ± 0.5°. Squeegee height 

was set 30 µm below the actual substrate thickness to achieve an appropriate 

printing pressure. Multilayer printing was performed with drying at 80°C between 

each printed path. 

 

Materials characterization.  

Delaminated MXene nanosheets were imaged by TEM and SEM images. The width 

of printed lines was measured along the axial direction of the SEM images. The 

spatial uniformity was obtained from the width variation statistics. Height profiles 

of the as-printed lines were acquired with a non-destructive, confocal 3D Optical 

Surface Metrology System (DCM8, Leica Microsystems AG, Switzerland). 

Measurements were taken with Leica EPI 20x objective in confocal mode. Data 

were analyzed with the Leica Map 7.2 software. The average layer thickness was 

determined by subtracting the height of a printed area of the height of a substrate 

area. Atomic force microscopy (AFM) images were taken with an ICON3 from 

Bruker, Karlsruhe, Germany in the peak force tapping mode. The rheological 

behaviour of Ti3C2Tx (Tx represents surface terminal groups such as -OH, -F, -Oetc.) 
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sediment inks was studied on an Anton Paar MCR 301 rheometer using a PP25, 

parallel plate geometry (diameter of 25 mm, gap of 1 mm). All the loaded samples 

were allowed to equilibrate at room temperature for 1 minute. Oscillatory strain 

sweeps were performed first at a frequency of 0.5 Hz, from 0.01-100% strain, with 

consecutive measurements performed to ensure reproducibility. Apparent 

viscosities of the inks were measured via steady-state continuous shear 

experiments with a sweep of shear rate (0.1-100 s-1). 

Raman spectra of vacuum-filtrated films made of delaminated nanosheets, as well 

as the screen-printed lines one paper and on glass, were acquired on a Renishaw 

Raman microscope. The excitation wavelength was 633 nm and the amplitude 

sweep frequency was 10 Hz. The sheet resistance of the as-printed lines was 

measured using a four-point probe method (Jandel RM3-AR, UK). The sheet 

resistance of the lines with different passes was converted to the electrical 

conductivity based on the line thickness which was measured through the optical 

microscopy.  

To measure the mechanical flexibility of the as-printed lines, the screen-printed 

lines (with or without delaminated MXene nanosheets) were cut into strips with 

two ends fixed to the substrate using the tap. Two short Ag paints were coated on 

the two ends, which was connected to a multimeter through two pieces of Cu wire. 

To ensure good contact, two pieces of tap were tightly covered on the Ag paints and 

Ag-Cu connecting point. The resistances of the strips upon bending for different 

degrees and cycles were recorded. One cycle is defined as bending the flat strip to 

180° and then released to the flat state. For the cycling tests, the strips were bent 

for 15000 cycles with the resistance recorded through the multimeter.  

Solid-state, on-chip MSC fabrication. The as-printed Ti3C2Tx MXene 

interdigitated patterns were further used to fabricate MSC devices. Due to its 

excellent metallic conductivity, Ti3C2Tx MXene-based MSC requires no additional 

current collector or conductive agents or polymeric binders, and thus acts as both 

the active material and current collector for MSCs. To facilitate the measurements, 

we glued two Ag wires at the end of the MSC by Ag paint and allowed it to dry for 

10 min. Then a piece of tape was tightly placed on the Ag paint to avoid the latter 

from direct contact with the electrolyte. After that, the as-printed MSCs were 

coated with a layer of gel-like polymer electrolyte made of 3M sulfuric acid 

(H2SO4)-poly(vinyl alcohol, PVA) gel electrolyte. For the preparation of the gel 

electrolyte we followed the procedure reported in ref [42]. After drying at ambient 

atmosphere, solid-state, coplanar on-chip MSCs were formed, which were stored 

under vacuum for further measurements. 



Chapter 3 

 

110 

 

Electrochemical characterization. The charge storage performance of the as-

fabricated MSCs was evaluated through CV and GCD on a VMP3 potentiostat 

(BioLogic, France). The devices were tested at different CV scan rates (from 5 to 

1000 mV/s) and GCD current densities (from 0.02 to 2.4 mA/cm2) in a voltage 

window of 0.6 V. The cycling performance of the devices was evaluated at 1.2 mA 

using the MSC with finger gap=400 µm and <N>=5. Electrochemical impedance 

spectroscopy was performed at open-circuit voltage from 100 mHz to 100 kHz. The 

areal capacitance per electrode was calculated from the stabilized (fifth) CV curve 

according to the following equation: 


=

6.0

0

4
/ jdV

VA
AC

t 
       (S3.1) 

Where, C/A is the measured areal capacitance (mF/cm2), j is the current (mA), V

is the voltage window (0.5 V), tA  (cm2) is the geometric area of the MSC,  is the 

scan rate (mV/s). 

In the devices that showcased symmetric, linear GCD curves, the areal capacitance 

was also obtained from the stabilized (fifth) GCD curves according to the following 

equation: 

  
VA

tj
AC

t


=

4
/         (S3.2) 

Where ∆V is the effective voltage window after the IR drop, ∆t is the discharge time. 

