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ABSTRACT: Aerosol jet printing is a noncontact, digital, additive
manufacturing technique compatible with a wide variety of
functional materials. Although promising, development of new
materials and devices using this technique remains hindered by
limited rational ink formulation, with most recent studies focused
on device demonstration rather than foundational process science.
In the present work, a systematic approach to formulating a
polymer-stabilized graphene ink is reported, which considers the
effect of solvent composition on dispersion, rheology, wetting,
drying, and phase separation characteristics that drive process
outcomes. It was found that a four-component solvent mixture
composed of isobutyl acetate, diglyme, dihydrolevoglucosenone,
and glycerol supported efficient ink atomization and controlled in-
line drying to reduce overspray and wetting instabilities while maintaining high resolution and electrical conductivity, thus
overcoming a trade-off in deposition rate and resolution common to aerosol jet printing. Biochemical sensors were printed for
amperometric detection of the pesticide parathion, exhibiting a detection limit of 732 nM and a sensitivity of 34 nA μM−1,
demonstrating the viability of this graphene ink for fabricating functional electronic devices.
KEYWORDS: printed electronics, nanomaterial ink, 2D materials, electrochemical sensing, flexible electronics

■ INTRODUCTION
A new generation of electronics will include conformal, flexible,
and stretchable devices, such as electronic skin,1 mechanical
sensors,2 energy harvesting and storage devices,3,4 biomedical5

and biological sensors,6−8 and wireless antennas.9 Printing
technologies provide a compelling fabrication platform for
these systems, with inherent advantages for large-area and
flexible form factors.10 Roll-to-roll methods such as gravure
printing support high-throughput and low-cost manufactur-
ing,11,12 while digital methods such as inkjet and aerosol jet
printing (AJP) streamline prototyping and customization by
reducing cost and time required to generate new printing
patterns via software. In recent years, hybrid electronics
possessing material versatility, mechanical compliance, and
large-area printability have emerged as an important comple-
ment to the high computing performance and capabilities of
silicon devices.13 To support these advances, printing methods
rely on liquid-phase inks tailored to specific deposition
methods to pattern functional materials with precision and
reliability. Understanding how physicochemical properties of
the inks couple with the physical mechanisms of specific
printing processes is crucial for streamlining materials
integration in printed electronics.

During device prototyping, designs are continuously
optimized and new materials are introduced to provide distinct
functionality. AJP is particularly compelling in this context due
to its noncontact, additive, and digital nature. During AJP, an
ink is pneumatically or ultrasonically atomized into aerosol
droplets of micrometer size, which are then transported on a
carrier gas stream into a deposition nozzle.14 There, the aerosol
stream is constricted by a sheath gas and directed to a
substrate, allowing patterning with ∼10−100 μm resolution.14

These operational properties give AJP an advantage over other
additive manufacturing techniques provided functional inks
can be designed with the appropriate fluid viscosity, particle
size, and stability needed for the atomization process and
subsequent printing. Validating this broad materials compat-
ibility, dispersions or solutions of metals,15 ceramics,16

polymers,17 and small molecules have been formulated into
inks and printed with this method.
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Provided an ink can be atomized, it is relatively
straightforward to achieve basic deposition. As a result, many
studies focus on narrowly optimizing processing parameters for
a given ink, such as carrier and sheath gas flow rates, and move
onto device demonstration without considering broader
consequences of the ink composition. Fewer studies take a
step back to consider optimization of the ink itself, a more
complex problem with broader potential to generally improve
process outcomes and establish foundational understanding of
ink-process interactions.
In the present work, a graphene ink is designed considering

the specific physical and chemical properties required for AJP.
Graphene has been selected for this study due to its electrical
conductivity and biocompatibility as well as mechanical and
electrochemical stability,12,18,19 which make it a desirable
material in biosensing applications such as detection of
COVID-19 antigens or S1 proteins,20 as well as smaller
molecules such as histamines for food safety21 or cytokines for
disease monitoring.22 Herein, the systematic formulation of a
suitable graphene ink considers mechanistically relevant
physicochemical properties, such as atomization properties
under ultrasonic perturbation,23,24 drying properties during
pneumatic manipulation,25,26 and microstructure of the
graphene patterns following deposition and curing. The utility

of the resulting ink formulation is then demonstrated by
printing electrochemical sensors on flexible polyimide
substrates for amperometric detection of the pesticide
parathion given its environmental impact and human
toxicity.27,28 This work thus demonstrates the applicability of
this specific graphene ink for biosensors while providing
additional insight into ink formulation to accelerate the
broader development of AJP for new materials29 and devices.30

