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Solution-phase printing of nanomaterial-
based graphene inks are rapidly gaining interest for
fabrication of flexible electronics. However, scalable
manufacturing techniques for high-resolution printed
graphene circuits are still lacking. Here, we report a
patterning technique [i.e., inkjet maskless lithography
(IML)] to form high-resolution, flexible, graphene films
(line widths down to 20 gm) that significantly exceed the
current inkjet printing resolution of graphene (line widths
~60 pm). IML uses an inkjet printed polymer lacquer as a
sacrificial pattern, viscous spin-coated graphene, and a
subsequent graphene lift-off to pattern films without the

need for prefabricated stencils, templates, or cleanroom technology (e.g., photolithography). Laser annealing is employed
to increase conductivity on thermally sensitive, flexible substrates [polyethylene terephthalate (PET)]. Laser annealing and
subsequent platinum nanoparticle deposition substantially increases the electroactive nature of graphene as illustrated by
electrochemical hydrogen peroxide (H,0,) sensing [rapid response (S s), broad linear sensing range (0.1—550 pm), high
sensitivity (0.21 gM/pA), and low detection limit (0.21 gM)]. Moreover, high-resolution, complex graphene circuits [i.e.,
interdigitated electrodes (IDE) with varying finger width and spacing] were created with IML and characterized via
potassium chloride (KCl) electrochemical impedance spectroscopy (EIS). Results indicated that sensitivity directly
correlates to electrode feature size as the IDE with the smallest finger width and spacing (50 and SO ym) displayed the
largest response to changes in KCI concentration (~21 kQ). These results indicate that the developed IML patterning
technique is well-suited for rapid, solution-phase graphene film prototyping on flexible substrates for numerous

applications including electrochemical sensing.

graphene, inkjet printing, flexible electronics, scalable nanomanufacturing, electrochemical sensing

olution-phase printing of nanomaterial-based conductive

inks has helped facilitate the scalable manufacturing of

flexible electronics'™ in a low-cost, high-throughput
fashion.*”® These printing protocols have expedited the advent
of new technologies for diverse applications including those
associated with energy storage,” flexible electronic displays,®
smart packaging,” and diagnostic sensors.'’ Graphene-based
inks have shown great promise in enabling these applications
due to inherently advantageous material properties (e, high
mechanical flexibility, electrical and thermal conductivity,
chemical and environmental robustness, and biocompatibil-
ity)."'~'**"** Numerous graphene printing techniques, such as
screen, gravure, and inkjet printing, have been developed to
coat graphene flakes onto flexible and nonflexible surfaces.'>'
However, these techniques are often limited by low line
resolution patterning (>S50 ym).
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Recently, a variety of manufacturing tools have been
developed to increase the line resolution of printed graphene
films such as gravure templates and silicon stencils with line
resolution of printed graphene films of 30 and 5 um,
respectively.”'® However, these techniques require the use of
cleanroom technology (i, photolithography) to fabricate a
stencil or gravure template for each new pattern design.
Photolithography requires multiple fabrication steps including
photoresist application, development, and removal as well as
UV exposure through a chrome/glass mask. This makes
photolithography costly, time-consuming,'” and inadequate
for rapid prototyping of electrical circuits.'”'**° Other groups
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Figure 1. Schematic depicting the four-step manufacturing process for IML graphene patterning. (a) Sacrificial polymer layer is inkjet printed
onto the substrate as the negative design pattern. (b) Highly concentrated graphene ink is spin-coated evenly over the entire surface. (c)
Postbake process increases the adhesion of the graphene to the substrate. (d) Sacrificial layer is removed, and graphene lift-off occurs with a

sonicated acetone bath to produce the final graphene pattern.

have developed electrostatic spray deposition (ESD) to create
interdigitated electrodes (IDEs) with finger width and spacing
of 100 and 50 ym, respectively.”' However, similar to previous
techniques, this solution-phase graphene technique requires the
need for photolithography patterning.

Inkjet printing is a scalable, cost-effective, and versatile
technique for depositing highly intricate patterns on multiple
substrates. This process does not require fixed geometry
masks/stencils or the need to use photolithography pattern-
ing.'” Moreover, inkjet printing has several advantages
including large surface area coverage, scalability for mass
production, capability of printing on flexible substrates, and
rapid prototypin§ through the use of computer-aided design
(CAD) software.”** The major limitation of inkjet printing is
the narrow value range that ink fluid properties (e.g,, viscosity,
surface tension, and density) must fall within for consistent
droplet formation and pattern printing. For example, a typical
inkjet printable ink must have a viscosity between 2 and 20 cP,
surface tension between 30 and 40 mN/m, particle size less
than 1% of the nozzle diameter, and a specific gravity of 1—
1.5** With such stringent requirements, suspending large
particle inks that can be printed with high resolution, without
clogging nozzles, splattering, or inconsistencies in ink
deposition, is technically challenging.