For the Ragone plot, the device areal energy density and power density were 

calculated based on the following equations: 

 
𝐶𝐷

𝐴
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∫ 𝑗𝑑𝑉
0.6
0

𝐴𝑡∆𝑉𝜐
           (S3.3) 
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𝐶𝐷×𝑉
2

𝐴×2×3.6
            (S3.4) 

𝑃𝐷

𝐴
=

𝐸𝐷×𝜈×3600

𝐴×∆𝑉
        (S3.5) 

Where CD/A (mF/cm2) is the areal capacitance of the device, ED/A is the device 

areal energy density (µWh/cm2), PD/A is the device areal power density 

(µW/cm2), j is the current (mA), V is the voltage window (0.5 V), tA  (cm2) is the 

geometric area of the MSC,  is the scan rate (mV/s). 
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Scheme S3.1. Illustration on MXene etching and delamination. Etching was 

performed in LiF-HCl mixture while delamination was performed using a manual 

shaking method. 
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Figure S3.1. Morphological characterization of MAX and MXene. SEM images of A, 

Ti3AlC2 MAX phase and B, as-obtained m-Ti3C2Tx after washing the sediments. The 

multi-layered MXene shows a certain degree of delamination, which is attributed 

to the vigorous shaking during washing that facilitates the solvent exchange with 

pre-intercalated Li+. 

 

 

Figure S3.2. A, Viscosity plotted as a function of shear rates of MXene inks after 

printing. B, Storage modulus and loss modulus plotted as a function of strain of 

MXene inks after printing.   
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Figure S3.3. Morphology characterizations of screen-printed Ti3C2Tx MXene 

patterns. SEM image of the as-printed MXene-based interdigitated pattern at lower 

(A) and higher magnification (B), respectively. C, SEM image of the encircled area 

in B, showing the exist of multi-layered MXene, MAX phase and delaminated MXene 

nanosheets as a conductive binder. D, The zoom-in SEM image on the edge of as-

printed line, showing the presence of delaminated nanosheets which tightly wrap 

the multi-layered particles. 
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Figure S3.4. Component study in the sediments. XRD patterns of MXene sediments 

and freestanding MXene film. It can be observed that typical Ti3C2Tx peaks can be 

indexed in the sediments, indicating the presence of delaminated Ti3C2Tx 

nanosheets. Moreover, peaks from the multi-layered Ti3C2Tx and MAX can also be 

located, suggesting the hierarchical structure in the sediments.  
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Figure S3.5. A, Height analysis of the as-printed lines with <N>=4. The optical 

microscopy mapping of screen-printed MXene sediments. The surface is 

reasonably rough due to the multi-layered particles decorate everywhere. 

However, the conductive binder from the delaminated Ti3C2Tx nanosheets 

smoothen the surface to some extent, rendering the possibility of estimation of the 

height of the as-printed lines. B. Cross section and corresponding height profile of 

a printed 500 µm finger electrode.   
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Figure S3.6. Conductivity measurements of screen-printed lines with different 

number of passes. Inset is the conductivity of as-printed lines with different 

number of printed passes based on super-trash MXene sediment (without d-MXene 

nanosheets). 

 

 

Figure S3.7. Electrochemical response of screen-printed MSCs with different 

finger gaps (A) and number of printing passes (B), respectively. 
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Figure S3.8. Scale-up production of screen-printed MSCs based on MXene 

sediment inks. By adjusting the finger length/width, gaps and pass number, 

personalized MSCs with different line gaps/length/width/thickness can be easily 

screen-printed. Moreover, by designing the screen, and covering the inks above all 

the patterns, plenty of MSCs can be rapidly produced.  
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Figure S3.9. Electrochemical characterization of MXene tandem device. CVs of 4 

as-printed devices connected in series under 10-100 mV/s (A) and 200-1000 mV/s 

(B). (C), GCD curves of 4S tandem device, demonstrating a stable voltage window 

of 2 V. (D), IR drop of the tandem device at different current densities.  
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Figure S3.10. Electrochemical characterizations of tandem devices. (A), GCD 

profiles of 4S and 4P (4 MSCs connected in parallel) tandem devices. (B), EIS 

Nyquist plot of 4S and 8S tandem devices, showing a negligible semicircle 

(reflective of charge transfer resistance) and a nearly perpendicular line in the low-

frequency region (100 mHz). This suggests good capacitive or pseudocapacitive 

behaviors. Inset shows the plots in the low frequency region, showing a much 

smaller contact resistance (the X-axis intercept) in the 4S compared to that of 8S.  
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Table S3.1. Areal capacitance comparison of various MSCs (Fig. 3.4G) 

Material 
MSC fabrication 

method 

Areal capacitance per 

electrode (C/A, mF/cm2) 
Ref. 

Electrochemical 

exfoliated 

graphene 

Inkjet printing 0.7 [59] 

Exfoliated 

graphene 
Spray coating 0.8 [60] 

Graphene Inkjet printing 0.82 [61] 

Graphene/MXene 

(G-MX) 
Spray coating 3.2 [56] 

Graphene/PEDOT 

(G-PEDOT) 
Spray coating 5.4 [60] 

Graphene 
Layer-by-layer 

printing 
19.8 [52] 

Ti3C2Tx MXene Laser scribing 24.8 [62] 

Ti3C2Tx MXene Laser cutting 27 [10] 

MnO2/graphene Spray coating 35 [53] 

Ti3C2Tx MXene Extrusion printing 43 [4] 

Ti3C2Tx MXene Stamping 57 [42] 

PANi/graphene filtration 119 [54] 

MXene sediments Screen printing 158 

<N>=

5, this 

work 
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Table S3.2. Energy & power density comparison of various MSCs (Fig. 3.4H) 

Sample 
Power density 

(μW/cm2) 

Energy density 

(μWh/cm2) 
Ref. 

