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Abstract

Printed graphene electrodes have been demonstrated as a versatile platform for electrochemical sensing, with numerous
examples of rapid sensor prototyping using laboratory-scale printing techniques such as inkjet and aerosol jet printing. To
leverage these materials in a scalable production framework, higher-throughput printing methods are required with comple-
mentary advances in ink formulation. Flexography printing couples the attractive benefits of liquid-phase graphene printing
with large-scale manufacturing. Here, we investigate graphene flexography for the fabrication of electrodes by analyzing
the impacts of ink and process parameters on print quality and electrical properties. Characterization of the printed patterns
reveals anisotropic structure due to striations along the print direction, which is related to viscous fingering of the ink. How-
ever, high-resolution imaging reveals a dense graphene network even in regions of sparse coverage, contributing to robust
electrical properties even for the thinnest films (< 100 nm). Moreover, the mechanical and environmental sensitivity of the
printed electrodes is characterized, with particular focus on atmospheric response and thermal hysteresis. Overall, this work
reveals the conditions under which graphene inks can be employed for high-speed flexographic printing, which will facilitate
the development of graphene-based sensors and related devices.
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Introduction Laboratory demonstrations of printed graphene devices

are largely based on digital printing methods (e.g., inkjet and

The integration of functional nanomaterials in scalable,
liquid-phase printing processes offers opportunities for pro-
totyping and production of low-cost, flexible, and disposable
electronics and sensors [1]. Graphene is particularly versatile
as a conductive, flexible, chemically inert material with high
surface area that can be functionalized for targeted applica-
tions [2—4]. As a result, graphene inks have been employed
for a variety of devices, including microscale heaters [5],
supercapacitors [6], and environmental [7], chemical [8, 9],
and biochemical sensors [10-14].
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aerosol jet printing) due to their rapid prototyping compat-
ibility and small-volume fabrication [9, 15-17]. However,
as graphene-based technologies transition from laboratory
demonstrations to production volumes, higher-throughput
alternatives are imperative. The suitability of liquid-phase
printing methods for both small-volume, lab-scale proto-
typing and high-throughput, roll-to-roll production is a key
motivating factor for these technologies [6, 16, 18, 19]. In
particular, roll-based contact printing methods using a physi-
cal master (e.g., flexography) offer a viable route to produc-
tion-scale fabrication, with printing speeds on the order of
tens of meters per minute [18, 20].

Flexographic printing is a high-throughput liquid-phase
printing method suitable for roll-to-roll manufacturing [21].
During printing, ink fills an anilox roll containing engraved
cells under the action of a doctor blade. This anilox roll
is then brought into contact with the printing plate, which
contains raised features defining the pattern. As the inked
printing plate is brought into contact with the substrate, ink
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is transferred to the substrate where it dries or otherwise
solidifies to form the desired pattern. Flexographic printing
features an elastomeric plate to define the pattern, enabling
straightforward pattern redesign and tooling. This power-
ful advantage maintains the benefits of prototyping meth-
ods while providing the throughput speed of a roll-based
printing press. Moreover, the flexible plate and occurrence
of plate-substrate contact only in regions to be printed sup-
ports compatibility with a wide range of substrates and pre-
printed features. As a result, recent studies have focused on
flexographic printing with nanomaterial inks for a variety of
applications, including energy, sensing, electronics, secu-
rity, and display technologies [18, 22-25]. The prevalent
use of flexography for packaging materials (e.g., cardboard
boxes, beverage cartons, and food packaging) positions it as
a compelling platform for smart packaging with integrated
sensing capabilities [26]. However, printing requirements for
inks containing electronically functional material are distinct
from those for pigmented inks used in conventional packag-
ing. For example, microscopic nonuniformities in pattern
reproduction are tolerable for graphics printing, but can lead
to degraded or unexpected performance in electronic materi-
als [24, 27]. Therefore, it is critical to evaluate the viability
of flexography for functional 2D materials (e.g., graphene)
and characterize how flexographic printing phenomena
impact structure and properties.