Herein, we demonstrate a photolithography-free, high-
resolution solution-phase graphene patterning technique,
coined inkjet maskless lithography (IML). The IML technique
can be used to pattern graphene films onto virtually any 2D
planar substrate from rigid, temperature-resistant silicon to
flexible, inflammable polymers. The method is accomplished by
inkjet printing a polymer pattern, spin-coating a more viscous/
dense solution-phase graphene layer, and removing the polymer
pattern via a solvent-based lift-off process to create the
patterned graphene film. This inkjet printed patterning
technique circumvents the need for developing templates and
is conducive to scalable roll-to-roll manufacturing onto flexible
substrates.”””* Moreover, IML can be used to create graphene
line resolutions of 20 gm—therefore superseding the typical
resolution limitations of inkjet printing which is typically line
resolution of 60 ym or greater.” Some researchers have
demonstrated inkjet printing polymers as a protective
mask,”">* whereas others have inkjet printed polymer layers
for a sacrificial lift-off process as displayed in coffee-ring
lithography™ and polymer microsieve pores.”” However, full
patterning of high-resolution (<25 ym) graphene circuits has
not been previously addressed. Furthermore, we demonstrate
the electrochemical utility of the developed graphene films by
creating a hydrogen peroxide (H,0,) sensor printed on flexible
Kemafoil polymer substrate (heat-treated PET). The patterned

graphene was laser-annealed and electrodeposited with
platinum nanoparticles to increase electrode sensitivity. Finally,
graphene IDE arrays with varying finger width and spacing (50
and SO pm; 7S and 150 pm; 150 and 200 pm, respectively)
were manufactured and subsequently characterized with
electrochemical impedance spectroscopy (EIS) to demonstrate
the ability to create high-resolution graphene circuits using
IML.

RESULTS AND DISCUSSION

Graphene Patterning via Inkjet Maskless Lithography
(IML). Overview of the IML Process Steps. The IML
manufacturing protocol developed herein uses a four-step
process to make conductive graphene patterns (Figure 1). First,
the negative of the desired graphene pattern is inkjet printed
(designed with CAD software and uploaded to the printer)
onto the substrate with a sacrificial polymer (Figure la and
Experimental Methods). Next, graphene ink, made with a
higher concentration of graphene than inkjet printable inks
(eg, 15 mg/mL vs ~3.5 mg/mL),>' " is spin-coated over the
pattern (Figure 1b and Experimental Methods). Graphene
adhesion is increased, and ink solvents are removed via heating
(postbake) in an oven (Figure lc and Experimental Methods).
Finally, the polymer pattern is removed and graphene lift-off
occurs by exposing the substrate to a sonicated acetone bath
(10 s) and/or direct acetone impingement with a wash bottle
(Figure 1d).

Sacrificial Polymer Ink Formulation and Printing. The
physical properties of the sacrificial polymer ink are critically
important to create a high-resolution negative pattern. The fluid
dynamic properties of the ink (viz, viscosity, surface tension,
and density) strongly influence the inkjet printed line/pattern
resolution. Primarily, two different nondimensional properties
[Reynolds number (eq 1) and Weber number (eq 2)], which
are related to the inertial forces of viscosity and surface tension,
govern the printability of an ink.

Re = pa
n (1)
vzpa
We =
Y ()
1 Re (ypa)'’? 1
7=—=——=-"-"— wh 10>Z=—>1
Oh JWe n where Oh 3)
K, = We" x Re®* where K_ < 100 (4)

where v is the impact velocity, p is the ink density, a is the drop
diameter before impact, # is the viscosity of the ink, and y is the
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Figure 2. Polymer lacquer fluid properties. (a) Graphical representation of optimized inkjet printing parameters plotted versus the
nondimensional Reynolds and Weber numbers. Star indicates where the developed printable polymer ink falls within these parameters. (b)
Optical image of the polymer ink (diameter ~ 10 gm) without any satellite droplets. The red arrow points to the 1 pL nozzle tips, and the blue
arrow indicates droplets acquired immediately after expulsion from the inkjet printer nozzle.

