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ABSTRACT: Additive manufacturing techniques have revolution- Carrier gas

ized the field of fabricating micro-supercapacitors (MSCs) with a th»” "¢ ~~«o

high degree of pattern and geometry flexibility. However, yas?  rh B SO

traditional additive manufacturing processes are based on the
functionality of microstructural modulation, which is essential for |
device performance. Herein, Ti;C,T, MXene was chosen to report '
a convenient aerosol jet printing (AJP) process for the in situ \
curling and alignment of MXene nanosheets. The aerosol droplet
provides a microscale regime for curling MXene monolayers while
their alignment is performed by the as-generated directional stress
derived from the quasi-conical fiber array (CFA)-guided parallel
droplet flow. Interdigital microelectrodes were further developed with the curled MXene and a satisfying areal capacitance
performance has been demonstrated. Importantly, the AJP technique holds promise for revolutionizing additive manufacturing
techniques for fabricating future smart microelectronics and devices not only in the microscale but also in the nanoscale.

1. INTRODUCTION dynamics of the aerosolized droplets, holding tremendous
promise to create complex and intricate geometries with high
surface-to-volume ratios for electrodes.” Importantly, the
aerosolized droplets might serve as droplet-based microreactor
systems, showing the potential for the in situ modulation of the
microstructures of the printed patterns by virtue of highly
controlled, isolated, miniaturized compartmentalization of
microscale droplets.'” Previously, we also synthesized a series
of micro/nanostructures (e.g, TiO, sphere, ball-in-shell
sphere, SnO, rod, etc.) by successfully developing aerosol
droplets in a flame combustion process.'”'* Regarding the AJP
process, the stream of aerosolized droplets confined in a
microscale regime of sheath gas renders the possibilities of

With the revolution of portable and wearable electronics,
microscale power systems, fabricated at sub-micrometer
lengths for on-chip integration, have garnered increasing
attention in the last decade.'”* However, manufacturing of
micro-supercapacitors (MSCs), in particular those that can
achieve high energy density with a long lifetime or energy
harvesting at a high rate, continually plagues their applications
in wearable on-chip microsystems. In comparison with
conventional patterning protocols (e.g, lithography, spray
masking, and laser scribing), additive manufacturing techni-
ques (e.g, inkjet printing, extrusion printing) offer the
potential for scalable production of smart electronics with a , . . .
high degree of pattern and geometry flexibility by allowing creating 3D architectures with controlled microstructures, but
digital and additive patterning, customization, reduction in these are ye;to be reported. he fore f d ¢
material waste, scalable and rapid production, and so on.””” Nl[.Xer}es aveh come to the orel or a wide Tange fo
However, even with these advantages, challenges still remain apPP 1ca;c11'0111§f sue ils energy stiorage, ehe'cglomagnesllc inter ﬁ,r_
that hinder the commercial application of MSCs due to the fact ence s .1e' g zn sfenso;sl l?e t(l) 18ty 1tgu_r}3 ¢ I?;Eta 1
that the filament/ink was simply deposited in a layer-by-layer IC\Z)HSPOSIUOI}S and surface functiona groups. Unt,l now,
fashion with the building of the desired three-dimensional ene-derived MSCs have been mtensg]ely studied  via
& i dditive manufacturing processes.'® >' However, the
(3D) architectures at the microscale while the microstructure, various a § P ’
which was essential for electrochemical performance, could not
be modulated in situ at the nanoscale. Received:  September 28, 2021
In comparison, aerosol jet printing (AJP) is seen as another Accepted:  November 10, 2021
competitive microdevice fabrication technique by virtue of fast- Published: November 22, 2021
prototyping, wide ink compatibility with minimum printed
feature size down to 10 um.””'' Recently, AJP has been
developed to create 3D device geometries based on the
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Figure 1. Schematic illustration of the AJP process for MXene patterns.

printed MXene electrode films were mainly composed of
densely restacked MXene nanosheets via van der Waals
interaction while porous MXene architecture favored an
improved electrochemical performance with an enhanced
specific surface.”””>" In view of this dilemma, an additive
manufacturing approach offering the capability of micro-
structure modulation for all-printed MSCs is in high demand
for practical applications.