■ MATERIALS AND METHODS
Materials. Isobutyl acetate (IBA), diglyme (Dig), dihydrolevo-

glucosenone (commercialized as Cyrene, Cyr), ethyl cellulose (EC, 4
cP grade), graphite, acetylcholinesterase (AChE) from Electrophorus
electricus (lyophilized powder, 200−1000 units/mg), and parathion
were purchased from Millipore Sigma (St. Louis, MO, USA).
Nitrocellulose (NC, catalog no. 712) was purchased from Scientific
Polymer Products (Ontario, NY). Glycerol (Gly) and 200-proof
ethanol were obtained from Fisher Scientific (Waltham, MA). Ag/
AgCl paste (Cl-4001) was purchased from Electron Microscopy
Sciences (Hatfield, PA, USA). All materials were used as received
without further purification.

Ink Preparation. Graphene powder with ethyl cellulose (EC) was
prepared following the procedure described previously.31 Briefly, 1%
w/v EC was dissolved in 20 L of ethanol, 6 kg of graphite was added,
and the resulting mixture was processed for 96 h at 3500 rpm in a
continuous-flow inline shear mixer setup (Silverson Machines 200L).

Figure 1. (a) Schematic of the AJP process, in which an ink is ultrasonically atomized and pneumatically transported to a printhead on a carrier gas.
A sheath gas prevents droplet impingement on the printhead interior and focuses and accelerates the aerosol stream through a deposition nozzle
and onto a substrate. Inset depicts three possible print results based on ink formulation: first, an ideal ink allows printing of high aspect-ratio
features with consistent resolution and negligible overspray; a “dry” ink formulation results in overspray due to excessive evaporation in the aerosol
state; a “wet” ink results in profiles lacking constant resolution and irregular edges due to liquid spreading on the surface of the substrate. (b)
Normalized Raman spectrum of thermally treated graphene powders, where G, D, D′, and 2D peaks are clearly resolved. (c) Graphene flake lateral
size distribution histogram, which follows a log-normal distribution with a mean of 97.89 ± 4.07 nm, and (d) thickness distribution histogram,
which also follows a log-normal distribution with a mean of 1.59 ± 0.12 nm. Both distributions were obtained from AFM measurements.
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The resulting suspension was centrifuged with a g-force of ∼8100g for
30 min; the supernatant was collected and flocculated by combining
at 1.74:1 w/w with a 0.04 g mL−1 NaCl solution, followed by
centrifugation at ∼9380g for 7 min. The generated supernatant was
discarded, and the remaining products were rinsed with DI water and
collected by vacuum filtration before being dried under an IR lamp.
The process yielded a powder containing 30 wt % graphene.

All inks were prepared with the aforementioned 10 mg mL−1 of
EC-coated graphene, 5 mg mL−1 of NC, 80 vol % of primary solvents
(IBA, Dig, or 1:1 IBA/Dig), and 20 vol % of low-volatility cosolvent
(Cyr or 1:1 Cyr/Gly). After combining the chemicals, the inks
contained in 20 mL scintillation vials were agitated overnight in an
ultrasonic bath prior to printing.
Instrumentation. For printing experiments, a custom-built

aerosol jet printer was used with 200 μm tapered plastic nozzle tips
for typical experiments (Nordson, Westlake, OH, USA). Dynamic
light scattering (DLS) measurements were performed with a Malvern
Zetasizer Nano ZS (Malvern Panalytical, Malvern, United Kingdom).
Optical profilometry was performed with a Zygo 7100 optical surface
profiler (Zygo, Middlefield, CT, USA, z resolution 0.1 nm and optical
resolution 2.9 μm), and the corresponding data were processed with
Gwyddion and analyzed with a MATLAB script. Rheology measure-
ments were obtained with an AR2000EX rheometer (Thermal
Advantage, Phoenix, AZ, USA, with torque and displacement
resolution of 1 mN·m and 40 nrad, respectively) equipped with a
Peltier plate for temperature control. Scanning electron microscopy
(SEM) was performed using a FEI Quanta 250 FE-SEM (FEI
Company, Hillsboro, OR, U.S.). Microscopy images were obtained
with a Motic Panthera Tec (Motic, Schertz, TX, USA), and resistance
was measured with a four-point probe configuration using a Keithley
2450 source measure unit (Keithley, Cleveland, OH, USA, with
0.012% measure accuracy). Electrochemical characterization experi-
ments were performed with a CH Instruments 600E series
potentiostat (CH Instruments Inc., Bee Cave, TX, USA, with
resolution <1 pA) and a PalmSens4 impedance analyzer (PalmSens
BV, Houten, The Netherlands, with potential and current resolution
<0.1% and <0.02%, respectively). Atomic force microscopy (AFM)
data were obtained using an Asylum Cypher microscope (Oxford
Instruments, Abingdon, Oxfordshire, U.K.), and Raman spectroscopy
was performed with a LabRAM HR Evolution microscope with a 532
nm laser operating at 10% power (Horiba, Irvine, CA, USA). AFM
data were processed with Gwyddion and analyzed with a MATLAB
script to count individual flakes using an edge approximation
algorithm.
Graphene Characterization. Prior to AFM measurements, EC-