surface tension. The Z-value (inverse of the Ohnesorge
number, Oh), which describes the overall jettability of an ink
(eq 3), combines Reynolds and Weber numbers and does not
depend on the velocity of the jetted ink. For proper jetting to
occur, Reis and Derby et al. estimated the Z-value should be
between 1 and 10 and the drop impact (eq 4) be below 100.>*
At low Z-values (<1) the viscosity of the ink is too large for
proper ejection of the droplet, whereas at high Z-values (>10),
unwanted satellite droplets form. When the drop impact
approaches 100, splashing upon impact is predicted, which
decreases printing resolution. In this work, the sacrificial
polymer ink was developed with the solvent cyclohexanone and
terpineol, similar to previously reported jettable inks.”””" These
solvents were subsequently mixed with an acrylic lacquer at a
ratio of 8:1:1 (Experimental Methods). This ink displayed a
Reynolds number of 30.8, Weber number of 26.9, and a Z-value
of 5.9 when printed at 40 °C, which falls within the region of
printable inks (Figure 2a).** Hence, the developed polymer ink
printed without satellite droplets did not splash when deposited
onto the substrate and formed consistently stable drops upon
expulsion from the piezoelectric nozzle of the inkjet printer
(Figure 2b, blue arrows; Supplemental Movie 1 and
Experimental Methods). The polymer printing process was
adjusted (nozzle temperature set to 40 °C, 20 um drop
spacing) to develop well-defined printed lines (50—75 um
width), straight edges, and spacing between polymer layers
below 25 pym (Experimental Methods). Upon impact, the inkjet
printed polymer droplets coalesced into a film (Figure S1).
Graphene Spin-Coating and Postbake. Another important
aspect for obtaining high-resolution graphene films is properly
controlling the temperature and time of the graphene postbake.
Recall that after the negative pattern is inkjet printed onto a
substrate, a viscous graphene ink is spun over the polymer
patterned surface (Figure 1 and Experimental Methods). A
temperature- and time-controlled baking process is subse-
quently conducted in a convection oven to remove ink solvents
and simultaneously improve the physical bond between the
substrate and the graphene (Figure 3).>* At low baking
temperatures and/or short baking times, the graphene did not
adhere tightly to the substrate and was completely removed
upon acetone lift-off of the sacrificial polymer (Figure 3, top
left). At higher baking temperatures or longer baking times, the
polymer irreversibly hardened on the substrate, which inhibited
acetone removal of the underlying sacrificial polymer (Figure 3,
bottom right). However, a postbake temperature and time of
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Figure 3. A § X 5 panel of optical images illustrating the efficiency
of the graphene lift-off method according to the temperature and
time of the graphene postbake. Top left: Spin-coated graphene and
sacrificial polymer are completely removed, exposing the bare Si/
SiO, wafer (purple). Bottom right: Spin-coated graphene (green)
completely covers the surface of the wafer as the underlying
polymer sacrificial layer is not removed. Center: Highlighted center
image shows high-resolution graphene lines with efficient graphene
lift-off process. Scale bar equals 250 um.

120 °C for 1 h sufficiently adhered the graphene to the
substrate while preventing overhardening of the sacrificial
polymer so that it could be removed by acetone; this postbake
time and temperature permitted the formation of well-defined
graphene lines (25 pm width and SO pm spacing) (Figure 3,
center highlighted image). Note that a similar well defined
pattern was formed after a post bake of 100 °C for 12 hours —
of course such a long post bake is less than desirable and
therefore this temperature and time for the postbake were not
chosen.

Graphene Annealing. The electrical conductivity of the
graphene films was increased by laser or thermal annealing
processes similar to our previous protocols, where surfactants,
solvents, and nonconductive binders (e.g, ethyl cellulose) are
burned off at lower temperatures (<300 °C) or lower laser
energy densities (<50 mJ/cm*) and morphological changes
(e.g, graphene flake fusion, superficial 3D nanostructuring, or
semivertical graphene petal formation) occur at higher
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Figure 4. Line resolution of graphene patterned with the IML method Si/SiO, wafer. (a) Optical microscopy images of inkjet printed polymer
sacrificial layer (scale bar 100 um). Top right corner: Magnified inset shows 50 um polymer lines with 20 uM spaces (scale bar 50 ym). (b)
Graphene pattern after IML (scale bar 100 ym). Top right corner: Magnified inset showing 20 gm graphene lines (scale bar 50 ym). Printed
graphene lines analyzed with (c) confocal microscopy, (d) cross-sectional 3D AFM imaging, and (e) top-view 2D AFM imaging. The dotted

