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The miniaturization of microenvironments and increasing demands
on modern-day electronics have reinvigorated the search for new
candidates to meet these needs. The MXene (M,;1X,,T,) family has
been seen as the next major player in the field of microelectronics
due to the unique combination of superior properties. Incorporating
microelectronics in micropatterned structures via simple, cost-
efficient processing also increases the possibilities of using them in
smart devices and microsystems. This short communication reports
the nanoparticle synthesis, suspension processing, and 3D printing of
a titanium carbide (TizAlC,)-based MXene, with the derivation from
its elemental powders. More importantly, the in situ etching method
was employed to create a multi-layered MXene (TisC,T,), showing
high efficiency in generating delaminated TizC,T, nanosheets.
Afterward, water-based TizC,T, inks were examined in varying (i.e.,
30 mg mL™, 50 mg mL™%, 100 mg mL™%, and 200 mg mL™})
concentrations for optimized rheologies. An ink-writing-based 3D
printing method was then used for micropatterning MXene thin-
layers on glass or polymer-coated substrates, demonstrating aniso-
tropic electrical properties over varying strain and energy storage
capabilities and showing enormous potential for 3D printable devices.

The modern-day transformation as the world has moved into
the digital age has brought new concepts to the fold, with the
Internet-of-Things foremost among them." The ability to relay
information seamlessly across objects in a single network has

“ Mechanical Engineering, School for Engineering of Matter, Transport and Energy
(SEMTE), Tempe, AZ 85281, USA

b Systems Engineering, The School of Manufacturing Systems and Networks (MSN),
Ira A. Fulton Schools of Engineering, Arizona State University (ASU), Mesa, AZ
85212, USA

The Fuel Cell Laboratory, The Polytechnic School, Ira A. Fulton Schools of
Engineering, Arizona State University, Mesa, AZ 85212, USA

9 Associate Professor of Mechanical Engineering at University of Georgia (JGA) and
adjunct professor of Manufacturing Engineering, The School of Manufacturing
Systems and Networks (MSN), Ira A. Fulton Schools of Engineering, Arizona State
University (ASU), Mesa, AZ 85212, USA. E-mail: kenan.song@uga.edu

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma00096f

I Co-first authors.

© 2023 The Author(s). Published by the Royal Society of Chemistry

+° Dhanush Patil,
® Dharneedar Ravichandran,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

3D printing aqueous TizC,T, inks for MXene-based

b

C

£° Sri Vaishnavi Thummalapalli,

® Arunachala M. Kannan and

spurred an interest in flexible, wearable, or implantable electro-
nics. These electronic devices include conductors, sensors, actua-
tors, supercapacitors, fuel cells, batteries, and data-storage
devices.”™ As manufacturing technology advances, modern fabri-
cation techniques have been employed due to increasing effi-
ciency and scalability.” For instance, the printing of electronics
has become more influential in processing these products due
to the retaining of material properties, the reduction of defects
with enhanced printing resolutions, and the improved variety
of fabricated architectures, which have a direct consequence on
device performances.”” These printing methods include conven-
tional (e.g, roll-to-roll, screen, evaporation, microcontact, nanoim-
print lithography) and novel 3D printing (e.g, inkjet, aerosol jet,
direct ink writing (DIW)).5™* The DIW is known for its platform
modularity, rapid prototyping capability, low cost, and friendly
compatibility with a broad range of feedstocks."

Nanoparticle synthesis and ink formulations are integral in
determining the functionality of printable devices or systems.
Critical parameters, such as precursors, solvents, and additives,
have led to attempts to produce functionalized inks with
specialized properties.>'* Examples have been demonstrated
in two-dimensional (2D) materials, such as graphene and
black phosphorus, being explored for their potential as nano-
additives in different printing inks."*'® However, the hydro-
phobic nature of these particles requires additional fine-tuning
(e.g., surface functionalization) to achieve desired dispersion
stability, rheological processability, and functional properties,
which have motivated the search for candidates that can be
utilized without complex preparation or property sacrifices.'*
A relatively new family of two-dimensional (2D) MXene nano-
particles (NPs), based on metal carbides, nitrides, and carbo-
nitrides, have been deemed suitable for this purpose.’””'® The
unique combination of properties, such as hydrophilic behavior
resulting from surface terminations while retaining excellent
electrical conductivity due to the fast mobility of charge carriers,
makes MXenes an ideal additive for conductive inks.'*'"*°
During synthesis, MXenes are typically produced by selectively
etching the intermediate layers of a layered tertiary carbide or
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(@) MXene synthesis using the HF etching process. (a;) The multi-layered structure revealing the Al layer in-between layers of TizC,. (ap)

