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MXene Inks for High-Throughput Printing of Electronics

Sina Abdolhosseinzadeh, René Schneider, Mohammad Jafarpour, Céline Merlet,
Frank Niiesch, Chuanfang (John) Zhang,* and Jakob Heier*

MXene inks are promising alternatives for conventional conductive inks in
printing electronics. However, the formulation of MXene inks is challenging
due to the physicochemical properties of the few solvents in which MXenes
can be dispersed. Furthermore, conventional MXene dispersions form
high-viscosity gels at low concentrations, making their ink formulation even
more difficult. Here, a novel co-solvent-based approach is reported for
dispersing MXenes in polar organic solvents that have excellent
physicochemical properties as a carrier solvent for ink formulation but are not
suitable for dispersing MXenes. Water is used as a dispersing agent and the
second component of the co-solvent system. The surfactant-like role of water
in dispersing MXenes in such solvents is also confirmed using molecular
dynamics simulations. Using this strategy, the sol-gel transition is significantly
upshifted, enabling the formulation of highly concentrated inks with single- or
few-layered large-flake MXenes. Numerous types of electronic components
such as interconnects, resistors, transparent flexible conductive electrodes,
and micro-supercapacitors are fabricated using high-throughput coating and
printing techniques such as gravure printing, showcasing the immense
potential of MXene inks for room-temperature printing of electronics.

1. Introduction

High-throughput coating and printing techniques are potential
solutions to the growing demand for low-cost and large-scale
fabrication of electronics. However, the success of these meth-
ods relies on the availability of functional inks that meet sev-
eral strict requirements.l'! These requirements range from safety
and environmental concerns to cost-effectiveness and practical-
ity. Currently, conductive components are mainly printed using

metallic-nanoparticle-based inks (e.g., sil-
ver (Ag) and copper (Cu)); however, due
to their cost and environmental issues,
there is a great need for alternative con-
ductive inks. Furthermore, metallic inks
often require high-temperature thermal
post-treatments, which significantly limit
their application and increase the overall
production cost and complexity. For some
applications such as printed electrolyte-
gated transistors, most metallic nanopar-
ticles (including both Ag and Cu) are not
suitable due to their chemical instabil-
ity (corrosion).l) The discovery of MX-
enes, a large group of two-dimensional
materials, has made significant impacts
on various fields of science and technol-
ogy, and has great potential for revolu-
tionizing the fabrication of electronics.l®’
Endowed with a plethora of functional
groups, MXenes exhibit remarkable col-
loidal stability and film formation abil-
ity, alongside outstanding electrical, opti-
cal, and mechanical properties.[*] These
extraordinary characteristics make them an exciting prospect
for addressing the aforementioned challenges in functional
ink formulation and enabling high-throughput printing of
electronics.®!

MXenes are primarily synthesized in water-based solutions
and are also most effectively dispersed in water.[®] Although wa-
ter is a safe, environmentally friendly, and cost-effective choice as
a carrier solvent for MXene ink formulation, it cannot meet the
strict requirements of several important industrial printing and
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coating techniques, this is because water has a high surface ten-
sion, which causes various wettability issues. Moreover, aqueous
MXene dispersions exhibit very high viscosities even at very low
MXene concentrations. This problem is more intensified when
single- or few-layered flakes are used for the ink formulation. For
instance, gravure printing, which can offer production outputs as
high as 10 m s™! (when performed in a roll-to-roll manner),/”) re-
quires low-viscosity and low surface tension inks that can easily
fill the cavities (engraved cells) of the gravure cylinder.!®) Another
example is inkjet printing, where ink jettability (i.e., the stable
formation of droplets with proper shapes) depends heavily on vis-
cosities and surface tensions.

One of the most challenging issues related to the viscosity of
the inks, which is encountered in all contact printing methods
(including gravure printing), is the Saffman-Taylor instability,
also known as viscous fingering. During the ink-splitting stage,
when the ink is transferred from the roll to the substrate, the
ink (which has a higher viscosity than air) is displaced by air in
a non-uniform way, resulting in the formation of characteristic
finger-like patterns®! and the deterioration of optical and electri-
cal properties of the deposited films (e.g., detrimental for trans-
parent electrodes).l’ Unfortunately, no fully successful solution
has been developed for this problem yet; but, it has been found
that by using inks with low viscosities, small storage moduli,
and high vapor pressures,”1! the formation of such branched
patterns can be mitigated, or the thickness undulations can be
mostly leveled out.