white line in (e) depicts the average cross section used to determine the graphene height profiles presented in (f). Averaged cross section
height (f) of 1 (red) and 2 (blue) spin-coated layers of graphene using IML.
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Figure S. Electrochemical H,O, sensing characterization with the IML graphene electrode on heat treated PET. (a) Graphene electrode
fabricated with IML, laser-annealed, and electroplated with platinum nanoparticles to form a H,0, sensor. (b) Scanning electron micrograph
(SEM) of IML graphene electrode before (top) and after (bottom) laser annealing (scale bar § gm). (c) SEM of electrodeposited platinum
nanoparticles onto graphene electrode (scale bar S gm). Top right corner: Magnification of typical platinum nanoparticles on graphene (scale
bar 500 nm). (d) Cyclic voltammetry of H,0, sensor in 1X PBS (black) with 100 uM H,O, additions. (¢) Amperometric H,0, sensing
showing current response for concentration step increases of 0.1 gm (orange arrows), 1 ym (purple arrows), 10 ym (green arrows), and 100
H#M (red arrows) additions. Inset shows magnified view of 0.1 and 1 gM additions. (f) Concentration versus current graph illustrating the
linear sensitivity of the H,0, sensor. Inset shows magnified view of current response for 0.1, 1, and 10 uM concentration additions.

temperatures (>800 °C) or higher energy densities (>70 mJ/

graphene before annealing was 135 + 15 kQ (n = 5) across a
em?)."**'7** The initial resistance of the IML patterned

rectangular area of 25 mm X 3 mm. After thermal annealing at
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1000 °C for 60 min, the resistance of the sample (patterned on
a Si/SiO, wafer) was reduced to 3.5 + 0.25 kQ (n = §) (Figure
$2). It is important to note that this annealing process was
conducted in an inert ambient atmosphere, such as nitrogen, to
ensure that the graphene did not oxidize at higher temperatures
(>350 °C)—an effect that can subsequently hinder the
electrical conductivity of the graphene.”® Alternatively, laser
annealing was used to anneal the IML patterned graphene on
temperature-sensitive substrates (e.g, Kemafoil, PET, poly-
imide) using a 1000 mW benchtop laser engraver. This laser
annealing process (scan rate of SO ms) reduced the graphene
resistance to 329 + 18 Q (n = S) (Figure S2), which
corresponds to a sheet resistance of ~90 €/sq and electrical
conductivity of ~26 000 S/m.

Initially, the patterned graphene using the IML method is
free of any oxygen functional groups. X-ray photoelectron
spectroscopy (XPS) reveals distinct C—C bonds around 284
eV, which is a combination of sp* (284 eV) and sp® (284.8 €V)
bonding structure, with no noticeable oxygen bonded to the
graphene surface (Figure S3a). Upon laser annealing in an
oxygen atmosphere, an additional shoulder peak appears that
represents oxygen groups (C—O—C at ~286.5 eV and C=0 at
~288.5 eV) on the surface of the graphene (Figure S3b). As
graphene oxide is relatively not conductive, and the graphene
patterned using IML is conductive, the oxygen groups are most
likely localized to the surface of the graphene where the heat/
energy of the laser facilitates ambient oxygen groups binding to
superficial graphene flakes.

Printing Resolution. The printed graphene lines were
characterized with both confocal and atomic force microscopy
(AFM) (Figure 4). Results indicate that removal of the
sacrificial layer (Figure 4a) leaves a conductive graphene
pattern with high resolution down to 20 ym (Figure 4b), which
is smaller than that of conventional inkjet printing techniques
(~50—100 pm).”* Additionally, the IML process results in
graphene lines with defined edges and relatively consistent
height as opposed to inkjet printing which produces dome-like-
shaped cross sections.”> Confocal microscopy revealed IML
graphene printed lines with 20 ym widths and 0.6 ym heights
(Figure 4c), along with sharp edges and consistent spacing
(Figure S4). AFM was subsequently used (Figure 4d) to
analyze surface morphology, which displayed a relatively even
graphene deposition, but with high surface area due to
randomly oriented superficial graphene flakes. AFM also
revealed a 0.4 pm steep step at the edge of the patterned
graphene with relatively smooth morphology across the surface
of a 20 ym printed graphene line (Figure 4ef). The difference
between AFM and confocal microscopy height measurements is
most likely due to different test locations of the spin-coated
graphene as spin-coating deposits material more heavily in the
center and becomes thinner as distance from the axis of
rotation increases. Spin-coating a second layer of graphene ink
resulted in a doubling of the film thickness to 0.8 ym (see AFM
measurements in Figure 4f; note that each height profile was
acquired at the same location on the sample).

