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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). In this work, by exploiting the unique properties of
2D materials, a universal strategy for the formulation of additive-free inks is
developed, in which the roles of the additives are taken over by van der Waals
(vdW) interactions. In this new class of inks, which is termed “vdW inks”,
solvents are dispersed within the interconnected network of 2D materials,
minimizing the dispersibility-related limitations on solvent selection. Further-
more, flow behavior of the inks and mechanical properties of the resultant
films are mainly controlled by the interflake 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

(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,®! which
implies that the concentration of the
nanosheets in the suspensions has an
upper limit above which the suspension
becomes unstable.! Nevertheless, high-
concentration suspensions (inks) are
necessary for the formation of percolated
particle networks,! and fulfilling the rheo-
logical requirements of high-throughput
printing and coating methods (e.g., high
viscosity). Regardless of their concentra-
tion, suspensions are thermodynamically
unstable, and particles tend to reduce
their surface energy by aggregation.l®l To
lower the rate of sedimentation, the sur-
face energy difference between the solvent
and the 2D material must be minimized,’!
which limits the choices of the dispersion-

demonstrated.

1. Introduction

With hundreds of discovered members, and thousands more
predicted, the big family of 2D materials exhibits an immense
range of physical and chemical properties.! Most of these
materials can be either synthesized by a solution-based method
or exfoliated from a layered crystal in a liquid.[?! In either case,
the final product is a suspension of 2D nanosheets in a solvent

media to a few solvents whose solubility
envelope may not be suitable for subse-
quent processing.

In conventional ink formulations, additives such as sur-
factants, binders, and rheology modifiers are used to address
the aforementioned problems and process the 2D material sus-
pensions into printable or coatable inks.”'% For instance, large
concentrations of polymeric binders (e.g., 70mg mL™! cellulose
acetate butyrate) are needed to increase the viscosity of gra-
phene inks to a level that is suitable for screen printing.™ Since
typical additives adversely affect the electronic properties (e.g.,
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conductivity) of the deposited materials®?! and reduce their
active surface area, it is crucial to remove them at the end of
the fabrication process.'>™ However, removal of the additives
requires thermal treatments (typically at 300-400 °C),'! which
often cannot fully recover the electronic properties (especially
for semiconducting materials), limit the choice of materials,
complicate the fabrication process, and increase the manufac-
turing costs.l"®) Most of the commercially available polymeric or
biodegradable substrates such as poly(ethylene terephthalate)
(PET), acrylonitrile butadiene styrene (ABS), poly(lactic acid)
(PLA), and paper suffer from low glass-transition or decom-
position temperature (usually <150 °C).78] 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.'”] Similar problems have been
observed with localized or selective heating techniques based
on intense-pulsed-light, microwave, or laser, which mainly
originate from fast release of gaseous decomposition products,
thermal shocks, or steep temperature gradients.’) Further-
more, 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?l)
can lead to drastic chemical degradation and loss of function-
ality. Therefore, development of room-temperature printable
2D materials inks can not only address the aforementioned
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challenges but also bring up new, and formerly inconceivable
possibilities.

2. Results and Discussion

Here we describe additive-free inks that exploit the unique
ability of 2D nanosheets to form percolating networks, accom-
modating 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 par-
ticles 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 (¢ > ¢y, the initial aggregated
dispersion (Figure 1a left) is an inhomogeneous mixture of
two phases with unstable rheological properties (Figure 1b)
that can neither be printed nor coated. To process such a dis-
persion into a printable or coatable ink with a steady flow
behavior (Figure 1b,c), and capable of forming a continuous
film (Figure 1a right), it is necessary to carry out a short and
gentle shear-treatment (e.g., by three-roll-milling). This shear-
treatment (y <1000s™') leads to a substantial and irrecoverable
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Figure 1. Structure and film-formation of aggregated 2D materials. a) Left: An aggregated graphene dispersion in NMP (1 vol%), capable of forming a
gel (6> ¢,c)); 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 disper-
sion. The huge irrecoverable drop in the viscosity during the ramp-up stage suggests a structural ordering. Curves (I1) and (Ill): 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 ¢ > ¢, and (right) the gel obtained after shear-treating the aggregated dispersion. e) Binary X-ray tomogram (scale bar:
40 um) and f) SEM image (scale bar: 2 um) of a freeze-dried graphene vdW ink.
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drop in the viscosity of the aggregated system (Figure 1b), indi-
cating the flattening and aligning of the crumpled or folded
nanosheets (Figure 1d and Video S1, Supporting Information).
This results in the formation of a gel (Figure 1c): a homogenous
dispersion of a liquid (solvent) within a solid phase (3D net-
work of nanosheets).

