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Abstract

Electrospray deposition (ESD) uses strong electric fields applied to solutions and dispersions
exiting a capillary to produce charged monodisperse droplets driven toward grounded targets. Self-
limiting electrospray deposition (SLED) is a phenomenon recently developed by our group in
which highly directed, uniform, and even three-dimensional coatings can be achieved by trapping
charge in the deposited film, redirecting the field lines to uncoated regions of the target. However,
when inorganic particles are added to SLED sprays, the buildup of charge required to repel
incoming material is disrupted as particle loading increases. Due to its fibril gelling behavior,
methylcellulose (MC) SLED can form nanowire morphologies due to its fibril gelling behavior.
These wires, when used as a binder, can separate particles and prevent percolation. In this work,
we explore a variety of conductive and insulating particles using patterned and un-patterned
substrates. This exploration allows us to maximally load particles for high-concentration and
highly controlled self-limiting functional sprays. This is demonstrated using Ti3C2Tx MXene to
functionalize an interdigitated electrode for use as a supercapacitor.

1 Introduction

Electrospray deposition (ESD) provides several advantages over more conventional
coating methods, such as low cost, high efficiency, ambient spray conditions, electric field-
directed deposition, and the ability to produce hierarchical structures and complex surface
morphology. Our group has recently classified electrospray regimes while demonstrating the self-
limiting (SL) regime.! These regimes depend on the sprayed material's dielectric behavior,
crystallinity, and mobility (e.g., glass transition behavior). In electrowetting and charged melt

regime sprays, the growing films can rearrange themselves to dissipate charge. By contrast, in self-
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limiting electrospray deposition (SLED), the charge is trapped in the growing film, which
eventually causes the spray to redirect towards uncoated regions of the substrate.! This allows for
high control over uniformity and can produce 3D coatings." ? Recently, we compared the three
electrospray regimes while targeting 2D conductive test patterns on insulating substrates and
demonstrated that the SL regime outperforms the other two in both spray fidelity and uniformity

in a model polymer (polystyrene).?

Nevertheless, the compatibility of electrospray with nanoparticles* * and flexible films®
makes SLED an excellent platform for upgrading and functionalizing 2D devices. Other
techniques exist for printed device fabrication, such as inkjet printing,”"!! gravure printing, screen
printing, and conventional spray with masking,'? but SLED has the added advantages of surface
morphology control, non-planar target compatibility, and the potential for near 100% deposition

1416 and patterns,'”

efficiency.!® Conventional ESD has been employed to create functional devices
1% resulting in a naturally parabolic film and pure particles eventually forming fractal structures.*’
Researchers have tried to counteract these effects using larger spray areas®!, which can be wasteful,

or a focusing printhead.?? These strategies are less effective when targeting 3D objects or complex

2D templates.

Adding nanoparticles to SLED sprays poses an obvious challenge. When conductive
particles are added to a dielectric matrix, the bulk conductivity of the composite increases, so the
deposited film will not maintain the charge capture needed for SL behavior. While particles
initially cause little change in bulk electrical properties, once the percolation threshold is reached,
changes can occur by orders of magnitude.? By contrast, semiconducting and dielectric particles
will likely not experience a percolation threshold. However, work by Zhu and Chiarot showed

semiconducting TiO2 particles experiencing growing fractal networks, similar to conductive



particles, both as films** and when combined with a near-field template, which contrasts the filling
and termination of a SLED polymer.?° Even for dielectric particles, we expect non-SLED behavior
to be the norm due to the surface wetting of the carrier solvent. However, we have found that SL
and non-SL materials can produce SL blends at certain ratios.? Therefore, the addition of particles
to SLED sprays will likely depend on (i) the concentration and (ii) the type of particle, as well as

(ii1) the SLED binder morphological evolution.