Herein, we successfully realized the in situ curling and
alignment of MXene nanosheets via a convenient AJP process
by innovatively exploiting the microreactor functionality of
aerosol droplets that offer a microscale regime confining the
migration of MXene solute loaded in the droplets. In the
presence of flow of quasi-conical fiber array (CFA)-guided
parallel droplets during the printing process, MXene curling
and alignment were achieved with the receding of the
monodirectional small meniscus-shaped liquid/solid/gas
three-phase contact line (TCL) with the formation of stacked
tubular-like nanostructures and the curling degree of MXene
was found to be sensitive to the wetting of aerosol droplets.
The tentatively fabricated MSC devices of the printed
interdigital microelectrode of curled MXene demonstrated
competitive electrochemical performance in comparison with
the devices fabricated by other additive manufacturing
techniques. This work highlights the great potential of AJP
for developing devices with the functionality of structure
modulation not only at the microscale but also at the nanoscale
and broadens the applications of additive manufacturing
techniques.

2. RESULTS AND DISCUSSION

The aerosol jet printing process for Ti;C,T, patterns is
schematically demonstrated in Figure 1 and the video for the
printing process is given in the Supporting Information. The
synthetic process of Ti;C,T, MXene nanosheets followed
typical procedures reported previously.”>** Ti;C,T, MXene,
with single- or few-layer thinness and diameters ranging from
several hundred nanometers to micrometers, were collected by
the chemical etching of the Ti;AlC, precursor, followed by
sonication treatment, which can be further characterized and
verified by X-ray diffraction (XRD), transmission electron
microscopy (TEM), and atomic force microscopy (AFM)
(Figure S1). By dispersing the highly hydrophilic Ti;C,T,
nanosheets in deionized water, the MXene ink was formulated
with a concentration of 10 mg mL™'. Plasma-treated
poly(ethylene terephthalate) (PET) plate was chosen as the
substrate in this study. During the printing process, the
Ti;C,T, ink was atomized, suspended, defined within a carrier
gas and a sheath gas of N,, and directed at the PET substrate
that can then be articulated with respect to the deposition head
to achieve spatial patterning (Figure 1). To ensure printing
quality, the focus ratio (FR), which is defined as the sheath gas
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flow rate to the ink flow rate, was precisely mediated to
minimize overspray, which significantly affects the spatial
resolution.”® In our case, a well-defined line feature of 200 ym
could be generated consecutively with effectively reduced
overspray when the FR was set at 1.5, as shown in Figure 1.
Even after 90 times of cycling printing, the linewidth still
remained unchanged and the thickness increased linearly
(Figure S2).

Generally, a densely stacked morphology of MXene would
be achieved after a traditional vacuum-assisted filtration
process (Figure 2a). After the AJP process, the morphology

Figure 2. (a) Cross-sectional scanning electron microscopy (SEM)
image of restacked Ti;C,T, after vacuum filtration. (b) Cross-
sectional SEM image of the printed Ti;C,T, pattern showing a
layered architecture. (c) Enlarged SEM image of the pattern showing
curled MXene. (d) HRTEM image of the curled MXene.

and microstructure of the MXene pattern changed greatly with
the appearance of curled MXene nanosheets forming a tubular-
like nanostructure even in the layer-stacked mode (Figure
2b,c). The layered structure originates from the multiple
printing passes while the directional alignment follows the
nozzle movement. The Brunauer—Emmett—Teller (BET)
measurement indicates that the surface area was 25.92 m’
g~! for the curled Ti;C,T, MXene sample, much higher than
that (11.26 m* g™') of the densely stacked Ti,C,T, MXene
film via the vacuum-assisted filtration. Generally, electrode
architectures with macroporosity are beneficial for increasing
the accessibility of electrochemically active sites to ions,
especially in the case of decreased pore tortuosity.”>**>” The
electrode with curled MXene nanosheets is supposed to
accommodate more electrochemically active sites for accessing
ions while reducing the ion transport lengths greatly. From the
high-resolution TEM (HRTEM) image (Figure 2d), we can
find that the curled MXene consists of few-layered Ti;C,T,
MXene nanosheets rather than a monolayer, indicating that the
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Figure 3. Schematic illustration of the mechanism of MXene curling and alignment during the AJP process. (a) AJP process shows the deposition
of the aerosol stream on the substrate surface. (b) Simplified model of generating parallel droplets flow on the surface via the confinement of
microscale regime of sheath gas. (c) Multiple monodirectional surface tension derived from small meniscus-shaped TCL dominating the alignment
of MXene nanosheets and the curling from the confinement of the microscale regime of droplets. (d—f) Natural dewetting process of a droplet with
surface tensions pointing to the normal direction, which results in the formation of flat nanosheets. Scale bar is 100 nm.