The ability of aggregated dispersions to form a film depends
on their solid content (volume fraction ¢ of the nanosheets).
Upon drying the ink after deposition, the percolated 3D net-
work which incorporates the solvent (Figure 1le,f) collapses, and
eventually, a uniform and continuous film is obtained. Lower
solid contents correspond to smaller interflake overlapping
areas and interaction sites between the aggregated nanosheets
(Figure S1, Supporting Information). When the composition of
the ink is close to the gel point (¢ = @), 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 drying-induced
cracking;?% Figure S1, Supporting Information). At lower con-
centrations (¢ < ¢gl), the 3D network disintegrates into aggre-
gated fractals, and convectional flows of the solvent carry them
apart (Figure S1 and Video S1, Supporting Information). 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.

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.?}! In almost all previously reported 2D-material-based
gel inks such as graphene-binder,l graphene oxide,*¥ and
MXenes, > gel formation can be mainly attributed to long-
range repulsions between the particles (due to the extended
electrical double layers or steric repulsion resulting from the
presence of functional groups or adsorbed/grafted surfactant
or polymer chains(?®)). Therefore, by successive addition of sol-
vent to these types of gels (dilution) a smooth sol-gel transi-
tion occurs, and a stable suspension is obtained.?#?%] However,
since gel formation in vdW inks is based on the vdW attrac-
tions and suspensions of pristine 2D materials are unstable
at concentrations close to the gel point, the dilution of gel
(below the gel point) leads to a phase separation (Figure S2 and
Video S1, Supporting Information). In stark contrast to binder-
based gel inks, adding binders to vdW inks actually decreases
their yield strength by weakening (interrupting) the interflake
vdW attractions (Figure S3, Supporting Information).

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 interac-
tions are indirectly studied by the highest concentration of the
2D material that is dispersible in a specific solvent.?3% Simi-
larly, 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.
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Gels are very fragile close to their gel points and their forma-
tion 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 (7)) and the volume fraction of the 2D materials
(7,= A¢", 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 (z,) at which
a thin layer of gel collapses under its own weight and esti-
mate the gel point (@) by extrapolation of the scaling relation
between 7, and ¢ (Figure 2c).

The critical yield stress (7.) for graphene gels was experi-
mentally determined by successive dilution of 4 different inks
to their gel points to be between 0.5-1 Pa. Based on this cri-
terion and using the extrapolation method (7, versus ¢), we
estimated ¢, for 15 different solvents (Figure S4, Supporting
Information). To find a relationship between the gel point and
the properties of these solvents, ¢, was plotted versus their
viscosity, surface tension, Hildebrand solubility parameter,
Hansen solubility parameter components, and Flory—-Huggins
parameter (Figure 2d and Figure S5, Supporting Information).
Surprisingly, the only clear trend was found when plotting @,
versus viscosity. When increasing the viscosity of the solvents,
the gel point decreases, which implies some unexpected con-
clusions. 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 S6,
Supporting Information).

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 2c) have significantly lower yield strengths for
equal volume fractions in a given solvent, which can be attrib-
uted to their lower number of interflake interaction sites (vdW
attractions). The gel points obtained for other 2D materials
(Figure S7, Supporting Information) are higher than in gra-
phene 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 (Figures S8 and S9, Supporting
Information), drawing a conclusion on the effect of the density
of the particles on 7, is not possible.

The strong dependence of 7, on morphological factors can
be used to evaluate the stability of the inks. Previous theoretical
studiesBY suggest that the removal of the last monolayer of sol-
vent 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 S10, Supporting Information) where we were unable to
observe any change in its yield strength (exfoliation degree).
Similar to other colloidal dispersions, phase-separation in the
vdW inks is thermodynamically inevitable; however, it is kineti-
cally inhibited especially at higher concentrations (¢ > 1.1 @y))

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 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 G”/G” = 1) for successive dilutions (vol%) of an NMP—graphene vdW ink obtained from the amplitude sweep tests.
c) The power-law relation between 7, and ¢ (G: graphene, LEG: less exfoliated graphene). d) Gel points obtained from the intersection of 7,=1 Pa and
7,= 0.5 Pa with extrapolation of the fitted lines in 7, versus ¢ 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 toward each other to reaggregate. j-I) Digital photo-
graphs of a terpineol—graphene vdW ink at three concentrations for flexographic printing (0.7 vol%) (j), screen printing (2 vol%) (k), and extrusion

printing (4 vol%) (I).

and can be neglected in practice (not noticeable even after 6
months). When ¢ = ¢, the internal structure of the gel has a
small elastic modulus and low cohesive energy density. In such
cases, especially under application of excessive external forces
(e.g., capillary forces in a tight container), the chance of phase
separation is higher. However, even if phase separation occurs,
the ink can be easily homogenized by simply stirring it for a
few seconds. The long-term stability of the gels was also con-
firmed by the frequency-independent responses of their elastic
and loss moduli at low frequencies in the frequency sweep tests
(Figure 2e).