Representative SEM of MAX phase (scale bar 2 um). (as) Multi-layered structure after etching away the Al layer. (a4) Representative SEM of etched MAX
(scale bar 500 nm). (as) Delaminated MXene after repeated washing using DI water. (ag) Representative SEM of MXene flake to show delamination (scale
bar 500 nm). (b) Increasing the MXene concentration of the slurry by centrifuging the slurry with antisolvents to remove excess solvent and re-dispersion
using the right amount of DI water before sonicating to obtain the ink. (c) DIW to print conductive patterns on PVA coated substrates for potential circuits.
(c1) Optical photo capture of a printed line of 100 mg mL™* MXene in DI water (scale bar 1000 pm). (c,) Zoomed-in optical capture of the printed lines

(scale bar 500 pm).

nitride precursor (more commonly referred to as MAX phase).’”

They follow a general chemical format of M,,.1X,, T, (where n = 1-3).
M represents an early transition metal (e.g., Ti, V, Cr), X is a carbon
or nitrogen element, and T, represents surface termination groups
(e.g., -OH, -F)."" >

This report briefly explores the synthesis of MAX phase
precursors from their elemental powders using pressureless-
sintering (PS)*° methods (see ESL,t Fig. S1). This study presents
a notable advancement in line with our prior publications,****
which focused on utilizing templates and patterned substrates
to fabricate functional electronic devices using MXene NPs.
Herein, we demonstrate the facile fabrication of template-free
MXene-based electronics without using additive or rheology
modifiers.>**® Fig. 1a illustrates the synthesis mechanism
of MXene (i.e., the ternary compound precursors of Ti;AlC, MAX
phase and its etched phase of MXene), the ink formulation, and the
3D printing procedures. More importantly, the exfoliation process
used to form the accordion-like structure in multi-layered Ti;C,T,
(Fig. 1a3 and a4) and desquamated 2D flakes (Fig. 1a5 and a6) were
from the in situ etching instead of using toxic/evaporative HF

4104 | Mater. Adv, 2023, 4, 4103-4109

(see ESI,T Fig. S2-S4). This significantly improved experimental
safety and environmental friendliness. In addition, the method-
ologies leveraged to manufacture the ink suspensions were
based on DI water, showing a high degree of green chemistry
and manufacturing sustainability (Fig. 1b, see ESIT for details).
DIW-based 3D printing was subsequently used to deposit
the aqueous Ti;C,T, inks with proper rheological behaviors
(see ESL T Fig. S5) on a polymer (PVA) coated PET substrate.
The patterns were printed via preprogrammed G-codes using a
DIW platform (Fig. 1c, see ESL Fig. S6) for details). Following
the successful printing of Ti;C,T, patterns, we encapsulated
them in PDMS, which rendered them stretchable and versatile
for various applications, including energy harvesting and
capacitive sensing (see ESI, Fig. S7 for details). The stretch-
ability of the patterns allowed them to conform to bending
and twisting without compromising their structural integrity.
We further analyzed the electrochemical properties of the
printable Ti;C,T, to evaluate its potential for energy harvesting
applications (see ESILi Fig. S8). Additionally, the capacitive
sensing properties of the printed patterns were examined to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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demonstrate their applicability in touch-sensitive devices.
These results are presented in detail later in the article.

Fig. 2 summarizes the processes of synthesizing Ti;C,T,
from the elemental powders composing its MAX precursor
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were then milled and strained (Fig. 2c and d) through a 400 mesh
sieve to create a uniform-size distribution of fine MAX phase
powder (~35 pm). The equations that describe the formation
phase mechanism of these powders are outlined below:*®

(TizAlC,).>****” Titanium, Aluminum, and Titanium Carbide were

mixed and ground in their stoichiometric molar amounts (Fig. 2a) Ti+ Al — Tial (1)
for at least 30 min to create a homogenously distributed mixture. . .