Our work with methylcellulose (MC) has shown that in ESD, MC solution droplets can
evolve into nanowires, eventually leading to SL nanowire forests and foams.?® We hypothesize
that this high-aspect ratio insulation is ideal for preventing percolation at low polymer volumes.
Indeed, it was further demonstrated that SLED forests could be deposited with small loadings (~3
vol%) of polymer-capped gold nanoparticles, maintaining their single-particle plasmon in a three-
dimensional coating. Further work, via simulation and experimentation, showed that adding
particles modifies solution viscosity, impacting nanowire formation and, ultimately, the deposited
film.?” More specifically, large spherical particles (>200 nm) suppress nanowire formation while
smaller particles (<70 nm) are incorporated. In this smaller regime, the particle-to-MC ratio
controls the nanowire’s length, with excessive loading inhibiting wire formation. It was also seen
that sharp-edged particles focus the electric field, leading to the formation of nanowires at these
vertices, even for larger particles. While insight was gained on the self-assembly of composite
ESD droplets, it was not evaluated if the macroassemblies of these composites were in the SL
regime, and the properties of these macroassemblies were not evaluated. It remains unknown to
what extent functional nanoparticles can be loaded into a SL binder while maintaining the
advantages of SLED for 2D microelectrodes® and 3D topologies.?® The main goal of maximizing

particle loading is to employ the deposits as “green bodies,” with binder burnt off to increase the



active fraction and percolation of the final structure and enable functional devices. We have
previously established a rough limit of ~30% non-SL material in soft matter blends,? but these
possess completely different percolation behavior that arises from micro/macrophase separation
during solvent evaporation. Further, none of the non-SL materials examined in our past work were
electrically conductive, meaning that the dissipation was all mass transport driven, which is not

the case in many particle composites, including several described below.

To establish these limits, we use 2D Ti3C2Tx MXene of two different sizes as well as 0D
ITO (65 nm), silver (15 nm), titanium (70 nm), and silica (22 nm) nanoparticles incorporated into
MC composite sprays. The growth of these films at various particle loadings was studied on 2D
test pattern templates. By optimizing the particle loading, we achieved highly controlled sprays
with particle loadings an order of magnitude greater than we had previously explored, allowing us
to upgrade a 2D interdigitated electrode with MXene for use as a supercapacitor through the
burning of the MC binder.
2 Materials and Methods
2.1 Materials

Substrate materials included p-type Si wafers (0-100 Q-cm) purchased from University
Wafer, Inc.; gold interdigitated electrodes (IDE) on boro-aluminosilicate glass purchased from
Platypus Technologies; and Ti/Pt test patterns were fabricated in-house on Si as described
previously® with unpatterned areas insulated with 4-5 um thick Parylene. These patterns were
designed with 1 mm long rectangular features that varied in width (20, 30, 60, 120, 240 um) and
spacing as a function of width (0.33x, 1x, 2x, 3x, 9x). The 30 um feature/270 um gap grating was

chosen to compare the performance of different materials on a small feature. 30 pm features were



selected from over 20 um because the largest gap found on a 20 um feature is 180 pm, making it

more prone to saturation.

Methylcellulose (15 cP) was used as received from Sigma Aldrich. Aqueous particle
dispersions were obtained from various suppliers: the ITO dispersion was purchased from
NYACOL® Nano Technologies, Inc. (64 nm particle size; 20 wt.%); the silver (15 nm; 5 wt.%)
and titanium (70 nm; 15 wt.%) were purchased from US Research Nanomaterials, Inc.; LUDOX®
TM-50 colloidal silica solution (22 nm; 50 wt.%) was purchased from Sigma Aldrich; and Ti3C2Tx
MXene was prepared by etching Ti3AlCz (Carbon Ukraine, <40 pm) in a mixture of HF (Acros
International, 49 wt. %), HCI (Fisher Scientific, 12.1 M), and deionized water (DI; 15 MQ
resistance) at an etchant volumetric ratio of 2:6:12 HF:H20:HCl, as described previously.?’ After
washing, the neutral Ti3C2Tx was added to 20 mL DI water, and then 1 g LiCl (99%, Alfa Aesar)
was added to delaminate the MXene. This was stirred at 300 rpm for 24 h at 35 °C. The MXene
was then collected by centrifugation at 3,500 rpm for 15 min, followed by a consequent
concentration of 2 wt.% by centrifuging the collected Ti3C2Tx at 10,000 rpm for 10 min. To make
the spray solutions, MC was mixed directly into the aqueous particle dispersion or DI water and
left to fully dissolve overnight. To reduce the size of the MXene particles, sonication was
undertaken using a Q500 ultrasonicator with a 1/8” tapered microtip (20 minutes; 20% amplitude;
8:2 pulse). During sonication, 1 ml of MXene dispersion or MXene-MC aqueous solution was
added to a 1.5 ml centrifuge tube and suspended in an ice bath to prevent degradation of the
MXene. To achieve stable electrospray for all compositions, ethanol was mixed with the aqueous
solutions/dispersions at a ratio of 3:2 w/w water to ethanol. The MC concentration was kept at
either 1% or 0.25% by weight with respect to the water-ethanol mixture. Particles were sprayed