Electrochemical H,0, Sensing with Graphene Films.
The electrochemical sensing capability of the patterned
graphene using the IML method was first characterized via
H,0, sensing. A graphene electrode (25 mm X 3 mm) was
fabricated using IML and laser annealing (Figure Sa). We have
shown previously’' that laser annealing fuses/welds together
graphene boundary layers and significantly increases the printed
graphene surface area by nano/microstructuring the orientation
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of superficial graphene flakes (Figure Sb). Laser annealing was
used to increase the surface area and superficial defects which
are well-suited for electrochemical, heterogeneous charge
transport, and metallic nanoparticle deposition.’>*® Platinum
nanoclusters (~25—50 nm diameter spheres) were subse-
quently electrodeposited onto the surface of the electrode,
according to our previous protocols (Figure Sc and
Experimental Methods),***” as it is an efficient non-enzymatic
catalyst for peroxide sensing. The laser-annealed, high surface
area graphene not only acts as a conductive transduction
material but also provides an effective scaffold structure for the
platinum nanoclusters. We have shown in similar studies that
this graphene/platinum hybrid dramatically improves H,O,
sensing over platinum alone.”**%*”

To electrochemically characterize the platinum—graphene
sensors, cyclic voltammetry and amperometry were conducted
with a standard three-electrode setup (Figure Sd—f). Cyclic
voltammograms acquired with increasing concentrations of
H,0, (100 uM final concentration additions, from 0 to 500
M) revealed that peak oxidation occurred at a voltage of
approximately +0.4 V (Figure 5d). Subsequent amperometric
measurements (Figure Sef) were conducted at a working
potential of +0.4 V for increasing concentrations of H,0, (i.e,
increments of 0.1, 1, 10, and 100 uM). These amperometric
results show a wide linear H,0, sensing range (0.1 to 550 uM,
R? = 0.996), high sensitivity (0.21 uM/uA), low detection limit
[0.21 + 0.16 uM (30)], and a fast response time (~S s). The
H,0, sensor compared favorably to those achieved by similar
carbon/metal hybrids electrodes while eliminating the need for
multiple processing steps (e.g, electrode polishing, drying under
infrared lamps, multiple electrodeposition steps, and sonication
cleaning) (Table 1).

Graphene Interdigitated Electrode Film Fabrication
and Characterization. To demonstrate the patterning and
resolution capabilities of IML, complex graphene patterns and a
high-resolution IML logo were developed and characterized

Table 1. Performance Comparison Table of Electrochemical
H,0, Sensors Comprising Carbon Nanomaterial/Metal
Nanoparticle Hybrids”

operating
potential linear range  detection
electrode V) (uM) limit (M) ref
PtAu NC graphene +0.1 0.82—8.73 0.008 40
GCE
PNEGHNS 0 1-500 0.008 41
OMCs/GE +0.35 0.1-500 0.032 42
GNPs/GN-CS/ -0.4 5—35000 1.6 43
GCE
CQDs/octahedral -0.2 5—5300 2.38 39
Cu,O
CNF-PtNP/GCE —0.34 10—9380 19 44
IML Pt-graphene +0.4 0.1-550 0.21 this work

“PtAu NC graphene GCE: platinum—gold nanoclusters on glassy
carbon electrode. PNEGHNS: platinum nanoparticle ensembled-on-
graphene hybrid nanosheet. OMCs/GE: ordered mesoporous carbons
modified glassy carbon electrode. GNPs/GN-CS/GCE: gold nano-
particle graphene chitosan modified glassy carbon electrode. CQDs/
octahedral Cu,O: carbon quantum dots octahedral cuprous oxide
nanocomposites. CNF-PTNP/GCE: nanoporous carbon nanofibers
decorated with platinum nanoparticles on glassy carbon electrode.
IML Pt-graphene: inkjet maskless lithography electrodeposited
platinum on graphene.
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Figure 6. IML graphene design and IDE characterization. (a) Array of IDEs showing the negative IDE inkjet printed pattern using a sacrificial
polymer layer (left) and the resultant graphene IDE pattern after IML on a silicon wafer (right). Top corner images show magnified view of
IDE patterns. (b) High-resolution tilted-view SEM micrograph of resultant graphene IML IDE (scale bar 100 gm). (c) SEM displaying edge of
graphene pattern (scale bar 20 ym). (d) Diagram of total impedance versus frequency for various concentrations of KCI (Bode plot). (e)
Nyquist impedance plots for three different size IDEs with four distinct concentrations of KCIL

(see Supplemental Movie 2). It should be noted here that such
IML patterning is not limited to graphene inks, but can also be
conducted with other inks such as those derived from metallic
nanoparticles (e.g, silver nanoparticles) (see Figure SS). An
IDE array, a pattern consisting of two electrodes in alternating
parallel bands with “comb-like features” that experiences large
collection efficiencies,* increased signal-to-noise ratios,* fast
response times,”” as well as no need for a separate reference
electrode during electrochemical sensing,48 was next created
with IML to test the electrochemical reactivity of such high-
resolution graphene patterning. The IML graphene IDE was
fabricated with finger widths of 50 ym and interfinger spacing
of 75 um on a silicon wafer (Figure 6b and Figure S6).
Scanning electron micrograph (SEM) images of the graphene
IDEs displayed well-defined graphene patterns with sharp
edges, straight lines, and consistent widths (Figure 6b,c and
Figure S7). A high-resolution SEM corroborated the previous
AFM measurements by displaying a sharp step height on the
edge of the graphene pattern and a flat textured surface with
high surface area due to the randomly oriented graphene flakes.