reassembly of Ti;C,T, MXene nanosheets occurred during the
microreaction process. The interlay distance is estimated to be
1.33 nm, larger than that (1.08 nm) of the previously reported
vacuum filtration Ti,C,T, film.”® In view of the fact that only
single-layer Ti,C,T, flakes are present after exfoliation (Figure
S1b), the enlarged interlayer distance is expected to further
favor the ionic transportation for a promising electrochemical
performance. The printed MXene pattern is found to be robust
enough and still stable on the PET substrate without falling off
or cracking even after being folded 100 times (Figure S3).
The proposed mechanism of MXene curling and alignment
during the AJP process is shown in Figure 3. Generally, similar
to graphene, the self-restacking and aggregation of MXene
nanosheets are usually inevitable during the drying and
electrode fabrication processes due to the strong van der
Waals interaction between adjacent nanosheets.”*® In the case
of the AJP process, the Ti;C,T, MXene ink was atomized to
form microscale droplets containing MXene nanosheets
(Figure 3a). With the deposition of the droplets on the
substrate, there exists a temperature gradient along the liquid—
vapor interface between the apex and the edge of the droplet,
which is indeed the driving force behind the Marangoni flow
within drops.”” Thereby, the MXene nanosheets within the
droplet are deemed to be carried by the thermocapillary flows
toward the edge and further shaped along the droplet surface.
With the evaporation of the solvent (water), the curvature
radius (R) of the droplet decreases with the MXene nanosheets

migrating outward.’® Thus, the Laplace pressure, AP = % (ris

the surface tension and R is the radius), of the microscale
droplet increases greatly along with the deposition on the
substrate. It should be noted that MXene is more resistant to
bending than graphene due to its larger thickness with high
bending rigidity.'® The curling of MXene nanosheets might be
triggered by the sonication that generated the aerosol droplets
with stress inequality, and this has been evidenced in previous
works on graphene nanoscrolls.”’ The MXene curling would
proceed gradually supported by the large AP of the microscale
droplets. To test this conjecture, we characterized the MXene
ink under sonication, the MXene nanosheet was present in the
form of a flat structure, and curled MXene nanosheets were
hardly identified (Figure 3f). We further collected in situ the

aerosol droplets jetted out from the nozzle at 100 °C. Well-
defined MXene crumpled nanospheres (~500 nm) were
formed via nanosheets curling (Figure S4), identifying the
confinement advantage of microscale droplet for nanosheets
curling. Recently, Qiu et al. reported an ultrasonication-assisted
aerosol spray drying approach for the synthesis of a sphere-like
3D MXene architecture with a loose interior.” However,
poly(vinylpyrrolidone) (PVP) was used in their work to reduce
the surface tension and the aerosol stream was subjected at 600
°C in a tube furnace. In comparison, the curling of MXene
occurs without any surfactants in the present work, and the
confinement regime of the droplets possibly plays a key role in
this structural transformation.