coated graphene powders were redispersed in ethanol to obtain a 2%
w/v solution and then diluted 200 times. This dispersion was drop-
casted on a 300 nm thermally grown Si/SiO2 chip previously treated
with 2.5 mM solution of 3-aminopropyl triethoxysilane in isopropanol
for 10 min. The sample was then thermally treated at 350 °C for 30
min in air to remove both EC and silane prior to scanning. AFM
analysis was performed in AC air/tapping mode with a set point of
700 mV and a scan rate of 1 Hz over a 5 μm × 5 μm area. The phase
angle was 50−51°.

Raman spectroscopy was performed after redispersing EC-coated
graphene powders in a 90:10 v/v solution of ethanol and ethyl lactate
that was filtered with 1.6 μm glass microfiber syringe filter
(Whatman). The resulting solution was spin coated five times onto
plasma-treated glass substrates at 2000 rpm. Lastly, the sample was
thermally annealed at 350 °C in order to remove the polymer. Raman
characterization was performed three times with an acquisition time
of 30 s using a laser spot size of 1 μm and a 2400 g/mm grating.
Image Processing. Optical microscopy images were processed by

first applying a median filter to remove noise, followed by a Laplacian
of Gaussian filter along the y direction to detect feature edges. Finally,
a Hough transform was performed to rotate the lines to horizontal
and find their average distance along the y direction, which
corresponds to the line resolution.

■ RESULTS AND DISCUSSION
To formulate a graphene ink suitable for AJP (Figure 1a), this
work follows a series of steps including material selection,
solvent composition tuning, print calibration and optimization,
and characterization of print outcomes (resolution, deposition
rate, line quality) and functional properties (electrical
conductivity, adhesion).

Materials Selection and Characterization. Graphene
inks containing the EC polymer as a dispersant have shown
considerable promise for printed electronics, including
formulations tailored to inkjet,31 gravure,11,12 flexographic,32

and screen printing.33 Following this previous work, graphene
was prepared by liquid-phase exfoliation in an ethanol-based
solution of EC. Raman spectroscopy was performed to assess
the quality of graphene and defects associated with the
exfoliation process (Figure 1b). While the Raman spectrum
may vary following mixing with NC, printing, and anneal-
ing,21,22 residue from the NC would convolute interpretation
of measurements following printing,34 so for a cleaner
evaluation of the graphene flakes this measurement is done
for films prepared from the raw Gr powder as-prepared with
EC, following annealing. The D-to-G peak intensity ratio (ID/
IG) provides a metric for graphene quality, as these peaks are
respectively associated with phonon scattering and the
graphitic peak stemming from the relative motion of sp2
carbon atoms.35 The ID/IG ratio was observed to be ∼0.65,
higher than standard surfactant-supported graphene but lower
than that for reduced graphene oxide and other similar
graphene size distributions.36 This value indicates that some
defects were introduced during either annealing or exfoliation.
The D′ peak is commonly associated with the second order of
the intravalley D peak and the 2D peak stemming from the D′
overtone.37 The G, D, D′, and 2D peaks are present at ∼1350,
∼1580, ∼1620, and ∼2700 cm−1, respectively, consistent with
other reports of spin-coated, few-layered graphene samples.38