The graphene IDEs were electrochemically characterized by
alternating current nonfaradaic EIS in varying concentrations
(107!, 1072, 1073, and 10™* M) of potassium chloride (KCI).
The direct relationship of impedance with frequency was
analyzed via the Bode plot (Figure 6d). At lower frequencies
(below 10 Hz), the impedance is related to the double layer
capacitance, whereas at higher frequency (above 10000 Hz),
the dielectric region governs the impedance.”” The region
between the double layer and the dielectric region is due to the
solution resistance in which changes in the concentration of
ions and their mobility were analyzed. Subsequently, increasing
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the KCI concentration resulted in increased impedance in both
the double layer and solution resistance regions.

Next, three distinctly sized graphene IDEs with two 10-finger
combs of varying finger width and spacing (50 and S0 pm; 75
and 150 pm; 150 and 200 pm; finger width and spacing,
respectively) were created with IML. Resulting electrodes were
characterized by EIS, and the real versus imaginary impedance
was plotted (Figure 6e). All graphene IDEs displayed typical
Nyquist impedance characteristics: semicircle shapes with
straight tails (45° straight line after semicircle) where the
semicircular region (high frequency) is kinetically controlled
and the tail region (low frequency) characterizes the mass-
transfer-controlled section (diffusion-limited process).”® The
double layer capacitance of the graphene IDE (50 ym finger
width and 50 pm finger spacing) was calculated to be ~5 nF in
0.1 M KCI, which is comparable to IDEs comprising
palladium,’® gold,””** and carbon nanotubes™* (Experimental
Methods). As the concentration of KCl increased, the
equivalent film resistance increased, making the system
kinetically slower (wider semicircle) for each of the different
feature sized graphene IDEs. As expected, the graphene IDE
with larger feature sizes displayed larger film resistance (R,
diameter of semicircle). Additionally, the IDEs with smaller
feature sizes demonstrated the most favorable sensing
characteristics as they were more sensitive (change in diameter
of semicircle, AR,,) to variations in the KCI concentration as
impedance values recorded for IDEs with the smallest to largest
feature sizes were 21, 17, and 4.5 kQ. These results
demonstrate that the IDE fabricated using the IML method
displayed standard EIS characteristics and hence can act as a
viable EIS sensor; furthermore, decreasing the feature size of
the electrochemical sensors can improve sensor sensitivity.
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CONCLUSIONS

In summary, a micromanufacturing technique of depositing
graphene films for high-resolution patterning has been
demonstrated using a technique coined IML. This method
can pattern solutions not easily inkjet printable such as inks
comprising high nanoparticle concentrations, large particle
sizes, or higher viscosities. This developed IML process creates
smaller feature sizes than conventional inkjet printing as the
feature size is not limited to the width of the jetted material but
rather the space between two printed lines. In addition to high-
resolution patterning, this process promotes rapid prototyping
as no photolithography steps, stencils, or patterns are necessary.

Two different patterns were designed and tested to
demonstrate the application of IML for electrochemical
sensing. First, a H,O, sensor was manufactured which showed
the electroactive nature of the patterned and laser-annealed
graphene electrodeposited platinum hybrid using the IML
technique. The designed H,O, sensor exhibited a low detection
limit (0.21 + 0.16 uM), wide linear sensing range (0.1 to 550
uM), and fast response time (S s)—the graphene films
exhibited a high degree of electroactivity during electrochemical
sensing. Next, IDEs of varying finger width and spacing (50 and
S0 pm; 75 and 150 pm; 150 and 200 pm, respectively) were
manufactured to demonstrate the ability to create distinct high-
resolution graphene circuits rapidly via the IML process. The
patterned graphene IDEs had sharp edges, consistent line
width, and demonstrated characteristic EIS measurements such
as a double layer capacitance of ~5 nF. EIS measurements
revealed that the sensor sensitivity correlated to electrode
feature size as the IDE with the smallest finger width and
spacing (50 and SO pm) displayed the largest EIS magnitude
response in KCI (~21 KQ). The developed IML technique can
be used to pattern solution-phase graphene on diverse
substrates such as silicon as well as flexible, disposable
substrates including Kemafoil (heat treated PET), clear PET,
and polyimide tape (Figure S8). We have also demonstrated
that other inks such as those comprised of silver nanoparticles
can be patterned with this IML technique (Figure SS). In
summary, this work shows great promise in providing a rapid
prototyping method of high-resolution patterns for concen-
trated, conductive nanoparticle inks which is compatible with
multiple substrates. Hence, this technique could potentially
have wide utility to applications that use patterned graphene
including electrochemical sensors, energy harvesters, batteries,
capacitors/supercapacitors, triboelectric nanogenerators, strain
sensors, and chemical/biological sensors. *5761