A recent review paper by Tran et al. highlighted the
challenge and noted the scarcity of laboratory demonstra-
tions for high-speed printing of graphene [28]. Notably,
a suitable graphene ink for volume-constrained methods
such as gravure and flexographic printing requires excel-
lent graphene dispersion quality, high concentration, and
low viscosity. Achieving these three characteristics simul-
taneously requires consideration of the graphene flake size,
which also affects functional properties such as conductiv-
ity. While previous efforts to print graphene by flexography
deposited individual flakes to functionalize a surface, the
requirement of continuous, conductive films requires much
higher concentration ink and careful consideration of print
morphology [29].

Here, we demonstrate flexographic printing of a graphene
ink to achieve high-speed patterning of thin, conductive
graphene patterns with ~ 100 um patterning resolution. This
work comprises three components. First, we discuss prepara-
tion and characterization of an ink suitable for flexographic
printing, which demands high concentration while adhering
to viscosity restrictions of the printing process. Second, a
thorough characterization of the printing process for this
ink reveals interactions between print speed, pattern geom-
etry, and structural and functional properties of the resulting
prints. Third, the stability of these printed graphene pat-
terns is assessed, including sensitivity to bending, heat, and
environmental conditions. Overall, we demonstrate printing
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of electrically continuous patterns at speeds of 30 m/min,
achieving < 1 k€/sq sheet resistance for various pattern ori-
entations and sizes.

Experimental
Ink preparation

Graphene was exfoliated from graphite by high shear
mixing in ethanol with the stabilizing polymer ethyl cel-
lulose (EC). A home-built, continuous flow shear mixing
system (Silverson Machines, 200L inline mixer with a 1.5
HP motor) equipped with a square hole high shear screen
was used to exfoliate flake graphite (Sigma-Aldrich,+ 150
mesh) in a~ 1% w/v ethanol-based solution of ethyl cellu-
lose (EC, Sigma-Aldrich, 4 cP grade). Briefly, 200 g of EC
were dissolved in 5 USG of ethanol (Decon Labs, 200-proof)
at 50% mixer power, before 6 kg of graphite were added
to the reactor. The power was then increased to 100% and
continuous mixing proceeded for 96 h along a recirculating
pathway. The resulting slurry was collected, and sedimenta-
tion of thick graphite flakes was carried out at ~ 10,000 rcf
using an Avanti J26-XPI centrifuge (Beckman Coulter). The
supernatant containing graphene nanosheets was decanted
and subsequently combined with salt water (0.04 g/mL
NaCl) in a~2:1 v/v ratio to flocculate the graphene sheets,
allowing them to be collected as a solid upon further cen-
trifugation at~ 12,000 rcf. Finally, the nanocomposite pel-
let comprised of enriched graphene/EC was washed with
deionized water using vacuum filtration and dried to yield
a fine powder containing ~40% wt. graphene as determined
by thermogravimetric analysis. To prepare the flexographic
graphene ink, 0.8 mL terpineol was first added to a glass
vial, followed by 0.24 g of crushed graphene/EC powder,
then 3.2 mL ethanol. The vial was sealed and bath sonicated
at~30 °C for 3 h total, with mixing by a vortex mixer for
1 min every ~ 30 min. This protocol results in a nominal
composition of 6% w/v graphene/EC in 4:1 v/v ethanol/ter-
pineol, with a graphene concentration of ~25 mg/mL.

Flexographic printing

Flexographic printing was performed with a Harper QD
Printer roll-to-sheet flexography system. Springs rated at
51 Ibs were used to maintain the contact force between the
printing plate and substrate, and an anilox roll with 600 cpi
was used. Polyimide sheets (Kapton FPC, 75 um thick) were
used for substrates, and printing was performed at ambient
conditions (24 °C, 16% RH). For each printing run,~0.5 mL
ink was applied to the anilox roll and spread laterally to
wet the entire width. The anilox roll and printing plate were
thoroughly cleaned with isopropanol following each printing
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run, and the anilox roll was further cleaned by bath sonica-
tion in water.