Reduced graphene 

oxide (rGO) 
9 0.014 [55] 

PEDOT-Ag 

138 

575 

1480 

2290 

2880 

0.041 

0.040 

0.034 

0.022 

0.019 

[62] 

Inkjet-printed 

graphene 

(Inkjet, Gr.) 

0.025 

0.045 

0.1 

0.175 

0.3 

1.39E-03 

1.25E-03 

1.11E-03 

9.72E-04 

8.33E-04 

[63] 

Spray-coated 

graphene/PEDOT 

(PEDOT-Gr.) 

0.8 

1.6 

3 

5.6 

12 

20.8 

40 

0.089 

0.071 

0.067 

0.062 

0.053 

0.046 

0.044 

[56] 

Spray-coated 

graphene 

(Sprayed Gr.) 

0.2 

0.41 

0.79 

1.35 

2.81 

4 

5 

0.028 

0.023 

0.022 

0.019 

0.016 

0.011 

0.0069 

[56] 

Graphene quantum 

dots/MnO2 

(MnO2-GQD) 

7.5 0.15 [64] 

Extrusion-printed 

all-MXene MSC 

(Extrusion, MX) 

11.4 

22.5 

44.1 

75.1 

115.4 

157.7 

0.32 

0.31 

0.30 

0.21 

0.16 

0.11 

[4] 
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Stamped MXene 

MSC 

(Stamped, MX) 

6.17 

14.06 

30.31 

64.78 

135.36 

326.44 

0.76 

0.74 

0.73 

0.71 

0.68 

0.63 

[42] 

Screen-printed 

MXene sediment 

inks 

 

18.46 

37.11 

75.57 

156.98 

334.99 

544.12 

778.33 

1.64 

1.62 

1.57 

1.51 

1.42 

1.36 

1.32 

This 

work 
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Abstract 

When dispersed in conventional solvents (e.g., water or N-methyl-2-pyrrolidone), 

single- or few-layered large-flake MXenes form high-viscosity gels even at very low 

concentrations. This drastically limits their application especially for printing and 

coating methods that require liquid-type inks, such as gravure printing. 

Conventional liquid-type MXene inks are either prepared with low solid content or 

small flakes. The former is not suitable for efficient printing and the latter produces 

films with inferior optical, electrical, and mechanical properties. Here in this work, 

we have reported a novel ink formulation strategy based on co-solvent systems 

whose main component (solvent volume fraction >70%) is a solvent that is 

incapable of forming a stable MXene dispersion in its pure form. This way, the sol-

gel transition can be significantly shifted to higher concentrations, enabling the 

formulation of highly concentrated inks with single- or few-layered large flake 

MXenes. Using this strategy, we have been able to fine-tune the critical properties 

of MXene inks (e.g., rheology and surface tension) for gravure printing and 

overcome the Saffman–Taylor instability challenges. To demonstrate the great 

potential of this method, transparent and flexible conductive electrodes, Joule 

heaters, and solid-state microsupercapacitors are printed at room-temperature 

and large scale. 
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To meet the ever-increasing demand for electronic devices, application of high-

throughput manufacturing techniques such as roll-to-roll printing (e.g., gravure 

printing) is necessary. The production rate (printing speed) can easily reach 10 

m/s [1], and little/no pre- or post-treatment is required; especially when additive-

free inks are used [2]. Development of additive-free inks is of great importance for 

cost-efficient scalable production. Additives, despite their crucial role in printing, 

degrade the electronic properties of the printed layers/structures, and their 

removal complicates the fabrication process and necessitates the use of heat-

resistive materials. In this respect, MXenes, a recently discovered family of two-

dimensional materials [3], may be a true game-changer. Due to their abundant 

functional groups, MXenes exhibit exceptional colloidal stability and film formation 

ability [4]. These features together with outstanding electrical, optical, and 

mechanical properties make MXenes a perfect choice for additive-free ink 

formulation, and room-temperature printing of electronics [5].  

MXenes are mainly synthesized in aqueous solutions and are best dispersed in 

water [6]. Nevertheless, water as a carrier solvent (dispersion media) is not 

suitable for additive-free ink formulation, especially for a liquid-type ink (in 

contrast to a gel-type ink), mainly due to its high surface tension. In gravure 

printing, ink is transferred from recessions of the gravure cylinder onto the 

substrate, forming the printed patterns. Coatings are thus buildup of dots, while a 

low-resolution limit can be defined by feature dimensions on the cell that still allow 

for proper cell emptying. The complexity of the printing and film formation process 

makes the formulation of aqueous inks for gravure printing even more challenging. 

At different stages of the printing (i.e., cell filling, doctor-blading, ink transfer, and 

spreading) the inks should pose stringent and sometimes contradictory surface 

tensions and rheological properties[7].  

Besides general considerations for processability, wetting, film-formation, and 

adhesion, the properties of the gravure-printable inks should be adjusted to 

overcome the Saffman–Taylor instability; also known as viscous fingering. At the 

ink splitting stage during the ink transfer from the roll to the substrate, the ink (a 

fluid with higher viscosity than air) is displaced by air in a non-isotropic manner, 

leading to the formation of characteristic finger-like patterns [8] and the 

degradation of optical and electrical properties of the printed films/structures 

(e.g., transparent electrodes) [1]. These branched patterns and thickness 

undulations can level-out if the ink has low viscosity, small storage modulus, and 

high vapor pressure [1,9]. 