In order to formulate inks with low surface tension, a com-
mon method is to use carrier solvents that have low surface
tension. Extensive research has been conducted on the dis-
persibility of MXenes in a variety of organic solvents. However,
it has been found that only a limited number of polar solvents,
commonly referred to as “good solvents” such as N-methyl-2-
pyrrolidone (NMP), dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO), can form stable dispersions with high enough
concentration for practical applications.!'!]

While some of the organic MXene inks formulated using
“good solvents” can address the surface tension issues, adjust-
ing their rheological properties is still a big challenge. Due to
the unique morphology of the single- or few-layered MXenes
(i-e., very high lateral dimensions-to-thickness ratio), particle
jamming occurs at extremely low concentrations (in aqueous
dispersions). Furthermore, a very steep rise in the viscosity of
such dispersions is observed by small increases in the concen-
tration of nanosheets. Above a critical concentration (still low),
due to the formation of a volume-spanning percolating network
of nanosheets, the dispersions exhibit a gel-type flow behavior.!1?]
This sol-gel transition (liquid-to-gel transition) takes place at sig-
nificantly lower concentrations when “good solvents” are used for
the formulation of MXene inks. Therefore, using conventional
MXene ink formulation strategies, low-viscosity liquid-type inks
(with low storage modulus) can be obtained through either very
low concentrations or by utilizing low-aspect-ratio flakes (small
or multilayer flakes).l213] Nevertheless, low-solid-content inks
are not ideal for efficient printing because satisfactory electrical
properties (e.g., electrical conductivity) require multiple overlayer
printing passes (sometimes up to 40 passes).['*] This can be time-
and energy- consuming, and it can also damage the previously
printed layers.['>) While the application of small or multilayer
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flakes is proven to be an effective solution, it comes at the cost
of inferior electrical, optical, and mechanical properties. There-
fore, high-throughput and efficient printing of high-quality MX-
ene films and structures is still a major challenge.

In this work, we present a new technique that allows for
the formulation of highly concentrated, low-viscosity, and low-
surface tension inks suitable for a variety of printing methods
including inkjet-, aerosoljet-, flexographic-, and gravure-printing
(Scheme 1). This method involves the use of water or a “good
solvent” as a dispersing agent to disperse MXenes in a differ-
ent category of polar solvents, such as acetone, ethanol, ethy-
lene glycol (EG), propylene glycol (PPG), etc. These solvents are
incapable of forming highly concentrated stable dispersions of
MXene in their pure form and are therefore referred to as “bad
solvents”.['!l To produce such concentrated dispersions and avoid
the typical rheological problems of the MXene dispersions, it is
important to limit the water content to ~20-30 vol.% (depend-
ing on the selected “bad solvent”). In other words, when the wa-
ter content is below this critical threshold, MXene nanosheets
aggregate and precipitate, while dispersions with higher water
content exhibit similar rheological properties as MXene disper-
sions in good solvents. By employing this strategy, the forma-
tion of the interconnected matrix of flakes is disrupted, requir-
ing substantially higher MXene concentrations for the gel forma-
tion (the shift of the sol-gel transition to higher concentrations;
see Figure S1, Supporting Information). These findings also hold
relevance for the development of ink formulations suitable for
printing and coating methods that are compatible with or ne-
cessitate high-viscosity inks, such as screen printing and blade-
coating, especially when depositing thick films (high solid con-
tent inks). This significance arises from the rapid viscosity in-
crease of MXene dispersions in conventional solvents when in-
creasing their concentration, which consequently limits the ink’s
printability/coatability and the maximum achievable solid con-
tent.