Characterization

Optical microscopy was performed with a Keyence VHX-
7000 digital microscope. Optical profilometry measurements
were performed with a Zygo 7100 optical profilometer. Elec-
trical measurements were collected with a Keithley 2450
source measure unit. Basic electrical measurements (Fig. 6,
Figure S5) were collected on simple line patterns using a
4-point probe configuration to eliminate contact resistance
effects. For each resistance value, a bipolar I-V curve was
collected and a linear fit was used to calculate the resistance.
For metrics that account for sample geometry, the sample
length and width were measured by optical microscopy and
the cross-sectional area determined by optical profilometry.
The measurement of cross-sectional area was performed
prior to thermal curing, so a calibration sample of the same
material on glass was used to account for thickness reduction
during curing using contact profilometry, consistent with
prior literature [19]. Single-device characteristics (Fig. 7,
Figure S7) were collected using the 4-point probe method
with a serpentine pattern containing 4 contact pads (inset,
Fig. 7). Copper tape and silver paste were applied to the con-
tact pads for secure connection of electrical leads during the

extended tests. Humidity response data were collected with
a Memmert HCP 108 Climate Chamber, and controlled O,
studies used a ZRS5 Zirox Oxygen Measuring System with
gas composition controlled by two mass flow controllers.
Viscosity data was collected using an Anton Paar MCR 302
Rheometer equipped with a cone and plate measurement
system (25 mm, 2° cone). Electrochemical testing was per-
formed with a PalmSens4 instrument on an interdigitated
electrode pattern (E1) in a solution of 5 mM ferri/ferrocya-
nide with KCl as the electrolyte in varying concentrations.
Cyclic voltammetry was done with 0.1 M KCl at scan speeds
of 10, 20, 30, 40, and 50 mV/s. Electrochemical imped-
ance spectroscopy was performed for KCI concentrations
of 107,107, 107, and 0.1 M at 0 V DC bias. An AC bias
of 0.05 V was applied at frequencies of 1072-10° Hz. These
parameters follow literature precedent [11] and are useful
for probing electrical double layer effects that are nominally
bias-independent, rather than redox kinetics that might occur
at applied bias in more complex electrochemical systems
such as batteries.

Error bars in general (Figs. 1, 2, 3, 4, 5 and 6) indicate the
standard deviation of three measurements, although in some
cases the error bars are masked by the data points because
they are small. The data presented in Fig. 7 are single-device
characterization tests and are not quantifying the device-to-
device variability.

Fig. 1 Graphene flexography ()
process schematic and overview.
(a) Ilustration of flexographic
printing for functional graphene
patterns, showing the printing
cylinder, flexography plate,
anilox roll, doctor blade, and
ink. (b) Photograph of the
flexography system. (¢) Viscos-
ity of the graphene flexography
ink for shear rates of 1-1000
1/s; inset photograph of the gra-
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Fig.2 Print characterization for graphene flexography. (a) Printed
line resolution as a function of plate feature width for printing speeds
of 20, 30, and 40 m/min (lines printed at 45° orientation angle with
respect to the printing direction). (b) Printed line resolution plotted
against plate feature width for printing at 30 m/min and orientations

 (b)

Plate Resolution (um)

of 0, 45, and 90°. (¢, d) Microscopy images showing printed lines
corresponding to~100 and~300 um plate features, respectively, at
orientations of 0, 45, and 90° with respect to the printing direction
(indicated by arrows). Scale bar: 500 microns
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Fig.3 Analysis of striation phenomena due to viscous fingering. (a)
Microscopy images for pads printed at 2040 m/min, including pro-
cessed images used for FFT analysis showing the striation patterns.
(b) One-dimensional FFT analysis for the images, showing a peak