. o . 3Ti + Al - Ti;Al 2)
The entire milling procedure was performed in a glovebox-
provided inert atmosphere to prevent oxidation of the elemental TizAl + 2C — TizAlC, (3)

powders. Afterward, the mixture was transferred to the tube
furnace in an alumina crucible for heat treatment (Fig. 2b). The
sintering procedure was comprised of both the ramp and hold
stages. Structural limitations imposed by the glass tube (where the
crucible is placed and annealing occurs) constrained the ramping
to a rate of 5 °C min ™' (see ESI} for details). The sintered flakes

In situ HF etching of Ti;AlC, was the methodology utilized to
form its MXene. Equations to illustrate this procedure are
highlighted below:**

LiF + HCl — LiCl + HF (4)

a.
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Fig. 2 The entire process from synthesizing MAX powders to etching out ‘Al’ giving MXene flakes. (a) The ingredients of the MAX phases, TizAlC,, (i.e., Ti,
AL, TiC) were mixed in the glovebox using mortar and pestle in a molar ratio of 2:1.1:1, maintaining an Argon atmosphere. (b) The mixture was heat-
treated using a tube furnace to initiate the bonding between the different elements. (c) Ball milling broke the large chunks of MAX to form finer-size MAX
powders. (d) A representation of the multi-layered crystal structure of MAX. (e) Controlled in situ HF wet etching process to take out the Al layers from
TizAlC,, giving TisC, T, with the production of acid salts and residual acid. (f) Repeated washing to neutralize the slurry using DI water. (g) A representation
of the multi-layered crystal structure of MXene with the Al layer absent.
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Ti,AIC, + 3HF — TisC, + AlF; + 1.5H, (5)
Ti3C2 + ZHzo i Ti3Cz(OH)2 + Hz (6)
Ting + 2HF — Ti3C2F2 + H2 (7)

The MAX powders synthesized (Fig. 2a-d) were etched by
hydrofluoric acid generated during the reaction (Fig. 2e), which
was produced indirectly through the use of etching agents (i.e.,
lithium fluoride and hydrochloric acid) significantly reducing
the hazards of HF uses.>*” The acidic nature of the slurry was
reduced by dispersing it in deionized water and washing the
mixture in a centrifuge till a neutral pH (~6) was attained
(Fig. 2f and g, see ESI,T Fig. S4). A noteworthy highlight during
this phase was the stability of the solutions observed during the
last cycles, a behavior that was consistent with findings in the
literature.>*>°

The crystalline characteristics of the synthesized TizAIC, and
Ti;C,T, are illustrated in Fig. 3. As evidenced in Fig. 3a, a thinly
packed layered and hexagonal crystalline structure typical of
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members of the M,,.;AX,, family is seen.®! Also notable are kink
bands formed due to compression-induced deformation due to
ripplocation nucleation.**** Furthermore, these kink boundaries
allow dislocations to slip along them.*" This improves machin-
ability while preserving damage tolerance.>" Fig. 3b-c showcase
the P63/mmc spacing group of the M,,,;AX,, phase, comprised of
edge-sharing MX, octahedrons mirrored and separated by
sheets of A-group elements.*’** The accordion-like structure
of the etched MAX structure is imaged in Fig. 3d. This multi-
layered structure was obtained from the supernatant after the
procedure performed in Fig. 2f. As we utilized a hybrid of bath/
tip (sonication)*” and minimally invasive layer delamination
(mild shaking)***” methods, the delaminated single-layered
Ti;C,T, flake was then illustrated in Fig. 3e and f. The surface
area of the two-dimensional (2D) flake in Fig. 3e and f can be
seen to have increased from its three-dimensional (3D) ternary
counterpart in Fig. 3a-c. The tapping mode in atomic force
microscopy (AFM) described surface topography and other
structural characteristics.®> As evidenced by the imaging in
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Fig. 3 The material characterizations differentiate the MAX phase powders and MXene flakes. (a) and (b) SEM images of MAX phase powders to show the
layered stacking, adhering with the illustration of MAX powders (scale bar 2 um). (c) Zoomed in SEM to highlight the MAX layered structure (scale bar
200 nm). (d) The cross-sectional SEM image of the multi-layered MXene after etching highlights the absence of the Al layer, confirming the successful
etching of the precursor (scale bar 500 nm). (e) and (f) Highlight the delaminated MXene flake that was obtained after sonication (scale bar 500 nm).
(g1) and (g2) AFM illustrates the thickness of a MXene sample. (h) WAXD patterns illustrate the composition of formed MAX and MXene. The peaks and the
intensities are identified and labelled accordingly to showcase the structural change observed when MXene is obtained by further processing MAX.
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Fig. 3g, the top-view surface of the multi-layered stack in Fig. 3d
is shown, as well as its cross-sectional thickness along its x-axis
in Fig. 3g,. This confirmed the stacking of ~80 layers in the
multi-layered structure (assuming an average thickness of
~140 nm and the thickness of a single delaminated sheet =
1.8 nm*®). A lateral size of ~1.412 um was also obtained (e.g.,
Fig. 3g; using Image] software), which labels it as a medium-
sized flake based on literature classifications.>” The wide-angle
X-ray diffraction technique is a primary method to validate and
confirm the synthesis of the Ti;AlC, MAX phase and Ti;C,T,
MXene.*® In Fig. 3h, the MAX crystal peaks were observed. These
occurred at 20 = 9.00° (002), 18.59° (004), 33.52° (101), 36.52°
(103), 38.30° (104), 41.26° (105), 47.97° (107), 55.91° (109), 55.96°
(110), 64.91° (1011). These intensities were validated using
diffraction patterns in past reports, and the peaks appeared as
expected.’” MAX phase synthesis was confirmed through the
presence of the (104) peak, and successful MXene synthesis was
validated through the backward shifting of characteristic (002)