EXPERIMENTAL METHODS

Materials. Completely reduced graphene oxide (referred through-
out as graphene) was purchased from ACS Materials (USA). All other
chemicals including solvents were purchased from Sigma-Aldrich
(USA) and used without any other further purification. The use of
these chemicals is outlined in the following sections of this
experimental procedure section.

Polymer Lacquer Formulation and Printing. Polymer lacquer
ink was designed and optimized using an acrylic lacquer and diluted
with solvents to an inkjet printable range. In short, 1 mL of a toluene
formaldehyde nail polish was mixed with 1 mL of terpineol and 8 mL
of cyclohexanone. The solution was then vortexed for 1 min and
filtered using a 0.45 syringe filter. The viscosity and surface tension of
the ink were measured using a Rheometer uVisc micropipette
viscometer at 40 °C and were found to be 6 cP and 41 mN/m,
respectively.
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Inkjet printing of the polymer lacquer inks was conducted with a
Fujifilm Dimatix Materials printer (DMP2800). The polymer sacrificial
ink was loaded into a 3 mL printer cartridge and printed through 1 pL
nominal drop volume nozzles. The waveform was adjusted to print
nozzles at a temperature of 40 °C with a 20 um drop spacing. These
parameters yielded consistent droplets without any satellite droplets
and well-defined lines that held tightly to the substrate. The ink was
printed onto N-type (1,0,0) 300 nm dry thermal oxide polished silicon
wafers (Silicon Quest International Inc.), polyimide (DuPont Kapton
125 pm), and heat-stabilized polyester film (Coveme, Kemafoil PET
100 pm). Typically, a single printed layer adequately forms the
sacrificial layer, which dramatically increases the speed and resolution
of IML over typical inkjet printing; however, porous materials required
additional printing passes as the polymer was absorbed into the
surface.

Graphene Ink Formulation and Graphene Film Fabrication.
Graphene ink (10 mL) was synthesized by first vortexing 150 mg of
completely reduced graphene oxide (ACS Material, GN1P000S, 1-5
um flake size) in SO mL of ethanol for S min at high speed in a S0 mL
falcon vortex tube. Ethyl cellulose (viscosity 46 cP, 5% in toluene/
ethanol 80:20(lit.), Sigma-Aldrich 433837) was added to the solution
(25 mg/mL) and revortexed for S min on high to increase solution
homogeneity. Next, 10 mL of terpineol (Sigma-Aldrich T3407) was
added to the solution. The graphene ink was then poured into a 100
mL beaker and probe sonicated (Sonics Vibra-cell VCX-750 ultrasonic
processor) at 70% amplitude with a 9 s pulse and 1 s rest for 2 h to
break up large particles. The beaker was suspended in a bath sonicator,
and the water was continually refreshed to provide cooling during
sonication. The solution was then bath sonicated for 6 h at high power
to break up the graphene into smaller particles. The bath temperature
was refreshed to maintain a temperature of no more than 40 °C. The
ethanol was then evaporated off by heating on a hot plate, leaving a
concentrated graphene solution (15 mg/mL). This procedure
provided a stable and homogeneous graphene ink with a viscosity
well-suited for spin-coating (176.2 cP).

The graphene ink was spin-coated over the entire surface of the
substrate including the inkjet printed sacrificial layer. One milliliter of
graphene ink was pipetted on the center of the wafer and spin-coated
at 1000 rpm for 30 s. The wafer was then heated at 90 °C on a hot
plate for 2 min to dry the graphene ink. A postbake was performed in a
convection furnace at 120 °C for 1 h to ensure the graphene
thoroughly adhered to the substrate or baked with a heat gun for 10
min. The sacrificial layer was then removed in an acetone bath and
impinged with acetone from a wash bottle or bath sonicated in a
Branson 2800 series bath sonicator at low power for 10 s to remove
excess graphene. It should be noted that adhesion between graphene
flakes often created a thin graphene film layer that adhered to the
edges of the patterned graphene and suspended over the sacrificial
layer (Figure S9a). Hence, this thin graphene film layer impedes the
graphene lift-off process and prevented straight edge graphene lines.
To circumvent these deleterious effects, the graphene electrodes were
sonicated in an acetone bath for 10 s at low power or impinged with
acetone from a wash bottle to remove excess graphene (Figure SOb).