Results and discussion
Pattern design and system setup

The flexography printing system used for this study is
described in Fig. la-b. The ink is applied to an anilox
roll containing engraved cells to hold ink, and excess
ink is removed from the surface using a doctor blade as
the roll rotates. The anilox roll is then brought into con-
tact with the flexographic plate, which is an elastomeric
plate wrapped around the print cylinder containing relief
(i.e., raised) features to define the printed pattern. Once
the plate is brought into contact with the substrate, ink is
transferred from the raised patterns onto the substrate in
the defined geometry.
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corresponding to the characteristic striation length scale at 100, 123,
and 135 um for printing at 20, 30, and 40 m/min, respectively. (c)
Microscopy image showing consistent line morphology for~ 150 pm
lines oriented parallel to the printing direction

Graphene was prepared by high shear mixing from flake
graphite in the presence of ethyl cellulose, yielding flakes
with lateral dimensions of ~ 100-500 nm and thicknesses
of ~1-5 nm (Figure S1, Figure S2). The ethyl cellulose acts
as an exfoliation aid and dispersant, providing excellent col-
loidal stability and straightforward dispersion in simple and
benign organic solvents (e.g., ethanol). The graphene ink
used for this study contained 6% w/v graphene/EC dispersed
in a solvent containing 4:1 v/v ethanol/terpineol. This for-
mulation results in a black, shear-thinning graphene disper-
sion with a viscosity of 60 mPa-s at a shear rate of 10 1/s,
which is suitable for flexography (Fig. 1c). Here, the terpi-
neol serves as a low volatility cosolvent to mitigate rapid
drying of the ink during handling. This material and solvent
system is adapted from prior work [19, 30], and is known
to exhibit robust, high electrical conductivity even for thin
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Fig.4 Optical profilometry data
showing the topography of gra-
phene patterns prior to curing.
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Fig.5 Scanning electron microscopy analysis of pattern striations. Electron and optical micrographs of a printed corner feature showing the
characteristic striations, along with high-resolution imaging in a sparse region that still reveals a dense network of graphene flakes

patterns below 100 nm in thickness. To evaluate printing
performance, a test pattern was defined containing calibra-
tion line patterns and functional test structures, as shown
in Fig. 1d, showcasing the high-speed, large-area printing
capability of flexography.

Print morphology

During flexographic printing, the print speed is a key param-
eter that affects printing resolution and morphology [31].
For this study, graphene printing was performed at print
speeds of 20, 30, and 40 m/min to evaluate the print resolu-
tion and morphology effects (Fig. 2a, Figure S3). During
printing, the pattern transferred to the substrate is larger

than the relief pattern on the printed plate. Thus, upon con-
tact between the roll and substrate, ink is forced outward
from the contact point and wets a wider area of the substrate
[32]. Printing at 30 m/min resulted in~ 50 um excess pattern
width, such that the smaller plate feature of 50 pm resulted
in a printed feature width of ~ 100 um. This phenomenon is
consistent across different feature widths and print orienta-
tions (Fig. 2b, Figure S4). Here, the higher printing speeds
of 30 m/min and 40 m/min resulted in consistently better line
width definition compared to the slower (20 m/min) print
speed, with the slower speed resulting in line broadening
of ~75 um.

Microscopy images in Fig. 2c-d show morphological fea-
tures at a smaller length scale than the patterned lines. These
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Fig.6 Electrical characterization of flexographically printed gra-
phene lines. (a) Sheet resistance of lines plotted against orientation,
showing consistent electrical properties over a broad range from
15-60° line orientation. (b) Sheet resistance as a function of flexog-
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raphy plate resolution for narrow lines, showing some dependence on
both the pattern width and line orientation. (¢) Product of conduct-
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showing an approximately linear dependence
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striations aligned with the printing direction are commonly
observed in flexographic printing and result from an insta-
bility as air fingers penetrate the ink bridge as the printing
plate and substrate separate [22]. This viscous fingering or
ribbing effect causes anisotropy in the printed pattern, as
the striations are oriented along the printing direction and
furthermore result in asymmetric features on the leading and
trailing edges of the ink deposit (Fig. 2d) [24].