View Article Online
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and (004) peaks.*® Furthermore, it was also observed that the
overall intensities of all phases reduced after the etching was
completed. Delaminated single-layer flakes possess diffraction
peaks containing only the (002) peak due to the disappearance of
all the other phases.>” Multi-layered MAX phases, on the other
hand, contain different phases, such as TiC and o-Al,0;.>® Both
of these contaminants were formed during the Ti;AlC, MAX
phase synthesis that remained after the etching procedures.*®
MXene delamination due to shaking and sonication eliminated
these phases due to the filtering and remaining of the accordion-
like structure in Fig. 3d.

As mentioned earlier in the report, the unique properties of
MXenes (e.g., hydrophilicity, high surface charge due to termi-
nations) allow them to be applied and deposited on different
substrates.'*'”'**° Inks were discovered to be a better avenue for
depositing 2D flakes on substrates due to the increased control
over layer thickness parameters.”® Consequently, the colloidal
solutions containing both multi-layered and delaminated Ti;C,T,
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Fig. 4 Demonstrative characterizations of TizC,T, inks. (a) Flow sweep test showing the change in viscosity of the ink concentrations with increasing
shear rate. (b) and (c) Oscillation frequency test showing variations of storage moduli (G’ and G”, respectively) against angular frequency. (d;)—(d4)
Different patterns of MXene printed using the DIW method (d;) Scale 500 um; (d»-3) Scale 1000 um. (e) Conductivity vs. concentration plot of aqueous ink
solutions. (f) An interdigitated capacitor with parallel printed lines of MXene displaying capacitive sensing responding to index finger. (g) Strain sensing