both with and without MC. The various particle concentrations were achieved by diluting the



particle-MC solutions with pure MC solutions of equivalent concentration at varying ratios (6.25,
12.5, 25, 50, and 100% dispersion concentration). Percentage volume data is presented in this work
considering only the composition of the deposited material, meaning the volume ratio of MC to
particles after solvent evaporation. These percentages were calculated from bulk densities for all

materials.

2.2 Spray Conditions

The electrospray setup used has been described previously.! Briefly, the solution is
delivered via a syringe pump with the solution in a disposable syringe (I mL NORM-JECT®)
connected by PTFE tubing to a steel needle (Sai Infusion, 20 gauge, 1.5”). High voltage power
supplies (Matsusada Precision Inc. RB30-30P) apply voltage to the steel needle and a steel
stabilizing ring (inner diameter of 2 cm and an outer diameter of 4 cm) located 1 cm above the
needle tip. Targets are located vertically below the spray needle and are grounded via an alligator

clip.

During the spray, the voltage applied to the needle was 6 - 7 kV. The ring voltage varied
from 1.8 to 3.1 kV to maintain stable Taylor-cone jet sprays. Ambient humidity ranged from 30 -
60% while temperatures remained between 19 and 22 °C, and the substrate was kept at 90 °C using
a hotplate unless specified. The spray distance was maintained at 6 cm, and the material was
delivered at a flow rate of 0.1 ml/h. The spray was first stabilized with a 4-inch diameter Si wafer
as a target during the experiments. To collect the sample for SEM imaging and thickness
measurements, small pieces of Si wafer (~1-3 cm?) were placed on the larger wafer for varying
amounts of time. For patterned materials, the test patterns were grounded to a smaller Si wafer
using carbon tape and placed on top of the larger wafer. The test patterns were sprayed with 1%

MC solutions for 2 h or 0.25% MC for 8 hours to maintain a constant mass of MC delivered. The



IDE was sprayed with a 28 vol.% MXene-composite for 15 min in a low humidity chamber (20%)

at room temperature.

2.3 Characterization

Test patterns were imaged using a Leica DM2700 optical microscope, and the width of the
features was measured using ImagelJ. Each feature in every grating was measured 3 times at %4, %2,
and % of its length. For comparison across feature sizes, we define a metric, excess width (EW),

given by:
EW = wy, —wy, (1)

where wr is the actual width of the feature, and wm is the measured width after spray. For SL
material, we expect all substrate surfaces to coat uniformly, giving a uniform EW regardless of
feature size.® For film thickness measurements, Si chips were fractured and mounted vertically to
allow cross-section imaging. The thickness of the cross sections was measured using a recently
published MATLAB script.>’ Materials are graphed as a function of the total solids volume of the
material deposited. In previous results, reflectometry measurements of densified films were used
to demonstrate that self-limiting materials produce a plateauing thickness over time.! However,
the films measured here were not densified because the particles prevent thermal or solvent vapor
densification. Samples were also viewed using a Zeiss Sigma Field Emission scanning electron
microscope (SEM) using both in-lens and backscattering imaging, depending on the contrast

provided by the materials.

Electrochemical testing was performed using a Gamry Reference 600+ with a MXene-
functionalized IDE submerged in 2M H2SO4. A commercially supplied, interdigitated gold

electrode (50 um features/50 um spacing ) was sprayed and thermally post-treated. Microscopy



images show that the device was successfully functionalized without shorting, and the MXene
maintained a porous morphology after burning. Cyclic voltammetry scans were made between 0
and 6 V at varying rates. Galvanostatic charge/discharge (GCD) experiments were used to

calculate the capacitance of the device using the equation:

21 t
C= s, vt )

where / is the current, 4 is the pattern area, and V is the voltage.