During the AJP process, the depositing droplets stream
confined within a sheath gas is considered to form a multiple
quasi-parallel directional liquid transfer process, serving as an
anchoring point to pin the liquid on the PET substrate or
deposited MXene layers while forming microscale slug flow
due to the coalescence of droplets (Figure 3b).”” Basically, a
dewetting process is naturally governed by the receding of the
TCL and the surface tension F is pointed to the normal
direction at certain contacting points (Figure 3e).34_36 Herein,
in the presence of multiple quasi-parallel droplets flowing on
the surface, the receding of the TCL is liable to proceed under
the multiple quasi-monodirectional surface tension F,, as a
result of forming numerous small meniscus-shaped TCL curves
between each neighboring directional droplets flow (Figure
3c), similar to the conical fibers array (CFA) process reported
previously for the alignment of Ag nanowires and a highly
oriented polymer film.*° The AP = r(RL + RL) (R, and R, are

1 2
orthogonal radii of curvature of the small meniscus in this
case) of this quasi-CFA-guided parallel droplets flow is helpful
for the alignment of MXene nanosheets.’” Herein, numerous
small meniscus-shaped TCL curves are advantageous for giving
both a directional stress F, with quasi-parallel direction and a
large AP in the same direction (Figure 3c). The directional
stress F, forces the MXene to be aligned at the edge of the
TCL. Once the free end touched another part of the curled
nanosheets due to perturbations, the van der Waals interaction
of the overlapped parts decreased the total free energy of
MXene, even though the curvature energy increased. In this
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Figure 4. (a) Cross-sectional SEM image of the printed MXene pattern. (b, c) Enlarged SEM image in the top and bottom portions of (a). (d, e)
Water droplets on the printed MXene pattern (five printing passes) and the PET substrate.
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Figure S. (a) Digital image of the printed interdigital microelectrode of curled MXene and the assembled MSC device is given in the inset. (b) CV
curves of the assembled MSC device at different scan rates. (c) GCD profiles of the assembled MSC device at different current densities. (d)
Electrochemical impedance spectroscopy of the assembled MSC device. Inset shows the correlative equivalent circuit.

case, the tubular-like nanostructures were preserved (Figure
3d). Previously, several methods have been developed for
rolling up graphene, MoS,, and BN into nanoscrolls by
microexplosion, plasma, arc discharge, and high-energy ball
milling methods.”® ™ Ti,C,T, MXene scrolls have also been
prepared recently by a free drying method with poor
morphologies and scrolling from undefined MXene layers.*'
In comparison, the tubular-like Ti;C,T, nanostructure herein
was achieved by curling Ti;C,T, nanosheets in situ during the
AJP process, showing the potential of facilitating the
fabrication of MXene-based devices for future applications.
In addition, the curling degree of Ti;C,T, MXene
nanosheets in different portions of the printed patterns is
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different. The plasma-treated PET substrate showed good
hydrophilicity with a contact angle of 18.26° (Figure 4e). With
the confinement of hydrophilic substrate, Ti;C,T, MXene
nanosheets in the bottom portion tend to deposit with low
curvature on the substrate, forming a quasi-planar structure
(Figure 4c). With the sequential deposition, the contact angle
increases with the formation of curled MXene even if Ti;C,T,
MXene is highly hydrophilic to water, making the deposited
droplets liable to be pinned. A contact angle of 63.31° was
measured for the deposited film after five printing passes
(Figure 4d). Accordingly, R at a certain contacting point
becomes much smaller as a result of liquid pinning by the
number of parallel droplets flow, which renders a better

https://doi.org/10.1021/acsomega.1c05373
ACS Omega 2021, 6, 33067—33074


https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05373?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

alignment of tubular-like nanostructures during the printing
process (Figure 4b). Meanwhile, the higher curvature of the
pinned droplets favors the curling of the nanosheets. As a
result, a sharp contrast of curled MXene in the bottom and top
portions of the printed patterns was observed (Figure 4a). This
observation indicates that the MXene curling and alignment
are sensitive to the surface properties of the deposition surface
and is worth studying in our future work.