Shear-thinning is an important requirement for printing and
coating with high viscosity inks. The viscosity (1) of vdW inks,
despite being very high at low shear rates (e.g., >100 Pa.s at
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rest), drops very fast when increasing the shear rate (y), and
follows the Ostwald—de Waele model (= Ky"™"; Figure 2f and
Figure S11, Supporting Information). The power-law index (n)
is a measure of shear-thinning behavior and smaller numbers
correspond to higher pseudoplasticity.’?) From the double loga-
rithmic plot of 77 versus y (Figure 2f inset), a power-law index
n = 0.17 is obtained which is smaller than for conventionall®’l
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 y =100s™") by varying the
solvent type and volume fraction of the 2D material, allowing
the rheological properties to be adjusted as required for dif-
ferent printing and coating methods (Figure 2f and Figure S11,
Supporting Information).

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Depending on the printing or the coating method, the as-
deposited films may have uneven thickness, discontinuity, or
high surface roughness. For instance in screen- or gravure-
printing, less or no ink is deposited at certain points because
of the mesh or the cell-walls, respectively. After deposition of
a pseudoplastic ink, its viscosity, which was decreased upon
the application of shear forces, rises back to its initial value as
the ink recovers its internal structure. A long enough recovery
time allows the height undulations to level out, unconnected
segments to merge, or rough surfaces to become smoother. On
the other hand, too long recovery times lead to uncontrolled
spreading of ink and loss of fidelity. Since various printing
or coating techniques require different levels of thixotropic
behavior, its optimization is of great importance for ink for-
mulation and high quality 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 2g,h).
Nevertheless, it should be noted that inks made with low vis-
cosity solvents show little thixotropy and only at compositions
close to their gel point. This limits the application of such inks
to deposition techniques that require little or no thixotropy
(e.g., an NMP—graphene ink is not suitable for screen-printing
but it is a perfect choice for extrusion-printing).

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 sol-
vent, the longer it takes for the nanosheets to move toward each

d HT-Graphene-EC
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other, rebuild the gel structure, and enable the ink to regain its
initial viscosity (Figure 2g). Lower solid contents correspond
to longer travel distances (longer time) and higher thixotropy
(Figure 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 fulfill the rheo-
logical requirements of common printing and coating methods
(Figure 2j-1).

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 attrac-
tions are present but their (collective) strength in non-2D mate-
rials and less exfoliated 2D materials gels is not sufficient to
replace the binders (Figure 3a—f and Figure S12, Supporting
Information). Owing to their unique morphology, 2D materials
can establish the largest amount of vdW interactions between
themselves and with the substrate (Figure 3a). Furthermore,
compared to other nanomaterials 2D materials can form more
efficient interlocks (between nanosheets) and their films can
reach higher packing levels (Figure 3b,c). As confirmed by their
X-ray diffraction patterns (Figure S13, Supporting Informa-
tion), after drying, pristine 2D materials can restack and form
semicrystalline structures (with substantial amount of vdW
interactions), which is not possible in the presence of residual
functional groups (Figure 3e). 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 mechan-
ical properties than their binder-based counterparts. In an
abrasive wear test (Figure 3f), under application of a 5 N force

] ® Graphene-EC
® HT-Graphene-EC
u Graphene-4500 rcf

Graphene-4500 rcf
Graphene-3500 rcf = 300-
Graphene-2500 ref
Graphene-1§500 rcf

Worst tested vdW ink
Best tested 0D/3D material

; - -600-
Best tested 1D material |
051 2 3 4 5 1000 2000 3000 4000
Load (N) Width (um)
- i =
WSe, InSe SnS  Graphene RGO

Figure 3. Cohesion and adhesion of additive-free gels. a—c) Cross-sectional SEM images of graphene (scale bar: 1 um) (a), ZnO nanowires (scale bar:
5 um) (b), and ZnO nanoparticles (scale bar: 2 um) (c) films made with additive-free gels. d) Abrasive wear test results. Top: Comparison between
adhesion of heat-treated (at 300 °C for 1 h) 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 is 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 reduced graphene oxide (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).
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(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.