3 Results
3.1 Test Patterns

3.1.1 Sprays of unmixed materials

Materials were sprayed onto conductor-on-insulator test pattern gratings that varied in feature
size and spacing. To illustrate the challenges presented by templated ESD of conductive
particles, Figure 1 shows characteristic test patterns sprayed with pure MC, MXene (large),
sonicated MXene (small), ITO, and small MXene-MC composite. As a SL material, MC can
target the test pattern features with high uniformity and fidelity. In contrast, large MXene flakes
deposit in a more disordered fashion, favoring the pattern edges due to focusing from the
insulation. The small MXene flakes perform better, possibly due to the higher packing density
and increased total resistance due to the number of interfaces. However, the deposition is still
highly fractal (low density and non-uniform feature edges). Large areas also show gradients, like
the grounding pad seen in Figure S1. The pure ITO spray was unstable even when the flow rate
was reduced to 0.05 ml/h to compensate. However, despite the low flow rate and instabilities, the
particles are focused on the grating edges, which leads to bridging at low levels of material
delivery. By contrast, an exemplary result of the small MXene composite spray in the SLED

regime reproduces the MC result, albeit with slightly increased EW.
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Figure 1. 20 um grating test patterns (a) uncoated and coated with non-composite sprays of (b)
pure MC, (c) large MXene flakes, (d) ITO, (e) small MXene flakes, and (f) the MC composite
spray of 28 vol.% small MXene. All figures are at the same scale.

3.1.2 Composite Materials

Silica, large MXene flakes, silver, titanium, and ITO particles were sprayed with 1 wt.%
MC solutions, while small MXene was sprayed from both 0.25 and 1 wt.% MC solutions with the
amount of MC deposited held constant (2 and 8 h sprays, respectively). The lower concentration
of MC was used to spray higher MXene/MC ratios while maintaining spray stability. EW on a 30

um grating for all the materials sprayed is displayed in Figure 2.

Overall, insulating particles like silica show a slight decrease in EW followed by an
eventual increase at higher loadings. This behavior is consistent with prior results, which showed

a decrease in nanowire length with increased particle loading,?’ though eventually, this effect is



counteracted by a reduction in SL behavior, leading to greater material deposition. In contrast,
conductive particles show behavior consistent with percolation: Initially, EW increases slightly
with particle loading, sometimes experiencing a plateau in EW until a certain threshold is reached,
and after EW increases drastically. This threshold is achieved rapidly for silver, followed by large
MXene flakes and, finally, small dilute MXene flakes. The highest loading for these particles in
the low growth regime is <1 vol.%, 4.7%, and 28%, respectively. Non-dilute small MXene and
ITO appear not to percolate in the regimes shown here. Comparing the dilute and non-dilute small
MXene, the longer dilute sprays had greater EWs than their composition-matched counterparts.
This discrepancy is discussed further in the SI. As will be discussed, titanium behaves similarly to

silica, which we expect to be the norm for metallic particles.
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Figure 2. Excess widths of the 30 um features for all sprayed materials. All composites were
sprayed from a solution of 1 wt.% MC for 2 h except for MXene (small and dilute), which was
sprayed from 0.25% MC for 8 h. Error bars were calculated by taking the standard deviation of all
the features in a gradient.
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Table 1. Description of particles dispersed in MC solutions and sprayed onto test patterns.

Particle Spray Excess | Shape | Logl0 Particle Size Surface
Solution width Resistivity (nm)
spray (Q-m)
time (hr)
MXene - large 1% MC 2 Flake -631) >1000 Conductive 2D
particle
MXene - small 1% MC 2 Flake -631) <1000 Conductive 2D
particle
MXene - small & | 0.25% MC 8 Flake -631) <1000 Conductive 2D
dilute particle
ITO 1% MC 2 Round -632) 65 Conductive
oxide
Silver 1% MC 2 Round | -7.8G3) 15 Likely no oxide
Silica 1% MC 2 Round | 1664 22 Insulating oxide
Titanium 1% MC 2 Round | -6.433) 70 Likely insulating
oxide