MXenes can be dispersed in a wide range of polar organic solvents but some of 

them (such as N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), and 
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dimethyl sulfoxide (DMSO)) are capable of dispersing higher concentrations of 

MXenes and therefore, are considered as "good solvents". While non-aqueous inks 

can offer lower surface tensions, adjusting the rheological properties is still a big 

challenge.  

It has been previously shown that the aqueous dispersions of single (or few) 

layer MXenes exhibit a very steep viscosity rise by increasing their concentration, 

due to the formation of a volume-spanning percolating network (gelation) [10]. 

This problem is even more pronounced in non-aqueous dispersions of MXenes 

prepared with good solvents, where the sol-gel transition occurs at much lower 

concentrations (will be discussed later). As a result, low viscosity liquid-type inks 

(with low storage modulus), which are necessary for several printing and coating 

techniques (e.g., inkjet-, aerosoljet-, flexographic-, and gravure-printing) can only 

be obtained at very low concentrations. However, low-solid-content inks are not 

suitable for efficient printing since multiple printing passes are needed (even up to 

40 passes) for obtaining an acceptable conductivity [11]. Furthermore, upon multi-

pass printing (overlayer printing), deposition of the successive layers can 

potentially damage the previous layers [12]. High-concentration low-viscosity inks 

are obtainable by using low aspect ratio MXene flakes (either multilayer or small-

nanosheets) [10,13], but at the cost of inferior electrical, optical, and mechanical 

properties. As a result, high-throughput, and efficient printing of high-quality 

MXene films and structures remains a major challenge. 

Herein, we report on a novel method that enables the formulation of highly 

concentrated low-viscosity inks for room-temperature, scalable gravure printing 

of MXenes (Scheme 4.1). In light of these findings, conventional MXene ink 

formulation strategies (both liquid-type and gel-type) could also be revised for 

further improving the solution processability of this important group of materials 

(i.e., their printing and coating). In this method, with the aid of water or a good 

solvent, MXenes are dispersed in a different group of polar solvents (e.g., ethylene 

glycol, propylene glycol) that are not capable of forming a stable dispersion in their 

pure form (here we refer to these solvents as "bad solvents"). The colloidal stability 

is only achieved when a minimum amount of water or good solvent is added (~20-

30 vol.%). Using this strategy, the formation of the percolating network of flakes is 

interrupted, and much higher MXene loading is needed for the formation of a gel 

(the sol-gel transition is shifted to higher concentrations; Figure S4.1).  
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Scheme 4.1. Schematic illustration of roll-to-roll gravure printing of MXenes. 
 

As shown in figures 4.1a and 4.1b, MXene dispersions (4 wt.% solid content) in 

propylene glycol (PPG) and water mixture (80:20 weight ratio) behave as a shear-

thinning liquid with a viscosity as low as 10 mPa.s (at �̇� = 1000 1 𝑠⁄  ), enabling the 

formulation of high-concentration inks enriched with large single-layer flakes 

(Figure 4.1c-e).  In contrast, dispersion in good solvents (also 4 wt.%) form strong 

gels (large storage moduli) with very high viscosities (Figure 4.1b), which limits 

their processability as an ink (especially for gravure printing). The lowest viscosity 

is obtained when the amount of water or the good solvent is minimized; however, 

by changing the volume ratio of good to bad solvents, it is possible to finely tune 

the rheological properties to meet particular requirements of different solution 

processing, such as gravure printing. Other important properties of the inks such 

as surface tension, film formation, and adhesion can also be adjusted by changing 

the type and the ratio of the good and the bad solvents (Figure 4.1f).  

Viscous fingering is a major and common challenge in all contact printing 

methods [14] and its suppression requires the optimization of both process 

parameters and ink properties [8]. Since the occurrence of this phenomenon is 

almost inevitable (unless with extremely slow splitting of ink transfer plate and the 

substrate), the practical solutions are based on minimizing the resultant 

inhomogeneities. The characteristic size of the protruded air fingers is given by 

𝜆~ ℎ √𝐶𝑎⁄  and depends thus on film thickenss (h) and capillary number (Ca) [15]. 

Theoretically, stable films can be achieved for the two extreme cases 𝜆 → ∞ and 

𝜆 → 0 [8]. Therefore, increasing the film thickness and decreasing the capillary 

number ( 𝐶𝑎 = 𝜂𝜈 𝜎⁄ ; 𝜂 , 𝜈 , and 𝜎  are viscosity, meniscus velocity, and surface 

tension, respectively) are two main approaches for obtaining a homogenous film. 
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It is worth mentioning that while minimizing the capillary number leads to the 

improvement of the film quality, it is not in favor of fine line printing [7]. Hence, a 

trade-off between the quality of the film (area) and the fine features should be 

made for every specific application. 
 

 

Figure 4.1. (a) Amplitude sweep test results and (b) flow curves of MXene inks (all 

4 wt.%) with different carrier solvent. (c) Digital photographs of (left) as-

formulated MXene ink (in water+PPG), and (right) Tyndall effect in a MXene 

dispersion. (d) Lateral size distribution of MXene flakes used for ink formulation. 

(e) TEM micrograph and SAED pattern (inset) of a single layer MXene nanosheet 

(f) Surface tension measurements of different MXene inks by pendant and sessile 

drop methods: top-left 2 wt.% in GBL, top-middle 4 wt.% Water+PPG, top-right and 

bottom 3.2 wt.% in water:PPG:1-propanol mixture (33.1:40.2:23.5 wt. ratio). 