2. Results and Discussion

In Figure lab, the rheological properties of the developed
cosolvent-based MXene dispersions are compared to their good-
solvent-based counterparts. MXene dispersions (4 wt%) in
PPG and water mixture (80:20 weight ratio) exhibit shear-
thinning behavior. The viscosity of the dispersions is as low as
10 mPa.s at a shear rate of 1000 1/s. This low viscosity enables the
formulation of high-concentration inks consisting of large single-
/few-layer flakes (Figure 1c—e). Unlike the liquid-like behavior of
PPG-water-based inks, MXene dispersions in good solvents, with
similar MXene concentrations and particle sizes, exhibit semi-
solid-like (gel) rheological properties with large storage moduli
and very high viscosities.

To minimize the viscosity of the cosolvent-based inks, the
volumetric ratio of water (or the good solvent) to the bad sol-
vent should be minimized (without destabilizing the dispersion).
However, adjusting this ratio allows for precise control of the
ink’s flow characteristics, which is essential for different meth-
ods of processing, such as gravure printing. Additionally, the
ink’s key attributes, like surface tension, drying behavior, qual-
ity and uniformity of the dried films, and their adhesion to dif-
ferent substrates, can also be finely tuned by changing the type,
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Scheme 1. Schematic illustration of roll-to-roll gravure printing of MXenes.

composition (it can consist of multiple bad solvents), and propor-
tion of the components of the cosolvent system (Figure 1f).

The Saffman-Taylor instability is a major and prevalent issue
in all contact printing techniques.l'®! Since it is virtually an un-
avoidable phenomenon and there is no fully effective solution de-
veloped for it yet, in practice efforts are often made to minimize
the associated inhomogeneities and adverse effects. These miti-
gation efforts consist of meticulous optimization of both printing
parameters and ink characteristics.[’! The optimization of pro-
cess parameters and ink properties can be achieved through a
combination of experimental and numerical studies. Iterative ex-
perimental studies are used to determine the effects of differ-
ent process parameters and ink properties on viscous fingering
and numerical studies are used to simulate the fluid flow during

www.advelectronicmat.de

High-throughput

printing MXenes

printing and to predict the formation of finger-like structures.
The characteristic size of the fingers (4) is given by the ratio of
the film thickness (h) to the square root of the capillary number
(C.), 4 = h/+/C,I"® Therefore, the effect of the instability can be
minimized when either A is very large (4 — o) or very small (1 —»
0).1°] The two main approaches for obtaining a homogeneous film
are to increase the film thickness (h) and/or to decrease the capil-
lary number (C, = #v/o where 7 is ink’s viscosity, v is meniscus
velocity, and o is ink’s surface tension). Itis important to note that
minimizing the capillary number can improve film quality, but it
can come at the expense of lower printing resolution.!®) There-
fore, there is a trade-off between the quality of the film (area) and
the fine features that can be printed. The optimal trade-off will
depend on the specific application.

5
a 10° b 10 4 wt.% MXene c
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Figure 1. a) Amplitude sweep test results and b) flow curves of MXene inks (all 4 wt%) with different carrier solvents. 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).
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Figure 2. Dependence 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 €) Interdigitated structures printed with a nsm Norbert Schlifli AG Labratester and f) Conductive
electrodes printed with the nsm Norbert Schlafli AG C600 printer. g) Left: Digital photograph of a conductive electrode printed on a PET substrate (LPC

210), and right: SEM image of the same film.

The variations in height due to viscous fingering lead to op-
tical inhomogeneities of the deposited films that are observable
in optical microscopy (OM) images. For a quantitative analysis of
the film’s uniformity, the OM images of the printed films were
transformed into binary format, and the count of black and white
pixels was determined (Figure 2a). A greater percentage of black
pixels indicates a more consistent coverage, signifying fewer de-
fects or variations in thickness. Based on this criterion, mini-
mal viscous fingering occurs at the lowest viscosities and capil-
lary numbers (within the studied ranges). This observation aligns
well with earlier studies. Despite attempts to use conventional
MXene inks made with good solvents, we were unable to success-
fully print films and structures even after several dilutions and
extensive printing parameter optimizations (Figure S2, Support-
ing Information). While maintaining a constant printing speed
and ink viscosity, we evaluated the effect of film thickness by us-
ing plates of varying cell densities (Figure S3, Supporting Infor-
mation). A plate with a higher cell density has a lower available
cell volume and hence can deposit thinner films. Notably, reduc-
ing the cell density enhances the quality of the printed films, as
shown in Figure 2b,c, verifying the effectiveness of the strategy
described earlier.