Scanning Electron Microscopy. The IML patterned graphene
was investigated using a field emission scanning electron microscope
(FEI Quanta 250). All images were captured using secondary electron
mode, with a working distance of ~10 mm, spot size of 3.0, and with a
10 kV accelerating potential. A turbo pump sputter coater was used to
deposit 2 nm of Iridium over the samples to ensure no surface
charging or capacitance during SEM imaging.

Atomic Force Microscopy. AFM images of printed graphene
layers on silicon wafer surfaces were acquired in PeakForce tapping
mode using a Dimension Icon scanning probe microscope (Bruker,
Santa Barbara, CA). The PeakForce tapping images were acquired
using ScanAsyst. AFM probes used were model SCANASYST AIR
(Bruker, Santa Barbara, CA). All images were acquired in air. AFM
images were post-processed using plane-fitting (second-order) and/or
flattening (zeroth-order) techniques with Nanoscope software.

Confocal Microscopy. Confocal microscopy (Sensofar, S-neox,
Spain) measurements were performed to study the surface features of
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printed graphene layers on prepared silicon wafers. An area of 350.88
X 264.19 pm’® with 150X magnification was scanned with the
SensoScan software. The z-scan was performed using a 0.1 um step
size. Form removal post-processing was performed to remove sample
tilt.

X-ray Photoelectron Spectroscopy. XPS of IML patterned
graphene before and after laser annealing was analyzed using a Kratos
Amicus X-ray photoelectron spectrometer containing an Al Ka
excitation source (1486.7 eV). The binding energy scan was formed
by subtracting the excitation energy from the measured photoelectron
energy from the constituent elements. The C s spectrum fitted using
CasaXPS with a Shirley background fitting and a Gaussian—Lorentzian
line peak fitting on the constituent peaks.

H,O0, Sensor Fabrication and Electrochemical Character-
ization. All electrochemical measurements and procedures were
conducted on a CH instrument potentiostat (600E series) in 1X PBS.
The H,0, sensors were fabricated using the IML method described
herein. The electrodes were laser-annealed at laser power 1 and raster
rate of 50 ms using a 1000 mW engraver with a blue-violet laser.
Platinum was electrochemically deposited onto the graphene surface of
the working electrode with a 2.5 mA/cm? current for 100 cycles
following our similar established protocols for electrodepositin,
platinum nanoparticles on graphene and carbon nanotubes.*"***"°
The H,0, sensors were next placed in a 3D printed container to
standardize testing between electrodes; these sensors were tested using
a standard three-electrode setup with a Ag/AgCl single membrane
reference electrode and a platinum wire counter electrode (Figure
§10). Cyclic voltammograms were conducted with a scan rate 0.05
mV/s between the potential voltage of —0.2 to +0.6 V (Figure 5d).
Amperometric voltammetry was conducted at +0.4 V as determined
from cyclical voltammetry. Electrodes were polarized for approx-
imately 250 s before H,O, additions were added. H,0, (Sigma-Aldrich
H1009) dilutions in 1X PBS was then added to create final
concentration additions of 0.1 uM through 100 uM. The response
time of the sensor was defined as the time from initial H,O, injection
to the point at which 95% of the steady-state value was reached.

Interdigitate Electrode Fabrication and Electrochemical
Characterization. Graphene IDEs were manufactured using the
IML method on a silicon wafer as described throughout the article.
The silicon wafer was then placed on a hot plate and thermally
annealed at 300 °C in ambient air for 30 min. A carbon paste was
deposited on the ends of the IDE for alligator clips to attach. The IDE
was tested in a standard two-electrode setup by electrically shorting
the reference and counter electrodes. Electrochemical impedance
spectroscopy was conducted with S mV amplitude, frequency between
1 and 10° Hz and no DC current bias. EIS was conducted in varying
concentrations of KCI (107}, 1072, 1073, and 10™* M). The double
layer capacitance (Cy) was calculated following the theory behind
nonfaradaic EIS, which correlates Cy with phase (¢) and impedance (|
Zl) as a sampling function in the electrolyte solution. Cy is hence
calculated from the Nyquist plot by taking the inverse of the product
of the film resistance (R, diameter of the semicircle) and angular
frequency at top of the semicircle (@)
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