 

The height undulations caused by the viscous fingering result in optical 

inhomogeneity, which are visible in the optical microscopy (OM) images. To 

quantitatively investigate the homogeneity of the films, the OM images of the 

MXene films were converted to binary images and the number of black and white 

pixels was calculated (Figure 4.2a). The higher fraction of the black pixels can be 

attributed to more uniform coverage of the area by MXene (lesser defects or 
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thickness difference). Using this criterion, the least viscous fingering is obtained at 

lowest viscosities and capillary numbers (Figure 4.2a), which is in good agreement 

with the previous reports. All our efforts to print similar structures with 

conventional MXene inks (made with good solvents) failed even after dilution or 

extensive process parameter optimization (Figure S4.2). Keeping the printing 

speed and the ink viscosity constant, the effect of the film thickness was studied 

using plates with different cell densities (Figure S4.3). A higher cell density 

corresponds to a higher cell-wall to cell-volume ratio and lower available cell 

volume. Hence, thinner films can be obtained with higher cell densities. Decreasing 

the cell density leads to significant improvement in the quality of the printed films 

(Figure 4.2b and 4.2c), confirming the effectiveness of our approach (mentioned 

above). 
 

 

Figure 4.2.  Dependance of the homogeneity of the printed films on (a) top: 

capillary number, bottom: ink concentration (similar trend for viscosity); (b) 

density of engraved cells. (c) Optical microscopy images of films printed with 

different cell densities. (d) Spatial uniformity of the printed structures. Digital 

photographs of scalable gravure printing of (e) interdigitated structures printed 

with a nsm Labratester machine and (f) conductive electrodes printed with nsm 

C600 machine. (g) Left: Digital photograph of a conductive electrode printed on a 

PET substrate (LPC 210), and right: SEM image of the same film. 
 

By adding a small amount of 1-proponol, the rheological properties of the inks 

were further fine-tuned (Figure S4.4) to also achieve good spatial uniformity 

(~1.3% for a ~437 µm line; Figure 4.2d). Using these high-concentration MXene 
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inks, scalable and high-throughput gravure printing of different films and 

structures with excellent optical uniformity were demonstrated (Figure 4.2e-g and 

Figure S4.5). The printed films are extremely smooth (5nm<Ra<15nm, measured 

by AFM) and resolving morphological structures or features from SEM and AFM 

images (Figure S4.6) is very challenging (except for edges and wrinkles in the 

nanosheets). However, the AFM images reveal that the printed films are continuous 

and composed of single layer sheets and multi-layer stacks. The multilayer 

segments are frequently not aligned parallel to the substrate, and it can be 

concluded that single layer sheets form an interconnected network throughout the 

film. 

We then examine the optical and electronic performances of the as-printed 

transparent MXene films. By varying the gravure cell density, films' thickness and 

accordingly transmittance (T, at 550 nm) are changing, with the latter varying from 

11.3% to 95.3% (for one layer print <N>=1, Figure S4.7). Correlating the measured 

film thickness (t) and their corresponding transmittance gives an optical 

conductivity (σop) of 680 S/cm (Figure 4.3a and Figure S4.8a), higher than previous 

reported values but within a similar range [16,17]. When plotting T as a function of 

sheet resistance (Rs) and comparing our printed films to other non-printed MXene 

films (Figure 4.3b), we found that the Rs is substantially lower than other spray-

coated MXene films, while quite comparable to the best spin-coated MXenes due to 

their improved film compactness, flake alignment and smooth surface [17]. For 

instance, at T=88%, the Rs= 4950 Ω/sq in the gravure-printed MXene films, which 

reduced to 480 Ω/sq at T=76%, in sharp contrast to Rs= 48 kΩ/sq and 8 kΩ/sq, 

respectively for spray-coated Ti3C2Tx films at similar T [18].  

It's also worth mentioning that the gravure-printed MXene films outperform 

their graphene-based counterparts (chemically modified or pristine) in terms of Rs, 

where the latter showcases 10.5 to 270 kΩ/sq in a similar T regime [19,20]. These 

comparisons suggest that the room-temperature gravure-printed MXene films 

possess excellent optical and electrical properties, which can be ascribed to the 

continuous interconnected nanosheet network with metallic conductivity (Figure 

S4.6). In addition, the relationship between T and Rs well follows the bulk-like 

behavior (the fitted line), suggesting the absence of apparent percolation problems 

in the as-printed transparent MXene films. The predominant bulk-like behavior can 

be also verified from the (T-0.5-1) vs Rs plot in Figure 4.3c, as the measured data sets 

are roughly on the fitted curve representing the bulk-type DC conductivity, even 

without a vacuum annealing [21]. 

Based on the measured σop, all film thicknesses can be calculated for a given T. 

With known Rs and T, electrical conductivity (DC conductivity, σDC) can be obtained, 
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ranging from 1760 to 4930 S/cm with an average value of 4000±500 S/cm (Figure 

4.3d, Supplementary Figure S4.8b, c). The figure of merit, defined as the ratio of σDC 

to σop, varies depending on the film thickness and reaches an average of 6.5 (Figure 

S4.8d), which is two orders of magnitude higher than the inkjet-printed MXenes 

[16], surpassing that of all types of reduced graphene oxide [20], and is quite 

comparable to that of best non-printed MXene films [22–24]. The extremely high 

throughput of gravure printing and room-temperature processability of MXene 

inks, make this method a promising candidate for cost-efficient production of 

transparent conductive electrodes (TCO) on commercial substrates (such as PET 

or even PLA). An electroluminescent device with a gravure-printed MXene-based 

TCO, as an example of such applications, has been demonstrated in Figure 4.3e. 