3.2 Cross-sectional thickness

Figure 3 shows cross-sectional thickness measurements. Looking solely at the porous MC
spray, the plateau behavior is not immediately apparent. However, Figure S2 shows that the
densified thicknesses of these films, measured via reflectometry, rapidly plateaus, indicating that
the porosity of the MC increases with thickness. We also see that the non-dilute 28 vol.% MXene
films grow at a similar rate to the pure MC films (Figure 3). Although films deposited from the
dilute 28 vol.% MXene solution are thicker than their non-dilute counterparts, this correlates to
the observed EW results in the prior section. Significantly, the 43 vol.% MXene unpatterned film
contrasts these results (Figure S2), showing a greater initial slope, no indication of plateau

behavior, and greater variability as the thickness increases. Interestingly, for all these materials,
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the EWs on the test patterns are similar to the unpatterned spray thicknesses (Table S1), indicating
that growth occurs at a similar rate under both conditions. The slight discrepancy may be due to

focusing from the surrounding mask increasing the material deposition rate on the test patterns.

The low aspect ratio particles are graphed separately from the MXene particles in Figure
3b because the spherical particles can pack more densely than flake-like particles during
electrospray. Here, we can draw an interesting contrast from pure SiO: spray. Despite being an
insulator with nanowire formation, this film has a greater slope than the other low aspect ratio
composite sprays. While a longer spray time (17.5 h) was required due to stability issues at higher
loadings, a lack of charge build-up appears to dominate deposition. By contrast, all the MC-
containing composites have lower slopes and seem to aggregate, indicating that built-up charge
plays a significant role in the film growth. This is interesting because all of these composites have
different particle sizes and loadings, meaning that the nanowire aspect ratios of the composite

particles will vary.
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Figure 3. Film thickness measurements of unpatterned substrates by the total solids volume
sprayed. (a) 2D MXene materials and (b) 0D particles. The percentages next to the particle labels
indicate the volume ratio of solids after deposition relative to MC.
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3.3 Deposition Morphology

Several compositions were also imaged using SEM to demonstrate spray morphology. The pure
MC nanowires are shown in Figure 4a. As demonstrated by work with silica, the concentration of
small particles controls nanowire length,?” which can be seen here with ITO particles. At 40.6
vol.%, ITO maintains the nanowire morphology (Figure 4b) even after burning, with fine features
still intact (Figure 4¢). At higher concentrations, the ITO nanowires form ovoid shapes (Figure
4e), with MC tails removed after burning (Figure 4f). For large MXene flakes, we previously saw
that nanowires form at sharp particle edges.?’” By contrast, few nanowires can be seen at 28 vol.%
for the small flakes, likely due to the high loading (Figure 4g). However, the highly controlled
deposition of this composite indicates that MC encapsulates the particle edges. After burning, some

collapse can be observed, but a high degree of porosity is clearly maintained.
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Figure 4. SEM images of (a) pure MC from 1 wt.% solution; 40.6 vol.% ITO from 1 wt.% MC
before (b) and after burning (¢ & d); 84.5 vol.% ITO from 0.25 wt.% MC before (e) and after
burning (f); 28 vol.% MXene from 1 wt.% MC before (g) and after burning (h).
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3.4 Electrochemical testing

The porosity, seen for all the particles after burning, makes materials deposited via MC
composites excellent candidates for electrochemical devices and gas sensors that require large
accessible surface area. This was tested using the 28% MXene composites with the electrode
shown in Figure 5a. Cyclic voltammetry curves show an enormous change in electrochemical
behavior compared to an unfunctionalized device with the control demonstrating essentially no
response (Figure 5b). Simply comparing the hysteresis, the functionalized 200 mV/s data has an
area between the curves that is over 450 times greater (Figure Sc). The GCD data gives capacities

ranging from 0.72 - 1.76 mF/cm? for currents ranging from 0.27 — 0.81 mA/ cm?.
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Figure 5. (a) The interdigitated electrode on glass at increasing magnifications with the ruler on
the far left in units of mm. (b) Cyclic voltammetry scans and (c¢) Galvanostatic charge/discharge
scans with corresponding capacitance (inset).
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4 Discussion
4.1 Effect of particle composition

The electrical properties of the particle and particle solution significantly impact the regime
of deposition of the composite film. Silver is the most drastic example of this. Despite having the
lowest resistivity, silver nanoparticle sprays displayed percolation-like behavior well below where
expected (see Figure S4 for greater detail). This may have more to do with the behavior of silver
in solution than the resistivity of the composite, as seen in the conductivity measurements of the
spray solutions (Figure S5). This is consistent with past reports that indicate equilibrium between
nanoparticulate silver and dissolved silver ions once absorbed oxygen triggers oxidation.®

Therefore, these ions likely lead to the sharp increase in EW seen for the silver particles.