Figure 3 shows the striations due to viscous fingering for
equivalent film patterns printed at 20, 30 and 40 m/min (Fig-
ure S5). To characterize these patterns, a grayscale image of
each pattern was analyzed (Fig. 3a) using a one-dimensional
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fast Fourier transform (FFT) aligned across the printing
orientation. As shown in Fig. 3b, this provides a charac-
teristic length scale for the striations, with values of 100,
123, and 135 um for printing speeds of 20, 30, and 40 m/
min., respectively. Here, as the printing speed is increased,
the characteristic pitch of the striations also increases. This
observation contrasts with previous results for Newtonian
fluids, for which the viscous fingering length scales as the
inverse square root of the capillary number resulting in a
smaller striation pitch with increasing print velocity [22].
Interestingly, as the patterning length-scale approaches
that of the striations, more consistent line morphology is
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observed. This behavior is evident for the narrow lines
patterned parallel to the print direction, as shown in detail
in Fig. 3c (Figure S6). Here, the confinement of fluid into
a~ 150 um wide trace couples with the characteristic stria-
tion length scale of similar magnitude to produce a con-
sistent profile. The height profile is analyzed using optical
profilometry, as shown in Fig. 4a-b. This measurement is
performed prior to curing, and a separate test reveals a thick-
ness reduction to 55% of the as-printed value following cur-
ing. Here, the line edges are ~200 nm thick, separated by
a~40 nm thick central region. This dimension is compa-
rable to height variations in the more random striation pat-
terns formed in the larger area figures (Fig. 4c-d), which are
dominated by ink buildup on the trailing edge. Importantly,
even in the thinner regions, sufficient material is deposited to
form electrically continuous patterns. The improved control
over striation morphology for confined features could poten-
tially allow useful tailoring of the viscous fingering effect,
analogous to exploitation of the coffee ring effect in inkjet
printing to enhance performance in select applications [15].

The effect of striations on functional performance is an
important research question impacting the application of
flexography for printed electronics. If sparse regions lose
continuity or exhibit significantly reduced conductivity
due to percolation effects, electrical properties could be
adversely affected. However, thinner regions could also be
desirable for sensing applications due to the large, exposed
surface area of the film. Moreover, the thin nature of the
graphene flakes promotes efficient percolation compared
to nanoparticles, and the ethyl cellulose dispersant has pre-
viously been shown to support continuous film formation
below 50 nm [16, 19]. Indeed, scanning electron microscopy
reveals that the graphene ink forms a dense, interconnected
network of flakes even in these optically sparse regions
(Fig. 5).

Electrical functionality

Here, the effect of striations on electrical properties is char-
acterized. Despite the thin nature of the graphene film in
some regions, electrical continuity of the patterns is main-
tained. Based on prior studies, the graphene/ethyl cellulose
ink can exhibit thickness-dependent resistivity for films thin-
ner than 50 nm [16]. For a more thorough understanding of
coupling between the print morphology and electrical prop-
erties, the resistance of wide line patterns was measured for
different orientations of the line with respect to the printing
direction, as shown in Fig. 6a. Across a wide range of ori-
entation angles from 15-60°, a consistently low sheet resist-
ance of ~700 /sq was observed. When the printing direc-
tion was aligned with the line (orientation angle of 0°), the
resulting sheet resistance was nearly 50% higher, or~ 1020
Q/sq. For high orientation angles of 75 and 90°, the sheet

resistance exhibits a more dramatic increase, with a maxi-
mum value of ~ 1720 Q/sq, which is ~2.5-fold higher than
that for the optimal orientation. Consequently, pattern ori-
entation is an important design consideration for graphene
flexographic printing. Nevertheless, the broad range of ori-
entations supporting consistent electrical properties allows
printing of right-angle patterns with uniform properties
using either a 45° orientation or 30° and 60° orientations.