As mentioned earlier, additional solvents can be used in the
cosolvent systems (more than two) to adjust the properties of
the inks more precisely for every specific substrate and printing
method. In this regard, we added a small amount of 1-propanol
to optimize the surface tension and flow behavior of the ink
(Figure S4, Supporting Information), resulting in an excellent
spatial uniformity (~1.3% for a ~437 pm line; Figure 2d). Ink
spreading plays an important role, particularly in fine feature
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printing, where spatial expansion must be avoided to maintain
fine structures and gaps. As shown in Figure S5A (Supporting In-
formation), lines down to 100 um nominal width can be printed
with the setup used in this work. These lines, printed as inter-
digitated electrodes, have very low heights (30—40 nm) and thus
enable large-scale printing of transparent electronics (intercon-
nects, resistors, supercapacitors, etc.).

The origin of the better dispersion of MXenes in mixtures of
water, as the good solvent, and glycols, as the bad solvents, com-
pared to their pure counterparts was investigated through molec-
ular dynamics simulations. Four layers of Ti, C,(OH),,!*”] used as
a representative MXene material, were immersed in either pure
solvent (water, EG, and PPG) or mixtures (see Figure 3). The mix-
tures were chosen close to experimental systems: i) a PPG and
water mixture (80:20 volume ratio), and ii) an EG and water mix-
ture (84:16 volume ratio).

The ability of the liquids to disperse the MXenes was evaluated
through the volume of solvent present in the interlayer space. In-
deed, a larger volume will tend to increase the distance between
layers and ultimately disperse the MXene material. In agreement
with experimental results, water, and the solvent mixtures lead to
alarger volume of liquid in the interlayer space. Looking closely at
the organization of the solvent molecules in the interlayer space
(see Figure 4), it appears that the strong interactions between
water molecules and the charged surface functional groups of
the MXene results in the formation of a water-rich layer on the
surface of the nanosheets, acting as a dispersing agent for sus-
pending MXenes in water-miscible organic solvents. This ten-
dency of water molecules to interact strongly through hydrogen
bonding!'®1%1 pushes the organic solvent away from the MXene

2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. a) Snapshot of the simulation box for the Ti; C, (OH), MXene immersed in a PPG (80% vol) — water (20% vol) mixture. The MXene material is
represented as sticks and balls with carbon atoms in light blue, titanium atoms in pink, oxygen atoms in red, and hydrogen atoms in white. Molecules
are represented with the same colors but with a superimposed green color for PPG and dark blue color for water. A representation for EG, simulated in

other systems not shown here, is given for information. b) Total volume of molecules adsorbed in the interlayer spacing for different liquids. The pure
water and mixtures lead to larger volumes of adsorbed molecules.
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Figure 4. a) Atomic densities for the oxygen atoms of water molecules in the interlayer spacing for pure water (dark blue) and in the PPG-water mixture
(light blue). Upon mixing, the density of water molecules in the center of the interlayer spacing decreases while it increases at contact with the MXene
material. b) Atomic densities for the carbon atom bound to oxygen atoms of PPG molecules in the interlayer spacing for pure PPG (dark green) and in the
PPG-water mixture (light green). Upon mixing, the density of PPG molecules in the center of the interlayer spacing increases slightly. c) Atomic densities
in the PPG-water mixture showing a preferential adsorption of water molecules in contact with the MXene material relative to PPG. d—f) Snapshots
showing the local organization of the molecules in the interlayer spacing, illustrating the configurations leading to the atomic densities in (a—c).
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Figure 5. 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~%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 TCE. f) Digital photograph of a TCE under bending test. g) Resistance changes of films with different transmittance upon cyclic

bending test.

surface which can then accumulate in larger quantities in the in-
terlayer space.