The electrochemical performance of the curled MXene via
the AJP process was tentatively investigated by printing
interdigital microelectrodes. Considering the excellent elec-
trical conductivity, Ti;C,T, MXene was also employed as a
current collector. A well-defined interdigital microelectrode
with a linewidth of 200 pm, a thickness of 45 ym, and a gap
distance of 300 ym was prepared after 90 printing passes
(Figure Sa). The height profile shows the linewidth and
thickness for the adjacent electrodes are consistent (Figure
S5). The MSC device was fabricated by applying a gel
electrolyte based on poly(vinyl alcohol) (PVA)/H,SO, onto
the interdigital electrode (inset of Figure Sa). Figure Sb shows
the cyclic voltammogram (CV) curves of the MSC device at
different scan rates. The quasi—rectangular CV shapes indicate a
capacitive charge storage behavior."” Galvanostatic charge—
discharge (GCD) profiles at different current densities indicate
a nearly linear change in the potential during both charge and
discharge half-cycles (Figure Sc), revealing an efficient charge
storage ability.”” The slight IR drop in the GCD profile
confirms a resistive charge storage behavior, similar to that
previously reported for the Ti;C,T, MSC devices.** Electro-
chemical impedance spectroscopy of the assembled MSC
device is shown in Figure Sd. The contact resistances between
adjacent layers decrease the efficiency of electronic trans-
mission, which generally occurs in the case of a horizontal
Ti;C,T, MXene flake alignment with a low out-of-plane
electrical conductivity and the dependence of resistance on
electrode thickness.** On the other hand, the residual terminal
groups such as —F and —OH on the Ti;C,T, surface are not
conducive to the rapid migration of electrolyte ions between
the layers** and reduce the number of Ti atoms participating in
the redox reaction.*® The typical areal capacitance of the MSC
device was estimated to be 16.33 mF cm™2, while the energy
densities were estimated to be 0.817 gWh cm™, which is
apparently higher than that of the MSC device of stacked
MXene via a vacuum-assisted filtration process (Figure $6). In
addition, we tentatively carried out the cycling tests of the
MSC device of curled MXene, which exhibited a satisfying
cycling performance with a capacity retention of 90% over 50
cycles (Figure S7). By optimizing the electrode framework
(Figure S8), the assembled device exhibited an areal
capacitance of 34.87 mF cm™ and an energy density of
1.744 iWh cm™* (Figure S9), exceeding the values of devices
fabricated by other additive manufacturing techniques, e.g,
direct writing'® and inkjet printing,”’ reported previously
(Supporting Information Table S1). The Coulombic efficiency
(CE) was estimated to be 61.4%, which might be attributed to
the occurrence of some irreversible parasitic reactions.*”**
Even in the bending state, the MSC device still exhibited good
capacitive behavior and the areal capacitance was estimated to
be 28.17 mF cm™ when the bending angle was 90° (Figure
$10). The Nyquist plot indicates a pseudocapacitance behavior
and the absence of a semicircle shows a good charge transfer
behavior (Figure 5d).*”°° Arising from the specific curled
MXene structure, the fabricated microelectrode enables the

electrolyte to permeate more readily, enhancing the capacitive
performance of this material.*®

3. CONCLUSIONS

We have demonstrated an interesting AJP approach for the in
situ curling and alignment of two-dimensional MXene, which is
very challenging for MXene due to its larger thickness with
high bending rigidity, for the purpose of developing high-
performance portable and wearable electronics. A multiple
quasi-parallel directional liquid transfer process developed
during the deposition of aerosolized droplets. MXene curling
and alignment were achieved simultaneously under the
confinement of the microscale regime of droplets and quasi-
CFA process offering directional stress and large AP in the
same direction, resulting in the formation of a layered
architecture of curled MXene. To evaluate the electrochemical
performance, a planar interdigital microelectrode of curled
MXene, which showed a promising areal capacitance of 34.87
mF cm ™2, was tentatively developed. Our work further exhibits
the potential of the AJP process as a typical additive
manufacturing technique for developing future high-perform-
ance devices with capabilities of structure modulation at
multiscale.