Considering that all as-printed MXene films were measured in ambient conditions 

instead of dry N2 environment, it is reasonable to expect that the intrinsic σDC and 

thus σDC/σop will be higher than those measured values. Through tailoring the 

surface terminations and/or flake alignment/compactness, further enhancement 

of optical and electrical properties can also be expected. These gravure-printed 

films, regardless of their transmittance, showcase excellent mechanical robustness, 

as seen from the almost constant resistance over up to 200,000 repeated bending 

cycles (Figure 4.3f, g and Figure S4.9). 

These high-performance gravure-printed MXene films can also be used in 

applications where both conductivity and good transparency are required, such as 

transparent Joule heaters for wearable thermotherapy pads. Fabricating 

transparent Joule heaters is crucial to alleviate age-related health issues, i.e., 

rheumatic arthritis rehabilitation, muscle spasms, and inflammation alleviation 

[25,26], and are expected to relieve their pain by heat-induced therapeutic action 

(improving blood circulation, etc.) without compromising the visual aspects. 

Traditional transparent Joule heaters either suffer from complicated fabrication 

procedures or require high-voltages with slow thermal responses [27], due to the 

percolation problems stated previously. Unlike other graphene-based transparent 

Joule heaters [28], the gravure-printed MXene films showcase a rapid thermal 

response time (20 s) and reach 40, 50, 61, 78, 102°C at input voltages of 10, 15, 20, 

25, 30 V, respectively (Fig. 4.4a). The input voltage is quite comparable to that of 

the state-of-the-art transparent Joule heaters [29]. 
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Figure 4.3. (a) Calculation of optical conductivity from thickness-dependent 

variations of transmittance. (b) Film transmittance plotted as a function of sheet 

resistance. (c) Relation between film transmittance (expressed as T-0.5–1) and 

sheet resistance before and after annealing (to remove residual solvents). (d) Sheet 

resistance plotted as a function of film thickness. (e) Digital photographs of an 

electroluminescent device fabricated with a gravure-printed MXene-based TCO. (f) 

Digital photograph of a TCO under bending test. (g) Resistance changes of films 

with different transmittance upon cyclic bending test. 

 

Figure 4.4b showcases the heating capacity of the as-printed MXene film (<N>=1) 

by applying stepwise an input voltage starting from 15 V. The ladder-like increase 

of temperature coupled with rapid thermal response time (in the heating and 

cooling processes) when increasing the voltage suggests outstanding and 

controllable heating performance in printed MXene films. In addition, the stabilized 

temperature stimulated at different input voltage is linearly related to the voltage 

square (Figure 4.4c), following the Joule’s law (Q=V2t/R, where Q, V, t, R are the 

heat produced, input voltage, operating time, and resistance, respectively). The 

thermal efficiency, being the characteristic indicator for Joule heaters [30] and 

extracted by fitting the slope of stabilized temperature vs. power density, is 185 

°C/(W/cm2), is quite comparable to that of modified hydrophobic MXene films 
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[29]. The gravure-printed MXene films also demonstrate excellent cyclic heating 

stability, best evidenced by the consistent maximum temperature and thermal 

response time (heating/cooling) upon periodic voltage intervals (Figure 4.4d). 

Even after applying an input voltage of 20 V for 5 h, no major temperature 

fluctuation was observed (Figure 4.4e), suggesting stable long-term Joule heating 

performance in the transparent gravure-printed MXene films. 
 

 

 

Figure 4.4. (a) Temperature-time curves of printed transparent Joule heater at 

different voltages. (b) Temperature profile upon step-wise increase of voltage. (c) 

Plots of stabilized temperature as a function of square voltage. (d) Cyclic 

temperature-time profiles of a gravure printed MXene-based Joule heater. (e) 

Temperature changes and long-term performance of the same Joule heater. 
 

  The outstanding mechanical, optical, and electric properties of gravure-printed 

MXene films also suggest promising applications in flexible transparent energy 

storage devices. Previous transparent supercapacitors based on carbon nanotubes, 

graphene, or conductive polymers [31–35] either suffer from low areal capacitance 

or poor rate handling (due to the extremely high Rs in the highly transparent 

region), leading to undesirable energy density and power density. Here the room-

temperature printed MXene films showcase bulk-like conductivity in the absence 
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of percolation problems, thus advanced transparent supercapacitors can be 

realized using highly pseudocapacitive MXenes. Unlike conventional sandwiched 

supercapacitors, coplanar structure of the microsupercapacitors (MSCs) facilitate 

the ion transport kinetics and possess a higher device transmittance at a given 

electrode thickness, due to their interdigitated electrode architecture. As such, we 

examined three gravure-printed solid-state MSCs with electrode thickness being 

30, 50 and 70 nm, corresponding to a transmittance of 84.3%, 78.1% and 75.2%, 

respectively (Figure S4.10). 