Using these high-concentration MXene inks, we successfully
showcased scalable, high-throughput gravure printing of various
films and structures, all of which exhibited remarkable optical
uniformity (as depicted in Figure 5e—g; Figure S5B, Supporting
Information). The resulting printed films possess an exception-
ally smooth surface, with a roughness average (R,) ranging from
5 to 15 nm as measured by AFM. In such smooth films, resolv-
ing distinct morphological structures or features requires high-
resolution techniques like SEM and AFM (Figure S6, Supporting
Information). In that respect, AFM imaging confirms the con-
tinuous nature of these films, comprised of both single-layered
sheets and multi-layer stacks. Notably, the multi-layered sections
often don’t lay parallel to the substrate, highlighting the impor-
tance of the application of single-layer large-flake MXenes for ink
formulation and printing/coating transparent conductive elec-
trodes (TCEs).

We further explored the optical and electronic properties of
the printed transparent MXene films. Using different gravure
cell densities, we were able to change the thickness of the
films, which in turn affected their transmittance (T, measured
at 550 nm). This transmittance varied from as low as 11.3% to
as high as 95.3% for a single-layer print (<N> = 1, as shown
in Figure S7, Supporting Information). By associating the film
thickness (t) with their respective transmittance, we calculated
an optical conductivity (o,,) of 680 S cm™, as illustrated in
Figure 5a and Figure S8 (Supporting Information). Notably, al-
though within a comparable range, this value surpasses previ-
ously reported figures.[20-21]
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Analyzing transmittance (T) versus sheet resistance (R,) re-
vealed considerable differences between our gravure-printed MX-
ene films and other traditional non-printed ones (Figure 5b). The
gravure-printed films exhibited significantly lower R, when com-
pared to spray-coated counterparts, but were very similar to the
top-performing spin-coated MXenes. This can be attributed to
the enhanced compactness, better flake alignment, and smoother
surface of the printed films.[?! For context, at a transmittance
level of 88%, our gravure-printed MXene films showed an R
of 4950 Q sq~!. This number dropped to 480 Q sq~! when the
transmittance was 76%. In contrast, spray-coated Ti,C, T, films
with similar transmittance levels presented R, values of 48 and
8kQ sq7!, respectively.??] Furthermore, the relationship between
T and R, conforms well to bulk behavior, suggesting the printed
MXene films have percolation issues only in the high trans-
parency, high sheet resistance regime. This is where the ob-
tained data deviate from linearity in the (T~%°-1) versus R graph
(Figure 5¢).2]

Using R, and T, it is possible to determine the electrical con-
ductivity (i.e., DC conductivity, oc), which spans between 1760
and 4930 S cm™!, averaging ~4000 + 500 S cm~! (Figure 5d;
Figure S8, Supporting Information). The ratio of op to o, is
an important figure of merit for the evaluation of TCEs, which
has an average value of 6.5 for our gravure-printed films (Figure
S8, Supporting Information), outperforming their best-printed
counterparts by nearly two orders of magnitude.?!l It's worth
noting that since the measurements of the electrical properties
of all MXene films were carried out in air (instead of dry N,),
and considering the detrimental effect of oxygen/humidity on
the electronic properties of MXenes,?*l the intrinsic o — and
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Figure 6. a) Temperature-time curves of printed transparent Joule heater at different voltages. b) Temperature profile upon stepwise 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. €)

Temperature changes and long-term performance of the same Joule heater.

consequently the opc/0,, ratio — might actually surpass the
measured figures.

The exceptional performance of the printed films becomes
even more pronounced when factoring in the speed and scale
of their production, compared to methods such as spin-coating.
These attributes position this approach as a promising candidate
for the cost-effective manufacturing of TCEs on widely used com-
mercial substrates, such as PET or even PLA. A practical mani-
festation of this great potential is the electroluminescent device
fabricated with a gravure-printed MXene TCE (Figure 5e). These
gravure-printed films exhibit excellent mechanical resilience, re-
gardless of their transmittance metrics, which is evident from
their consistent resistance, even after ~200000 repetitive bend-
ing cycles (Figure 5f,g; Figure S9, Supporting Information).