While the wide line patterns show clear variation in elec-
trical properties based on print orientation, edge effects in
the deposition can also play an important role for narrower
lines. Ink buildup on the trailing edge of the print leads to
pattern width dependence in the electrical properties for
patterns transverse to the print direction. It is also impor-
tant to consider line broadening effects in pattern design
since higher resolution features exhibit proportionally larger
spreading following printing. Figure 6b shows the manifesta-
tion of broadening effects for different print orientations. For
the 45° orientation, the sheet resistance exhibits a decrease
as the pattern feature width increases, because the deposited
ink volume is more closely related to the pattern size than
the final printed size. However, for the 90° orientation, the
sheet resistance increases for larger pattern widths, which is
attributed to ink buildup at the trailing edge of the printed
line, as illustrated in Figs. 2c-d and 4d.

To normalize conductance for line broadening and
understand the effects of ink buildup along the trailing
edge, Fig. 6¢ shows the product of line conductance and
length plotted as a function of defined width (the inverse
of the more typical resistance per length value, shown in
Figure S7). A linear slope for this plot indicates a direct
correlation between the pattern width and the electrical
conductance, such that higher conductance patterns can
be straightforwardly designed by varying the geometry
as is evident for features printed with the 45° orientation.
The sharpest deviation from this behavior occurs for lines
printed with the 90° orientation, for which the striations are
aligned transverse to the conducting path. In this case, the
plot exhibits a lower slope, suggesting incremental increases
in pattern width are less effective at improving conductance.
Moreover, the nonzero intercept correlates to the effect of
ink buildup along the trailing edge, as this dense feature
exhibits comparable width regardless of the pattern width.

While a direct measurement of line thickness was not
possible for these thin patterns following curing due to the
rough nature of the Kapton substrate, optical profilometry
was performed prior to curing. Wide line patterns printed
with 0, 45, and 90° orientation exhibited as-printed thick-
nesses of ~90 nm. Based on a measured reduction in thick-
ness during annealing to 55% of the as-printed thickness,
the resulting conductivity values for 0, 45, and 90° orien-
tations are 19,800, 27,900, and 11,400 S/m, respectively,
which is consistent with prior studies using graphene/ethyl
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cellulose [16]. Taking the striations into account, regions
of <20 nm thickness exist following annealing. The reten-
tion of high electrical conductivity for such thin patterns,
even over a relatively rough substrate, is a notable feature
of the graphene ink and can be attributed to the continuous
coverage of material even in optically sparse regions (Fig-
ure S8). This continuity has been observed in prior studies
[19] and validates the use of this ink for flexographic print-
ing in which pattern inhomogeneities could disrupt electrical
continuity for other materials. Here, the nanoscale 2D nature
of the graphene flakes allows efficient overlap for charge
transport. Notably, thin, conductive patterns of graphene
have been previously demonstrated as viable candidates for
biochemical sensing [11, 33, 34]. The graphene patterns
can be functionalized with recognition groups to provide
specific sensing functionality. In this case, the thin nature of
the electrodes can provide a high surface area with potential
for increased sensitivity.