For silica, we see the opposite behavior. While we can have confidence that the initial
reduction in EW is due to a shortening of the nanowires within the SL regime, it is unclear whether
the 79 vol.% is still SL. Our previous work with these test patterns showed that the film thickness
on features depended more on feature size for non-SL sprays, similar to the EW of 79% silica
(discussed in SI). However, when comparing the unpatterned spray thickness of the 79%
composite to the pure silica spray, we see that there is a significant difference in the film’s rate of
growth, with the pure silica growing at a rate of 6.65 pm/mm? and the composite averaging 2.55
um/mm? trending below the other materials in Figure 3b (Pure MC, ITO, and lower silica
loadings). While we conventionally define SLED by a plateauing thickness over time, it is also
likely that sprays in the SL regime grow at slower rates. As mentioned earlier, for the MC spray,
we know that the porosity can change over time, so the original definition is not definitive here.
The most likely answer is that SL behavior exists on a spectrum and that the 79% composition is
distinctly less SL than the other materials, but the MC still has an important effect on the film's

growth.
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The EW of titanium composites trended similarly to the silica materials, particle’s core being
moderately more conductive than ITO. We attribute this to the native dielectric oxide of titanium
(expected to be ~3 nm thick)*® being less conductive than ITO. Simply drop-casting the
nanoparticles as a film leads to a measurable conductivity. This result aligns well with the principle
of percolation and would suggest that the addition of the oxide layer to the titanium nanoparticles
is enough to prevent tunneling when the MC increases the interparticle spacing, allowing charge

to accumulate in the growing film.

4.2 Effect of aspect ratio on semi-conducting composites

For the MXene and ITO particles, all having resistivity on the order of 10 Q-m, we can
make more direct comparisons on the effects of particle aspect ratio. Literature on percolation
demonstrates that higher aspect ratio particles percolate more quickly than lower aspect one, with
the extreme case being an infinitely long particle.?” This work shows that the large MXene flakes,
with the largest aspect ratio, show a percolation transition at 4.7 vol.%. EWs prior to this transition
tend to all be very similar regardless of feature size, indicating a uniform growth rate consistent
with SLED behavior. While the composites have slightly increased EW compared to MC, this is
not particularly surprising: Adding 2D particles would certainly change the particle packing and
MXene also adds non-insulating volume. Above 4.7 vol.%, the EW greatly increases, and we also
see a much larger variation in EW strongly dependent on feature size (Figure S6). While larger
features trend closer to linear, smaller features show a larger transition, consistent with prior work
on non-SLED sprays.® Interestingly, the current results differ slightly in the type of non-SLED
coating. In the prior work, the non-SLED material was above its glass transition and could dissipate

charge due to its higher mass-transport mobility.®> Here, the high-concentration sprays would have
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equal or lesser mobility to the SLED spray, experiencing continuous fractal growth. However, this

does not appear to impact the general trend in this case.

For small MXene flakes at low loadings, the resulting sprays were similar to large flakes,
indicating a charge-trapping mechanism in both films. However, the small and large flake
composites deviate beyond 4.7 vol.%, with the small MXene EWs plateauing up to 28 vol.%. As
we observed in the SEM images (Figure 4g), by 28 vol.%, few visible nanowires are present.
Therefore, the plateau effect may occur because fewer nanowires hold particles apart, leading to a
denser coating or because charge repulsion completely dominates the film growth. In any case,
turning to the unpatterned film thickness for the 28% composition, the reduced slope after a volume

of 1 mm?® is deposited strongly suggests that these materials are still in the SL regime.