performance at strain loading from 0.01-5%.
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(Fig. 3d and e) were sonicated for an extended period (~8 h) to
ensure solutions contained purely delaminated flakes. Before direct
ink writing, the rheological characteristics based on the MXene
loading in DI water (10 mg mL™', 20 mg mL %, 30 mg mL
50 mg mL~', 100 mg mL™', and 200 mg mL™ ") were investi-
gated to determine the ideal concentration of the inks for
flowing and printing (see ESIL{ Fig. S5). As a result, the low
concentrations of inks were not considered for further studies
(10 mg mL™" and 20 mg mL "), deemed hard to control the ink
flow. In Fig. 4a, the viscosity of the different concentrations (i.e.,
30 mg mL ', 50 mg mL "', 100 mg mL ™", and 200 mg mL ") was
analyzed as the shear rate was increased. All four concentrations
displayed shear-thinning Non-Newtonian (pseudoplastic) beha-
vior which was desired to ensure continuous flow through the
nozzle. Frequency sweep tests were subsequently carried out. As
can be seen in Fig. 4b and c, the storage and loss moduli for all
the concentrations (i.e., 30 mg mL ™", 50 mg mL ™", 100 mg mL ™",
and 200 mg mL ") were stable (i.e., zero to little fluctuations) for
the frequency range (i.e., 107 '-10° rad s ') studied. This was
desirable for these viscoelastic properties as it foretold uniform
material deposition and material fidelity on different substrates
(i.e., glass, plastic). Ultimately, the higher concentration inks
(i.e., 100 mg mL~" and 200 mg mL~ ') were selected due to their
linear viscoelastic region as the strain increased. Additionally,
the 100 mg mL " ink had a difference in its viscoelastic moduli
compared to the 200 mg mL ™", hence the former uwas used for
the printing and performance. Using a motorized flow dispenser,
these inks were printed in straight lines and zig-zag patterns
(Fig. 1c and 4d and e). Further process details are highlighted in
the methods section (see ESI, Fig. S5-S7). The electrical con-
ductivity of printed Ti;C,T, patterns was analyzed with increas-
ing concentration in Fig. 4e. Aqueous MXene inks of all four
concentrations were deposited on a glass substrate in circular
dots (diameter ~ 9.15 mm) with a square cross-section (L =
0.05 mm). The resistance of the different depositions was
collected using the two-point probe technique (KEITHLEY multi-
meter). The conductivity values were subsequently calculated
using the following equation mentioned below.

o = L/RA (8)

where ¢ is the conductivity, L is the length of the sample (m), R
is the resistance measured (), and A is the cross-sectional area
of the sample (m?). From the graph, it can be concluded that
the conductivity of the printed dots increased as the concen-
tration of the aqueous Ti;C,T, inks increased. To evaluate the
quality of the MXene synthesized, a comparison between the
electrical conductivities of our MXene-based ink and the ones
reported in the literature was drawn (see ESI,T Table S1).
Additionally, Fig. 4f displays the behavior of an interdigi-
tated capacitor arrangement made of MXene material when a
finger touches it. The capacitance of the structure rapidly
increases as soon as the finger touches the surface, indicating a
highly sensitive response. This occurs because the separation
distance between the interdigitated electrodes decreases when
the finger comes into contact with the surface, resulting in
increased capacitance. The sensor’s sensitive response can detect

4108 | Mater. Adv., 2023, 4, 4103-4109
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short-timescale and long-timescale touches. This sensitivity is
desirable for applications such as touch sensors and human-
machine interfaces, where a responsive and accurate touch
response is essential.

The conductivity of MXene on PVA changes with increasing
strain loading (Fig. 4g) because the mechanical deformation
of the substrate alters the distance between the MXene
flakes, affecting the inter-flake distance and the degree of
overlap between the flakes. As the substrate is stretched, the
MXene flakes become elongated and reoriented, leading to
changes in the electrical conductivity. As the spacing between
the flakes increases with strain, the degree of overlap decreases,
resulting in a decrease in conductivity. Conversely, as the
spacing between the flakes decreases, the degree of overlap
increases, increasing conductivity. Thus, the change in con-
ductivity of MXene on PVA with increasing strain loading
results in the interplay between the mechanical deformation
of the substrate and the intrinsic electrical properties of the
MXene flakes.

In summary, 2D MXene nanoparticles, a young family of
materials with promising applications, have shown enormous
potential in conductive inks and printable electronics. We have
demonstrated the controllability of the MXene synthesis, the
ink formulations of these materials, and their 3D printability
for electronic and energy device industries. Consequently,
simple 3D printing has shown enhanced processability via
ink writing compared to conventional stamping or microcon-
tact molding. Specifically, we were not only able to perform an
in-house synthesis of Ti;C,T, but also perform programmable
microstructures of aqueous dispersions. This allowed us to
control selective material depositions and create high-resolu-
tion micropatterns precisely. Also, the MXene concentrations
required to produce these free-standing architectures were
higher than inkjet-based 3D printing, benefiting manufactur-
ing scalability and productivity. Finally, we showed good elec-
trical and electrochemical properties of the fabricated patterns.
With a limitation to micropatterning, further studies must
be done to increase the synthesis yield and printing precision
to achieve nanoscale feature control and unlock the full
potential of MXenes for broader applications.
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