4. EXPERIMENTAL SECTION

4.1. Preparation of Delaminated Ti;C,T,. Two grams of
lithium fluoride (LiF, Aladdin, China) was added to 40 mL of
9 M hydrogen chloride (HC], Aladdin, China) and stirred with
a magnet for 10 min to clarify at room temperature. Two
grams of the Ti;AIC, powder (11 Technology, China) was
slowly added to the solution in an ice bath to avoid
overheating. Then, the solution was heated to 40 °C and
stirred for 48 h. Immediately afterward, the mixture was
washed with deionized water and centrifuged and decanted.
This procedure was recycled several times until the super-
natant pH reached ~6. After centrifugation, multilayered
Ti;C,T, was obtained after freezing the sediment. Then, the
multilayered Ti;C,T, was added to a certain amount of
deionized water, sonicated for 1 h, and centrifuged for 1 h.
Consequently, delaminated Ti;C,T, was obtained after
freezing the suspension.

4.2. Preparation of the Ti;C,T, Ink. By simply dispersing
150 mg of delaminated Ti,C,T, in 15 mL of deionized water,
the Ti;C,T, ink of 10 mg mL™' was formulated after
vigorously shaking and sonicating for 1 h.

4.3. Fabrication of Ti;C,T, Interdigital Electrodes. A
commercial AJP printer (WE-HMP, China) was used to print
the interdigital electrodes of MXene. The interdigital patterns
were designed in the format of .dxf, which can be readable by
the printer. The Ti;C,T, ink in a glass vial was atomized in an
ultrasonic atomizer (1.7 MHz). The generated aerosol stream
was suspended by a carrier gas of N, to the print head and
jetted out within a sheath gas of N, to the plasma-treated PET
substrate at ambient temperature. The nozzle diameter was
300 um and the stand-off height was S mm. By precisely
mediating the carrier gas flow and sheath gas flow, the
overspray could be minimized. In the case of a carrier gas flow
of 80 sccm and a sheath gas flow of 120 sccm, a well-defined
line feature of 200 pm could be printed. For better studying
the influence of the electrode architecture on the device
performance, the printed area for all interdigital electrodes was
consistent. The printing speed was fixed at 10 mm s™'. The
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electrode thickness can be tuned by applying the cycling
printing process for each device. The linewidth and gap
distance of the electrode could be tuned by designing and
introducing variable interdigital patterns into the system.

4.4. Fabrication of Ti;C,T, MSCs. The poly(vinyl
alcohol) (PVA)/H,SO, electrolyte was prepared as follows.*
Five grams of PVA with 87—89% alcohol solubility was added
to 25 mL of deionized water and the mixture was stirred in an
oil bath at 60 °C for 15 min. Then, 25 mL of deionized water
was added to the mixture, followed by stirring at 85 °C for 3 h
to obtain a completely transparent solution. The obtained
mixture was cooled for 30 min to room temperature. Then, 5
mL of sulfuric acid (98%) was added dropwise and stirred at
low speed for 1 h to obtain an electrolyte. The MSC devices
were fabricated by applying the obtained gel electrolyte onto
the interdigital electrodes with natural drying. Silver wires were
connected to the MSCs with the aid of a silver conductive
enamel.

4.5. Material Characterizations. X-ray diffraction pattern
was obtained with a powder diffractometer (PIGAKV Ultima
IV, Japan) using Cu Ka radiation. Scanning electron
microscopy (Zeiss Gemini 300, Germany) and transmission
electron microscopy (Titan G260-300) were used to acquire
the surface morphology images of Ti;C,T, nanosheets. Atomic
force microscopy (Bruker Dimension ICON) for measuring
the thickness of Ti;C,T, nanosheets. Brunner—Emmet—Teller
was used for evaluating the specific surface area (Gold APP V-
Sorb 2800P, China). The optical image and the height
measurement of the printed patterns were achieved with an
optical microscope (Leica DM6 M, Germany).

4.6. Electrochemical Measurement. All electrochemical
characterizations were done by an electrochemical workstation
(Princeton VersaSTAT 4). According to the common
calculation method, the areal capacitance and the energy
density of MSCs were calculated from the GCD curves
according

C, = L

AT SAV (1)
E=Llcav

T A (2)

Here, C, (mF cm™) is the areal capacitance, I (A) is the
discharge current, t (s) is the discharge time, S (cm?) is the
geometric area of the Ti;C,T, electrode, AV (V) is the
working potential window, and E is the energy density (#Wh
cmfz).
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