Gravure-printed MXene TCEs excel in applications that de-
mand both high electrical conductivity and optical transparency
(in the visible range), making them suitable for devices like
transparent Joule heaters intended for wearable thermotherapy
pads. These heaters play a vital role in addressing age-associated
medical conditions, such as alleviating symptoms of rheumatoid
arthritis, muscle spasms, and inflammation.[?>2%] They provide
the benefit of heat-induced therapeutic effects, enhancing blood
circulation and other benefits, without obscuring visibility, which
can be a decisive factor for their widespread adoption and daily
applications. However, conventional transparent Joule heaters of-
ten face challenges, including complex manufacturing processes
or the need for high operating voltages paired with sluggish ther-
mal responses,?’] largely due to the earlier-mentioned percola-
tion issues. In contrast, especially when compared to graphene-
based transparent Joule heaters,?8] the gravure-printed MXene
films demonstrate impressive thermal response rates (<20 s).
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They can achieve temperatures of 40, 50, 61, 78, and 102 °C at
respective input voltages of 10, 15, 20, 25, and 30 V (Figure 6a).
These input voltage requirements match well with the leading
state-of-the-art transparent Joule heaters.[?"]

Figure 6b demonstrates the heating behavior of the printed
MZXene TCEs for increasing input voltages, starting at 15 V. No-
tably, the film exhibits a rapid thermal response during both the
heating and cooling phases as the voltage changes. This behavior
demonstrates the film’s efficient thermal properties. Regarding
thermal efficiency, which is a critical metric for heaters,?% the
recorded value was 185 °C (W cm=2)~!. This is comparable to val-
ues observed in modified hydrophobic MXene films.[?] Further-
more, the printed MXene films displayed excellent cyclic heat-
ing stability. The consistent peak temperatures and swift thermal
response during voltage variations (Figure 6d) underscore their
reliability. Continuous application of an input voltage of 20 V
over a duration of 5 h showed minimal temperature deviation
(Figure 6e), further verifying the stable resistive heating perfor-
mance of the transparent gravure-printed MXene films.

Gravure-printed MXene films, with their exceptional mechan-
ical, optical, and electrical characteristics, hold great potential
for use in flexible transparent energy storage devices as well.
So far, transparent supercapacitors fabricated using materials
like carbon nanotubes, graphene, or conductive polymers>1-3
have either low areal capacitances or poor rate performances,
particularly due to high sheet resistances when aiming for high
transparency. This combination inevitably results in suboptimal
energy and power densities. However, the MXene films pro-
duced through room-temperature printing manifest inherent
conductivity without the typical percolation issues. This allows
for the development of superior transparent supercapacitors that

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. 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.

leverage the pseudocapacitive characteristics of MXenes. Rather
than following the traditional sandwiched designs of superca-
pacitors, our approach utilized a coplanar micro-supercapacitor
(MSC) configuration. Such a design accelerates ion transport ki-
netics and, owing to its interdigitated electrode structure pro-
vides enhanced device transmittance for a given electrode thick-
ness. In our study, we evaluated three such gravure-printed solid-
state MSCs, each with varying electrode thicknesses: 30, 50, and
70 nm. These corresponded to transmittances of 84.3%, 78.1%,
and 75.2%, respectively (Figure S10, Supporting Information).

The normalized cyclic voltammograms (CV) at different scan
rates demonstrate highly pseudocapacitive behavior and out-
standing power handling abilities, especially in the 30 nm device.
This is emphasized by its near-rectangular (slightly deviated) CV
shape at a scan rate of 5 V s7! (Figure 7a). Galvanostatic charge—
discharge (GCD) tests further reveal the high-rate performance of
the device, with symmetric, linear curves observed even at a cur-
rent density of 200 pA cm~2 (Figure 7b). The areal capacitances
(C/A), as derived from both CV and GCD, are in close agreement,
indicating a value of 0.5 mF cm™2 at 10 mV s7! or 2 pA cm 2. Im-
pressively, the capacitance remains at 0.18 mF cm™ even when
the scan rate is increased by a factor of 500 (Figure 7c). The high
C/A, combined with remarkable mechanical robustness and en-
during lifetime in the 30 nm MSC, with a capacitance reten-
tion of 98.8% after 12000 charge—discharge cycles, highlights the
promising potential of printed MXene-based MSCs for applica-
tions in transparent flexible electronics (Figures S11 and S12,
Supporting Information).