Despite the increases in EW for the dilute small MXene (discussed in the SI), the trend for
dilute and non-dilute small MXene composites is still similar, up to 28 vol.%. After that point, a
drastic increase in EW is seen at 43.8 vol.%. This change is similar to the large MXene particles,
although the intensity of the inflection is less dependent on feature size, creating a parallel with
the higher uniformity seen in the pure particle spray. Importantly, this inflection point tells us that
this change cannot be accounted for simply because the total solution concentration was higher:
only 28% more material was sprayed, yet the excess widths increased by 154 — 232% depending
on the feature size. Turning to the unpatterned thickness, the film shows a greater initial slope, no
indication of plateau behavior, and greater variability as the thickness increases. These
characteristics indicate that this film is not in the SL regime, corroborating the hypothesis that a

transition occurred due to percolation.

Finally, continuing this trend, from the ITO particles, we can see that the percolation

threshold can be pushed even higher when using an even lower aspect ratio, 0D particle. At 40.6
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vol%, the ITO still forms nanowires (Figure 5b). However, its lower unpatterned growth rate,
combined with its EWs, which are within the range of 28 vol.% MXene EWs, indicate that these

materials are still SL.

4.3 Upgraded commercial device

The device demonstrated in Figure 5, while not the first device created through ESD, is the
first micropatterned device created by SLED and by any ESD without the use of (1) a near field
(i.e., photoresist) or far-field (i.e., stencil) mask or (2) a near-field direct write (i.e.,
electrohydrodynamic printing) approach, with the advantages of this discussed below. Despite this
and the large increases in response, the supercapacitor device underperforms compared to similar
devices in literature.’® Surprisingly, this was not due to burning in air, as vacuum-annealed and
argon-annealed devices did not surpass this performance, although the gaseous products of MC
may be the cause. There appears to be a large voltage drop due to high resistance and possibly
parasitic redox reactions. The resistance may result from residual carbon, which is expected to be
around 10 - 20% for bulk MC.** Work from the Hersam group detailed how residual carbon from
nitrocellulose improved graphene-based electronics.** However, it may have a detrimental effect
here, due to the higher conductivity of MXene compared to reduced graphene oxide. Another
option is that active material density is relatively low, and the porous MXene provides poor edge
contact between flakes. Indeed, the specific performance might be greater for these structures.
Further improvements in formulation and post-processing tuned for the materials involved may

lead to better performance.

Despite some setbacks, the key innovation and novelty here is the scalability. Beginning
with a device manufactured using well-established processes, we can rapidly functionalize the

surface in ambient conditions in a matter of minutes, though binder removal requires some
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environmental control depending on the particle used. It should also be noted that SLED is agnostic
to the conductive target and “conductive” includes materials with low conductivity such as
biological material and hydrogels.>?® This means that lower-quality electrodes could be upgraded
in this way, such as those produced in ITO or by direct ink writing of metal inks. Furthermore, we
remove the ink optimization and registry requirements of direct-write methods for targeting
prepatterned electrodes, and we can functionalize multiple devices using a single sprayer through
continuous manufacturing approaches, with further scaling achievable using multiple spray
nozzles. Other work by our group has shown that SLED can be achieved with efficiency
approaching 100%,'? allowing for a low-waste fabrication route. Finally, MC removal occurs at a

temperature polyimide can withstand, allowing for compatibility with flexible devices.

5 Conclusions

This work has demonstrated that conductive functional MXene particles can be sprayed in
the self-limiting regime via compositing with a SLED carrier material. This capability was shown
to be dependent on particle concentration, with distinct transitions observable in both the excess
width of patterned grating and the growth rates of unpatterned films. Furthermore, the
concentration at which these transitions occurred depended on the particle geometry, chemistry,
and electrical properties. This work demonstrates the capabilities of SLED for manufacturing
micron-scale devices. We see excellent agreement with our prior findings, which described the
benefits of uniformity and fidelity that could be achieved with self-limiting materials on micro-
patterned substrates.’ Here, using SLED binder to create a green body, we patterned 50 pm features
on an interdigitated electrode using the 28 vol.% sonicated MXene composite and produced a
supercapacitor by burning off the binder. Although the MXene particles are sensitive to oxygen

and we expect that residual carbon likely impacted device performance, these barriers do not exist
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for other particle systems,*” and it may be possible to improve these results with cleaner burning
polymers. Regardless, the ease with which we achieve porosity and the capability for 3D coatings
(Figure S7) is unique in the context of printed nanoparticle inks. Overall, our high levels of control
over nanoparticle sprays enable a vast field of designer coatings that can be delivered to high-
resolution or topologically complex templates with a high level of control over nanoscale

morphology.
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Excess width of dilute vs. non-dilute small MXene