It should be noted that in applications where the printed
structures are exposed to frequent wear and abrasion, applying
a protective top layer (e.g., a photocurable polymeric coating,
which will not affect the electronic properties) would be nec-
essary (similarly for heat-treated binder-containing films).
It is also worth mentioning that, even adding a very small
amount of binder (e.g., 0.05-0.1 wt.%; significantly less than
the amount that is used in formulation of additive-containing
inks") to vdW inks can significantly improve the robustness
of the films while having minimal impact on their conductivity.
This is due to the fact that the colloidal and rheological proper-
ties of the vdW inks, as mentioned earlier can meet the require-
ments of the printing methods even without the addition of
additives, and hence, even very small amounts of binder can be
sufficient for formulation of inks with excellent printability and
electrical performance. In contrast, in traditional ink formula-
tions, binders play other roles such as adjusting the rheolog-
ical properties (e.g., increasing viscosity), which require much
larger amounts of binders to be added.

Considering the strong dependence of the mechanical
properties and adhesion of the additive-free films on the exfo-
liation level of the 2D materials, it is crucial to use single or
few-layered flakes for the preparation of the vdW inks. How-
ever, in exfoliation suspensions, which typically contain flakes

.
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with different thicknesses and lateral sizes, the few-layered
nanosheets have the highest colloidal stability and the lowest
concentration.?¥ Because of their high stability, separating
well-exfoliated nanosheets and increasing their concentration
to above gel point is very challenging. Low-pressure evapora-
tion-based methods (e.g., in a rotary evaporator) are extremely
energy- and time-consuming since the main exfoliation sol-
vents (e.g., NMP) have high boiling points. High-temperature
evaporation can lead to the oxidation/degradation of the sol-
vents® or 2D materials.l*® Filtration- and ultrahigh-speed cen-
trifugation-based”) methods have low yields and can only pro-
cess small amounts of suspensions. Polymer-assisted extraction
techniques® 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 devel-
oped (Figure S14, Supporting Information). For this purpose,
after exfoliation of 2D materials and separation of less exfoli-
ated particles (using centrifugation), well-dispersed nanosheets
are extracted by forming an emulsion within the exfoliation
suspension (see Experimental Section). To reduce the resulting
huge interfacial energy, the nanosheets move to the interface
of the emulsion microdroplets and cover their surface.?® 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 emulsionl*”! (Figure 4). Due to the den-
sity 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 4b—d). Since

Figure 4. Interface-assisted extraction of 2D materials. a) Formation of a graphene-based Pickering emulsion. From left to right: Toluene is added
to a graphene—-NMP suspension; water is added to initiate the Pickering 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 microdro-
plets 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 semitransparent to increase the visibility of the asymmetric
microdroplets (scale bar: 130 um). c) Count and volume of the asymmetric microdroplets of Pickering emulsion in the middle phase (in the three-phase
system shown in (b) increases from one interface toward the other one. Inset: An asymmetric microdroplet in a non-thermodynamically stable state
(metastable state; scale bar: 40 um). d) Schematic illustration of three stages of the deep-metastable-emulsion formation.
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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 (12 500 rcf for
graphene; Figure S15, Supporting Information). By collecting
the highly concentrated middle phase (the Pickering emulsion)
and adding a mutual solvent (miscible with both liquid compo-
nents of the emulsion), aggregated nanosheets precipitate and
can be separated, purified, and used for the preparation of vdW
inks (see Experimental Section). A mutual solvent (in which all
the liquid components of the Pickering emulsion are miscible)
is needed for the first step of the purification process; however,
the precipitated nanosheets can be later transferred to any other
solvent by either successive washing (using centrifugation)
in the target solvent, or by evaporation of the mutual solvent
(when the target solvent has a higher boiling point).

It is worth mentioning that the highly concentrated precipi-
tates of 2D materials (obtained from the IAE method), in addi-
tion to formulating vdW inks, can be used for the production of
suspension-type (e.g., an inkjet printing ink) or additive-based
inks (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 point sol-
vent 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 gra-
phene-reinforced polymeric composite).