Electrical stability

Given the interest in using graphene for sensor electrodes
[15, 35], it is important to better understand the native prop-
erties of the material when subjected to various stressors
such as mechanical deformation, heat, humidity, and atmos-
pheric conditions (Fig. 7). First, a serpentine pattern was bent
around cylinders with varying radii of curvature. As shown
in Fig. 7a, measurements in the bent state show no significant
change in electrical properties, consistent with prior results
using this material [16]. To test thermal sensitivity, samples
were heated on a hotplate to 100 °C in air. As expected for
graphitic materials with a negative temperature coefficient
of resistivity, the resistance decreases slightly upon heating
(Fig. 7b). Interestingly, some hysteretic behavior is observed
that is noticeable above 60 °C, with a slightly higher measured
resistance following the thermal cycle. This elevated resistance
settles over a timescale of 24-48 h, with some fluctuations
attributed to day—night cycles for laboratory temperature and
humidity (Fig. 7c). To further explore this phenomenon, the
same test was repeated under Ar atmosphere where the sam-
ple was heated to 100 °C, cooled quickly, and then monitored
for~40 h. In this case, the resistance rose ~ 15% as the sample
cooled over the first 1.5 h, after which it remained relatively
stable (Figure S9a). This observation suggests that the gradual
equilibration in ambient atmosphere could be a result of gas
or vapor adsorption, for which the initial heating to 100 °C
alters the equilibrium. Because oxygen has been suggested
as a likely dopant for carbon nanomaterials [36], this test was
repeated in a dry, oxygen-controlled environment. Here, the
sample resistance is stable for oxygen concentrations in the
range of 0 to 20% (Figure S9b). Finally, the electrical proper-
ties were monitored following heating in a controlled humid-
ity environment. As shown in Fig. 7d, the sample resistance
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varies ~ 3% for relative humidity (RH) values of 20-70%. As
with equilibration in ambient following heating, the response
time is on the order of hours, and an approximate square root
time dependence is observed, consistent with Fickian diffusion
(Figure S9c-d). Altogether, these results reveal a more com-
plex response to environmental conditions than is commonly
acknowledged for printed graphene, which merits considera-
tion during device design and further study to support reliable
application.

Discussion and Context

The combination of print speed, resolution, and electrical
conductivity achieved by this method is competitive with
recent literature reports [28]. A print speed of 30 m/min
achieved by flexography is orders of magnitude faster than
traditional laboratory-based methods, such as inkjet, aero-
sol jet, and electrohydrodynamic jet printing [21]. The print
resolution of ~ 100 um achieved here is within the range
expected for flexography, and while somewhat lower than
precision methods such as aerosol jet printing, suitable for
large-area electrodes. The electrical properties, with a con-
ductivity as high as 27,900 S/m and sheet resistance of ~ 1
k€/0, are highly competitive for carbon-based inks. This is
in line with graphene/EC inks using other printing methods
(inkjet, gravure) [16, 19] and substantially better than more
conventional carbon-based inks including graphite and car-
bon black [37]. Moreover, the retention of high conductivity
and electrical continuity for very thin (< 100 nm) patterns
is significant, as it allows a reduction in materials use com-
pared to thick-film methods such as screen printing. This
is frequently not observed for nanomaterial inks [38] and
reflects the excellent colloidal properties that support uni-
form film formation and efficient stacking even for very thin
patterns. To assess potential suitability for electrochemical
sensing, an interdigitated electrode pattern was character-
ized by cyclic voltammetry and electrochemical impedance
spectroscopy (Figure S10), following standard literature
precedent [39]. While there is a series resistance on the order
of 3 kQ, this is lower than that of other printed graphene
electrodes [11], and the device demonstrates sensitivity to
the electrolyte concentration evidenced by an ~ 8 X change in
total impedance as the electrolyte concentration is increased
from 10~ to 0.1 M [39]. Future functionalization with appro-
priate selective agents could thus position these electrodes
for applications in biosensors [11].

Conclusion

Overall, we have demonstrated a promising platform for
high-throughput fabrication of graphene electrodes based
on flexographic printing. By using an ink based on small,
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well-dispersed graphene flakes with an ethyl cellulose poly-
meric binder, patterns with~ 100 pum resolution, < 1 kQ/sq
sheet resistance, and 27,900 + 1,500 S/m electrical conduc-
tivity were printed with a speed of 30 m/min. This extends a
graphene ink system that can be tailored for different print-
ing methods, allowing more streamlined prototyping to pro-
duction workflow. Importantly, the graphene composition
offers broader potential for other circuit elements such as
wireless antennas, flexible interconnects, and resistors. The
2D nature of graphene, coupled with the robust ink proper-
ties, resulted in reliable electrical conductivity in the printed
patterns despite morphological heterogeneities common to
the printing process (i.e., striations). Moreover, the thin, con-
ductive patterns are suitable for high-throughput processing
of low-cost, flexible, and disposable sensors. Further analy-
sis of the humidity response of the deposited films could
enable new insights toward the environmental stability of
this material system for sensing applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05232-6.
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