When the thicknesses of the films are increased, it leads to the
formation of more robust metallic networks, in addition to pro-
viding more pseudocapacitive sites that enable reversible redox
reactions (Figure S13, Supporting Information). This results in
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an increase in areal capacitance and enhanced rate capability, as
demonstrated in Figure 7d,e, and Figure S13 (Supporting Infor-
mation). For example, the 70 nm MSC reaches a maximum C/A
of 1.2 mF cm™?, surpassing the 50 nm MSC’s 1.0 mF cm™ at a
scan rate of 10 mV s~! (Figure 7e). By utilizing a classical and sim-
plified model to analyze the rate performance of the MSCs, 23]
it is possible to derive both the intrinsic capacitance (C,) and the
time constant (7). This model aligns well with the observations
across the three MSCs (Figure 7e), and it showcases the highest
C, along with the lowest 7 in the 70 nm thick MSC (Figure 7f).
Notably, the = values of 89 ms in the 70 nm MSC and 110 ms in
the 50 nm MSC underline the excellent power handling in these
solid-state printed MXene-based MSCs. The high-rate response
rates of these MSCs are further confirmed by electrochemical
impedance spectroscopy (EIS), with similar r values observed at
different knee frequencies, as detailed in Figure S14 (Supporting
Information).

Our gravure-printed MXene-based MSCs set a benchmark,
surpassing many of their counterparts in terms of transmittance
to areal capacitance ratio, as well as both energy and power den-
sity. These gravure-printed MSCs uniquely combine high trans-
mittance and areal capacitance, a combination seldomly observed
in prior studies, especially those based on graphene or carbon
nanotubes.3337] When we look at the areal energy density, our
MSCs exhibit similar performance to some of the more ad-
vanced transparent supercapacitor systems, such as those based
on ruthenium oxide.3*3¢ But what is striking is the power
density of the gravure-printed MXene-based MSCs: peaking at
456 W cm~2, it outperforms many other transparent superca-
pacitors in the literature, including those based on materials
like cobalt hydroxide, graphene, and conductive polymers.*$-40!
We believe that the performance metrics of the gravure-printed
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MSCs can be improved even more by further optimizing the key
parameters of the MXene synthesis and its solution processing
(e.g., by optimizing surface or interlayer redox reactions, adjust-
ing the flake dimensions, or enhancing the thin films’ out-of-
plane conductivity).[*14?]

3. Conclusion

In conclusion, this study introduces a novel co-solvent-based ap-
proach for the formulation of MXene inks, which overcomes the
limitations associated with traditional MXene dispersions. By uti-
lizing a combination of water and polar organic solvents, we have
successfully developed highly concentrated, low-viscosity, and
low-surface tension inks suitable for various high-throughput
printing methods such as inkjet, aerosol-jet, flexographic, and
gravure printing. This method significantly shifts the sol-gel tran-
sition to higher concentrations, allowing for the production of
stable MXene dispersions at concentrations suitable for efficient
printing. Moreover, the ability to control the ink’s flow charac-
teristics through the adjustment of the water-to-solvent ratio and
the choice of solvent composition underscores the versatility of
our approach. This capability is crucial for optimizing printing
processes and ensuring the uniformity and quality of printed
films, which are essential for the commercial viability of MXene-
based electronic devices. Molecular dynamics simulations have
further affirmed the role of water as a surfactant in dispersing
MXenes, which is a pivotal finding for the field and understand-
ing of the colloidal properties of MXene dispersions. Our find-
ings demonstrate that the new ink formulations not only exhibit
excellent rheological properties but also enable the fabrication of
high-quality electronic components with superior electrical, opti-
cal, and mechanical properties. The gravure-printed MXene films
exhibit remarkable electrical conductivity and transparency, mak-
ing them ideal for applications such as transparent conductive
electrodes (TCEs) and wearable electronics. In summary, the in-
novative co-solvent strategy presented in this work offers a sig-
nificant advancement in room-temperature printing of electron-
ics, paving the way for the large-scale, cost-effective production
of electronics.
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