The normalized cyclic voltammograms (CV) under different scan rates indicate 

highly pseudocapacitive behavior and excellent power handling properties in the 

30 nm device, best evidenced by its quasi-rectangular, box-shape (deviated) CV at 

5 V/s (Figure 4.5a).  The galvanostatic charge-discharge (GCD) also suggest the 

high-rate performance in the device, as symmetric, linear curves are found even at 

200 µA/cm2 (Figure 4.5b). The areal capacitances (C/A) derived from CV and GCD, 

are comparable, displaying 0.5 mF/cm2 at 10 mV/s or 2 µA/cm2 and maintaining 

0.18 mF/cm2 as elevating the scan rate by a factor of 500 (Figure 4.5c). The high 

C/A, coupled with excellent mechanical robustness and long-lasting lifetime in the 

30 nm MSC (capacitance retention of 98.8% after 12,000 cycles), suggest the great 

potential of printed MXene-based MSCs in transparent flexible electronics (Figures 

S4.11 and S4.12). 

Increasing the film thickness results in a more developed metallic network aside 

more pseudocapacitive sites for reversible redox reactions (Figure S4.13). 

Consequently, higher C/A with enhanced rate capability is achieved (Figure 4.5d, e, 

Figure S4.14). For instance, a maximized C/A of 1.2 mF/cm2 is reached in the 70 

nm MSC, higher than 1.0 mF/cm2 in the 50 nm MSC at 10 mV/s (Figure 4.5e). By 

fitting the MSCs' rate performance using a classical, simplified model [21,36], one 

is able to obtain the intrinsic capacitance (CA) and time constant (τ). The model fits 

all three MSCs quite well (Figure 4.5e), showing the highest CA and lowest τ in 70 

nm thick MSC (Figure 4.5f). It's worth noting that a τ of 89 ms and 110 ms in 70 nm 

and 50 nm MSCs, respectively, symbolizes the excellent power handling in the 

solid-state printed MXene-based MSCs. Electrochemical impedance spectroscopy 

(EIS) also indicates high-rate response rates for all-MXene-printed MSCs with 

similar τ achieved at different knee frequencies (Figure S4.14). 
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Figure 4.5. (a) Normalized cyclic voltammogram (CV) profiles and (b) 

galvanostatic charge–discharge (GCD) curves of a typical gravure-printed 30 nm 

MSC. (c) Comparison of areal capacitance of gravure-printed MSC obtained from 

CV (top) and GCD (bottom) tests. (d) Normalized CV profiles of a 70 nm thick MSC. 

(e) Areal capacitance of MSCs with different thicknesses at various scan rates. (f) 

Time constant plots as a function of intrinsic capacitance. 
 

Importantly, our gravure-printed MXene-based MSCs outperform most other 

MSCs in terms of transmittance/areal capacitance as well as energy (E/A) and 

power density (P/A). In other words, the gravure-printed MSCs combine both high 

T and C/A well, which is rarely seen in previous reports based on graphene or 

carbon nanotubes [33,35]. While the areal energy density of the MSCs is quite 

comparable to other advanced (i.e., ruthenium oxide) transparent supercapacitor 

systems [32,36], a power density up to 456 µW/cm2 has been achieved in the 

printed MXene-based MSCs, which is several orders of magnitude higher than other 

reported transparent supercapacitors  (i.e., cobalt hydroxide, graphene, conductive 

polymers, etc.) [37–39]. We note that by further in-depth study, such as tailoring 

the surface/interlayer redox chemistries, and/or tuning the flake size and thin 

films' out-of-plane conductivity [40,41], the transparent MSC performances, 
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including T, C/A, E/A and P/A, can be coordinately improved, holding a great 

promise in next-generation transparent flexible electronics.  
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Materials and Methods  

MXene synthesis: Ti3AlC2 MAX phase (average particle size <40 µm, Y-Carbon, Ukraine) 

was etched using a minimally intensive layer delamination (MILD) method as described 

elsewhere [42]. After washing and purification step, multilayer MXene and unetched MAX 

phase were sonicated in water and under protective Ar flow using a bath sonicator for a 

short time (15 mins). Unetched MAX phase and multilayer MXene were then separated 

from single- and few-layered product by centrifugation at 1500 rcf for 30 min. The 

obtained supernatant was then centrifuged at 13000 rcf for 1h to separate water as much 

as possible, leading to a gel with ~8 wt.% solid content.  

Ink formulation: The highly concentrated gel was repeatedly (3 times) washed with 

either pure “good solvents” (e.g., NMP) or solvent mixtures (e.g., water + propylene glycol, 

20:80 wt. ratio) using ultracentrifugation (13000 rcf for 1h) to transfer the MXene to those 

solvents. After the last centrifugation step, the solid content was measured by drying and 

weighing method (repeated 3 times). Then, the required amount of the same solvent was 

added to adjust the composition of the inks. The composition of the ink for the main 

gravure printings (for all device fabrications) was adjusted to (3.2 : 33.1 : 40.2 : 23.5 wt. 

ratio MXene: water : propylene glycol : 1-propanol). 

Gravure printing: Printing was done using two printers a multifunctional sheet-to-

product printer C600 manufactured by nsm Norbert Schläfli AG, Switzerland, and a nsm 

Labratester (from the same company). To print TCOs a gravure plate was used which 

contained 8 different areas, engraved with 8 different cell sizes, denoted as 40, 50, 70, 90, 

110, 130, 160, and 210. The numbers correspond to the density of the engraved cells in 

designated areas in lines/cm (e.g., 40 lines/cm to 210 lines/cm). A laser engraved printing 

plate with small cell depth (similar cell volume as the 210 lines/cm area) was used for 

printing the interdigitated structures. 