Comparing the concentrated vs dilute small MXene sprays, we see the 0.25 wt.% MC
composites show greater excess widths than their 1 wt.% MC counterparts when the MC/MXene
ratio is matched. We also see that for the 28 vol.% composition, the same trend holds for the
unpatented film thickness across time intervals. This is likely the result of several factors, and
more definitive answers will require simulation. For one, changing the concentration does impact
the spray morphology. For example, when depositing only nanoparticles, it has been reported
that high-concentration sprays produce spherical agglomerates, while low concentrations lead to
irregular agglomerates.?* Spray morphology is strongly dependent on the interaction of viscous
forces and surface tension during deposition, and these can vary greatly when the ratio of solids
to solvent is altered. One can also imagine that having less material per droplet will reduce the
overall “grain” size. For pure MC, our past report observed that 0.25 wt.% MC will deliver
thinner wires than 1 wt.% MC.?® It is also known that charge relaxation occurs over time in air
leading to a slight increase in material deposition for longer sprays. However, the pure 0.25 wt.%

MC has excess widths that are within the error of the pure 1 wt.% MC spray, indicating charge
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relaxation is not the only factor to consider for the composites. One possibility is that increased
surface area from the thicker composite layer allows for more charge dissipation in air, creating a
synergistic effect. Another is that the MC may be less able to encapsulate the particles at 0.25

wt.% solution concentration.

Impact of feature size on excess width

As mentioned, prior work has shown that on the test patterns used here, SLED sprays
showed less variation in thickness across feature sizes compared to non-SLED sprays. In this
work, the same is true for the large MXene flakes. At 4.7 vol.%, the average EWs ranges from
31.32 - 46.10 um, while for 8.9 vol.%, the range has expanded to 69.75 - 123.97 um with smaller
features experiencing greater growth in both cases. However, for small/dilute MXene, the trend
is less obvious. Here, the range is 165.24 - 194.3 um, with the 120 pm feature actually showing
the largest EW. This trend mirrors the qualitative assessment of the non-composite sprays, where
the small MXene flakes were more uniform than their larger counterparts. This is likely the result
of both denser packing and more interfaces interrupting the flow of charge for the smaller
particles. For silica, we do see a slight trend. At 31.5 vol.%, the range is from 8.16 — 15.33 pm,
while at 78.6 vol.%, this range has increased to 19.98 — 39.8 vol.%. Although small, the
difference in slope for each feature is apparent in Figure S3. This gives further evidence to the

hypothesis that 78.6 vol.% silica is in an intermediate regime.

27



Table S1. Comparison of film thickness on patterned and unpatterned substrates. Excess width
has been divided by two to give the growth on a single feature edge.

Solution Substrate Time (hr) Thickness (um)  Std Dev
Flat 2 4.75 0.25
Pure MC Flat 3 9.04 0.75
20 um feature 2 8.87 0.72
240 um feature 2 5.71 0.76
Flat 2 8.09 1.83
28 vol.% Mxene Flat 3 10.98 1.41
(non-dilute) 20 um feature 2 15.63 0.75
240 um feature 2 10.67 2.98
Flat 8 88.48 7.32
43% Mxene (dilute) 20 um feature 8 93.52 6.32
240 um feature 8 82.62 5.39

Figure S1. Images of the entire test pattern for non-composite sprays of (a) MC, (b) large
MXene flakes, (c) small MXene flakes, and (d) ITO.
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Figure S7. Zinc alloy figurine before (a) and after (b) coating with 20 vol% ITO deposited from
1 wt% MC solution for one hour. Other parameters: 7.0 kV spray voltage, 2.1 kV stabilizing ring
voltage, 0.4 mL/h, room temperature, 4 cm closest spray distance. While the coating conforms to
the 3D surface of the object, it should be noted that regions with patina (particularly the black
ridges) are masked and, thereby, selectively uncoated.
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