The position of the G peak and the ratio between the G and
2D peaks (IG/I2D) serve as indicators of the number of
graphene layers. As the number of layers increases, the 2D
band will broaden and upshift with respect to single layer
graphene.38 Therefore, the position of the G-peak at ∼1580
cm−1 demonstrates a film composed of few-layered graphene
flakes, further substantiated with the characteristic IG/I2D ratio
of ∼1.96, close to that of mechanically exfoliated few-layer
graphene.39 The analysis of a population of 50−100 graphene
flakes by AFM revealed the presence of graphene nanosheets
with a mean lateral size of 97.89 ± 4.07 nm and mean
thickness of 1.59 ± 0.12 nm, dimensions consistent with
previous reports of EC-stabilized graphene31,40 and shear-
mixed graphene nanosheets (Figure 1c,d).41

While EC provides a suitable dispersant for the production
of graphene, nitrocellulose (NC) has previously been
demonstrated as an alternative dispersant yielding superior
mechanical properties.34 In that earlier study, improved
adhesion and cohesion of graphene films were attributed to
the presence of NC decomposition residue acting as a
mechanical binder. Therefore, in this work NC was included
as an additive in the ink formulation stage to provide this
benefit. Importantly, this obviates the use of large quantities of
this material for graphene exfoliation, for which the hazardous
nature of NC is a barrier to industrial adoption, while still
maintaining the advantages of NC. The addition of NC
provides an additional constraint for ink formulation,

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c18838
ACS Appl. Mater. Interfaces 2023, 15, 3325−3335

3327

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


narrowing the scope of solvents with suitable chemical
properties.
Solvent Selection and Polymer Conformation. The

next step in ink formulation was the selection of candidate
solvents based on physicochemical properties, such as
molecular weight,25 viscosity, boiling point, vapor pressure,42,43

and surface tension,43,44 as well as chemical compatibility with
the EC-coated graphene and NC additive. Micrometer-scale
droplets such as those used in AJP exhibit evaporation time
scales on the order of milliseconds. Thus, the drying behavior
of all formulated inks is of particular concern: excessive or
insufficient drying would exacerbate overspray or unstable
substrate wetting, respectively, necessitating a careful balance
achieved by tailoring the solvent composition and volatility.
Considering their ability to disperse EC-coated graphene and
dissolve NC, isobutyl acetate (IBA) and diglyme (Dig) were
selected as the two principal candidates making up the solvent
system needed for ink formulation. These solvents also feature
disparate vapor pressures of 1730 and 427 Pa for IBA and Dig,
respectively, to tailor evaporation characteristics.25,26 In
addition, theoretical aspects of vapor transport phenomena
reported by Feng25 suggest the inclusion of low vapor pressure
cosolvents. Cyrene (Cyr) has been shown to be an excellent
graphene solvent,45,46 and glycerol (Gly) was considered given
its ability to cause gelation of EC-coated graphene powders, as
shown in previous studies,47 while also having lower surface
tension than Cyrene (Supporting Information Table S1). All
four solvents are miscible, but the polymers are immiscible in
pure glycerol. This supports a stable system prior to printing,
but during deposition the glycerol evaporates at the slowest
rate and therefore is enriched and drives the system into phase

inversion.47 Examples of printed features obtained with inks
formulated with different, simpler solvent systems are shown in
Figure S1. The lack of control over the dynamic composition
of the ink droplets between atomization, pneumatic manipu-
lation, and substrate impingement leads to excessive droplet
drying for unitary (Figure S1a,b) solvent systems and graphene
traces lacking lateral cohesion and showing significant
overspray. Inks formulated with binary and ternary solvent
systems (Figure S1c−f) show varying degrees of lateral
cohesion, overspray, and porosity, showing how control of
the chemical composition of the droplets upon impingement is
fundamental to ensure high quality prints.48

Following selection of candidate solvents, DLS was
performed on model solutions of the dispersant EC in various
solvent mixtures to evaluate solvent effects on polymer
conformation. As shown in Figure 2a, in the combination of
IBA, Cyr, and Gly, EC is not homogeneously dissolved and
forms a visibly turbid dispersion. Conversely, the combination
of Dig, Cyr, and Gly does not lead to turbidity, which is
reflected in the hydrodynamic diameter (Zave) values reported
in Figure 2a. A 1:1 mixture of the two primary solvents IBA
and Dig combined with only Cyr or a combination of Cyr and
Gly yielded intermediate values of Zave, with destabilization and
subsequent phase separation of the EC-rich regions observed
upon the addition of Gly (Figure S2). The various dispersion
stabilities motivated further study of four different ink
formulations, outlined in Table 1. These four inks are
identified herein as the quaternary ink (containing all four
solvents), and three inks are identified based on the
component they lack (IBA-free, Dig-free, and Gly-free). A
Cyr-free ink was not considered, as 20% Gly did not support

Figure 2. (a) DLS measurements of the hydrodynamic diameter of EC dispersed in different model solvent mixtures. White columns are reference
solutions not used for printing, while colored columns represent solvent systems used in printing experiments; solid coloring indicates fully
dissolved EC, hatched columns indicate mixtures for which the EC solution becomes turbid. (b) Viscosity of the four candidate inks, with inset
image showing a vial of the final ink.