Solid-state MSC fabrication. The as-printed Ti3C2Tx MXene interdigitated structures were 

coated with a layer of gel-like polymer electrolyte made of 3M sulfuric acid (H2SO4)-

poly(vinyl alcohol, PVA) gel electrolyte as described elsewhere [44].  
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Figure S4.1. Amplitude sweep test results of diluted inks (all good solvents: 0.5 

wt.% and co-solvent based inks 4 wt.%). 
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Figure S4.2. Digital photographs of gravure printed MXene films with (top) 

4wt.% GBL based (gamma-Butyrolactone) ink and (bottom) 2wt.% in GBL. 
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Figure S4.3. A nsm Labratester printing machine with a plate with two different 

cell densities.  
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Figure S4.4. Flow curves and amplitude sweep test results of main gravure 

printing ink (3.2 : 33.1 : 40.2 : 23.5 wt. ratio MXene: water : propylene glycol : 1-propanol). 
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Figure S4.5. Digital photographs of gravure printed TCOs on PET with different 

engraved cell densities. 
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Figure S4.6. (top) AFM and (bottom) SEM images of gravure printed MXene films. 
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Figure S4.7. UV-vis spectroscopy (transmittance plots) of various films with 

different transparencies.  
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Figure S4.8. Electrical and optical properties of the gravure-printed films as a 

function of film thickness.  
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Figure S4.9. Resistance vs. cyclic bending of the printed transparent films. 

 

 

 

Figure S4.10. UV-vis spectroscopy (transmittance) of MSCs with three different 

film thickness.  
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Figure S4.11. Long-term cycling of a gravure-printed MSC showing excellent 

capacity retention (98.8%) after 12000 cycles. Inset shows a typical GCD curve. 

 

 

 

 

Figure S4.12. Areal capacitance changes upon bending an MSC. 
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Figure S4.13. Electrochemical energy storage performance of (a, b, d: normalized 

CV; c, e, f: GCD) MSCs with different thicknesses (50 and 70 nm). 
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Figure S4.14. Comparison of electrochemical energy storage performance of 

gravure printed MSCs with different thicknesses (different number of print 

passes). 
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Conclusion and Outlook 

 

 

 

The development of additive-free dry-only inks would bring enormous advantages 

for high-throughput and cost-efficient printing of electronics. Room-temperature 

processable inks can also enable new applications and the integration of 

electronics into almost everything, from smart packaging to intelligent labels, and 

on-skin sensors. However, fulfilling the requirements of different printing methods 

without using additives for ink formulation is very challenging and needs 

innovative solutions. Owing to their unique morphology, rich and tunable surface 

chemistry, and diverse electronic properties, 2D materials can offer numerous 

possibilities for additive-free functional ink formulation. Some of these possibilities 

have been discussed in this work and several ink formulation strategies have been 

proposed.  

It has been shown that by understanding and controlling the interparticle and 

particle-solvent interactions, colloidal and rheological properties of 2D material-

based inks can be easily tuned over a broad spectrum. By proper selection of the 

carrier solvent, it is possible to formulate both liquid-type and gel-type inks while 

maintaining the other ink parameters (e.g., solid content) constant. The 

morphology of the nanosheets (i.e., flake size and number of the layers) has a 

strong impact on their interactions and therefore determines the rheological 

properties of the inks. When using larger flakes, formation of percolating networks 

of particles (within the ink) happens at lower concentrations, which imposes an 

upper limit for the processable solid contents. Such unique rheological properties 

can be useful for printing thin films but detrimental for thick film deposition. 
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The mechanical properties of the printed films or structures are also dependent 

on the morphology and exfoliation degree of 2D materials and should be optimized 

considering the requirements of different applications. Typically, single- or few-

layered nanosheets exhibit the highest level of adhesion (of the films) and cohesion 

(of the particles) but usually their production yield is very low, and in some 

applications, moderate mechanical properties are sufficient. Furthermore, 

decreasing the number of layers is usually associated with longer or harsher 

exfoliation processes that can lead to the fragmentation of the flakes or 

introduction of more defects. Since smaller flakes exhibit inferior electrical, optical, 

and mechanical properties, optimization of the exfoliation process is of great 

importance.  

The superiority of the additive-free 2D material-based inks for printing 

electronics has been demonstrated with a few demonstrator devices such as fully-

printed electrolyte-gated field effect transistor, co-planar microsupercapacitors, 

Joule heaters, etc. Additive-free inks can further be used for sensing and other 

electrochemical energy storage applications (such as batteries) which heavily rely 

on high surface area of their active materials. Investigation of such applications can 

be an important research direction for future works (e.g., directly printing sensors 

on skin for continuous healthcare monitoring or on food packages to enable smart 

packaging). 

Considering the strong dependance of the properties of the inks to the 

morphology and other characteristics of the nanosheets, it is necessary to optimize 

the exfoliation (or synthesis) parameters for every printing method and desired 

application. In spite of the extensive efforts devoted to the exfoliation of 2D 

materials, their large-scale production is still a big challenge, which impede their 

adoption for commercial ink formulation and printing of electronics. Therefore, 

developing novel exfoliation (synthesis) methods or improving the current 

techniques for increasing their yield and the quality (e.g., flake size and thickness) 

of the produced nanosheets should be a priority for the future research. Improving 

the quality of the printed films (e.g., better alignment of the sheets and higher 

compaction level) is another important research topic that can pave the way 

towards 2D-materials-based printed electronics. 
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