Concentrates of 2D nanosheets can be produced by the IAE
method from any stable suspension, regardless of the exfo-
liation method (e.g., ultrasonic, or high-shear mixing) and/
or the utilized solvents (i.e., single solvent (such as NMP) or
co-solvent systems (such as water—isopropyl alcohol (IPA))). In
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the majority of the exfoliation methods, a trade-off should be
made between the quality of the nanosheets and their produc-
tion output; longer exfoliation time leads to higher exfoliation
yield but smaller flake size with more defects. While a relatively
long exfoliation process has been used in this work (adapted
from ref. [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 process can be com-
mercially justified since all the solvents that are used for the
IAE method can be easily recycled either by phase separation or
distillation. It should be also mentioned that other immiscible
solvent systems can be used for the IAE method as well, some
of which are provided in Table S2, Supporting Information.

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 5a, Figure S16 and Video S2, Sup-
porting Information). Conductive electrodes and interconnects
are indispensable parts of electronic devices and are arguably
the most-used components.*! Flexible and robust graphene
films (8% resistivity increase after 18 000 bending cycles,
Figure 5b and Figure S17, Supporting Information) with low
sheet resistance (as low as =3 Q o7, Figure 5c) were success-
fully 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.l 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*! (e.g., NMP)

e 22

1E-3] -
< 1562

1E-4] -
£ 1E2)

(8]

1E-5] E
5 5E3]

1E-6] o

0 i : , B\
-1 -08 -06 -04 -02 0

Source-Drain bias (V)

4 05 0

A5
Gate bias (V)

-2

Figure 5. Applications of the vdW inks. a) Left to right: 1) Slot-die coated propylene glycol-graphene vdW ink (0.5 vol%, 7, =1.6 Pa) on a PET sub-
strate (size of the substrate: DIN-A5). 2,3) Gravure and flexographic printing of a 0.7 vol% (7, = 2 Pa) terpineol-IPA—graphene vdW ink (Terpineol:IPA
80:20) on glossy photo paper and PET substrates (respectively). 4) Extrusion printed 8 vol% NMP-WSe, 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 WSe,-based
electrolyte-gated FET with graphene source/drain/gate electrodes (Inset in (d): schematic representation of the device architecture).
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and thermal instability even at low temperatures (T, = 62 °C for
amorphous PLAM). It should be noted that while slightly lower
resistivity values (e.g., =1 Q O7) have been previously reported
for additive-containing inks,!! they require additional treat-
ments (thermal®! and/or mechanicall")) 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.*>4!

The large number of interparticle junctions in particle-based
films is the main limiting factor for electric charge transport
in nanosheets with high carrier mobility. Therefore, usually
relatively thicker films (compared to non-particulate films)
are needed to obtain acceptable electrical properties.>*! This
highlights the importance of high-throughput deposition
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)). 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 cm? V-1 s7! (Figure 5d,e, Note S1 and Figure S18, Sup-
porting Information), were fully printed at room-temperature
on PET substrates with graphene and WSe, vdW inks. The
majority of previous reports on printed 2D materials-based
transistors, are either fabricated with a different device archi-
tecture and/or materials combination (e.g., metallic source-
drain, or MoS, 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 coatingl¥*)), making
it difficult to benchmark our results. However, we believe that
further improvement of the figures of merit would be possible
by optimization of the exfoliation methods or development
of new techniques to obtain nanosheets with a larger flake
size.l¥]

3. Experimental Section

Exfoliation of 2D Materials: Graphite, MoSe,, WSe,, SnS, and
InSe powders were added to NMP, and MoS,, and WS, 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)
were not optimized in this work and were chosen according to the
literature.*34 In principle, vdW inks can be produced from any
additive-free suspension of pristine 2D materials; 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 was the broad aspect-ratio-distribution of the
produced nanosheets, and the low yield of the single-layer flakes
(typically <10%).5034 However, in most of the applications such as
FETs,P"32 and printed interconnects,®® 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 was 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
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3500 rcf (MoS,;, MoSe;, WS,, WSe,, SnS, and InSe) for 30 min, and the
supernatants were collected (Figure S14, Supporting Information). 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). RGO was obtained by a modified
Hummers method as described elsewhere .3l

Preparation of 2D Materials Concentrates via Interface Assisted Extraction
(IAE) Method: For NMP-based suspensions (graphene, MoSe,, WSe,,
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 S14, Supporting
Information). For MoS, and WS, 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. The authors have used two different solvent systems
(single (NMP) and cosolvent (water—IPA)) to demonstrate that the IAE
method can be used for any 2D material suspension and the process
was independent of the exfoliation method.

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. An alternative technique, which was suitable for small amounts
of inks and/or low viscosity inks has been demonstrated in Video S3,
Supporting Information.
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Supporting Information is available from the Wiley Online Library or
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