Table 1. Chemical Compositions of the Inks Formulated for AJP

ink formulation EC-graphene (mg mL‑1) nitrocellulose (mg mL‑1) glycerol (vol %) Cyrene (vol %) isobutyl acetate (vol %) diglyme (vol %)

quaternary 10 5 10 10 40 40
Gly-free 10 5 20 40 40
Dig-free 10 5 10 10 80
IBA-Free 10 5 10 10 80
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stable dispersion of the graphene. For consistency, all of the
formulations contained 10 mg mL−1 of EC-coated graphene
and 5 mg mL−1 of the adhesion promoter nitrocellulose34 and
exhibited uniform dispersions with negligible sedimentation at
room temperature (Figure 2b, inset). Because the primary
purpose of this work is to illustrate the role of each solvent,
finer variations of solvent and cosolvent ratios were not
considered. Such detailed optimization could certainly be done
to tailor properties but would require an explicit application-
specific figure of merit.
Because viscosity is a key determinant of atomization during

AJP, the viscosity of the four inks was measured with a shear
rheometer (Figure 2b). Although all formulations exhibit
viscosities with similar trends to the theoretical values
estimated for the solvents alone (Supporting Information,
Table S2),49,50 the interaction of solvents with nonvolatile
components of the ink impacts the rheological characteristics.
The quaternary formulation shows a more pronounced shear
thinning behavior than the ink formulated without glycerol, yet
they have comparable viscosities in the measured range of
shear rates, especially at higher shear rates. These observations
show that even though the protic additive has a viscosity
almost 2 orders of magnitude higher than Cyrene (Table S1),
the conformational change of EC chains plays an important
role in determining the final viscosity and shear thinning
behavior of the inks. The formulations with a single primary
solvent show remarkably different viscosities as well as shear
thinning. The Dig-free formulation has 80 vol % of IBA, which
destabilizes EC and reduces shear thinning. Conversely, in the
IBA-free formulation, the polymer chains of the cellulose
derivative are free to entangle and establish a high number of
interchain secondary bonds, which is reflected in a higher
viscosity at low shear rates and more pronounced shear
thinning behavior.
Printing Process and Characterization. With viscosity

values of all inks in a suitable range for ultrasonic atom-
ization,14 printing experiments were performed. To determine
a suitable atomization voltage for the four different inks, the
carrier gas flow rate was maintained at 10 sccm and the voltage
was gradually increased until printing began, as determined
manually using a process camera. Because of its singular
primary direct role in setting an aerosol volume fraction, the
atomizer voltage was first varied to establish a suitable
deposition rate that resulted in visible deposition. Modulating
the atomizer voltage is expected to shift the print output by

varying the deposition rate, without altering the gas flow field.
Thus, comparable deposition rate for the four different inks
was targeted rather than a broad sweep of voltage that would
push deposition conditions further from practical printing
parameters. The lowest atomizer voltages that allowed for
consistent printing were 35 V for the quaternary ink, 40 V for
the Gly-free ink, and 43 V for both inks with a single primary
solvent (“Dig-free” and “IBA-free”). The lowest atomization
voltages that allowed for consistent and dense deposition were
chosen to minimize heating of the ink sample and avoid
potential sonochemical reactions, and resulting prints were
thermally treated at 70 °C for 10 min to remove excess solvent
and then cured at 325 °C for 30 min to decompose the
polymer dispersants and improve electrical conductivity before
cooling naturally. Patterns printed with a sheath:carrier gas
flow rate ratio (also known as the focusing ratio) from 3 to 10
were analyzed by optical profilometry (Figure 3a) to determine
the postprocessed deposition rate based on the sample cross-
sectional area. A primary metric of interest is the linear
deposition rate (or speed-normalized deposition rate, Figure
3b and Figure 3c, respectively), which is dimensionally
equivalent to the cross-sectional area of a single printed trace
and accounts for speed-dependent effects such as liquid
spreading following deposition.51 With the above-mentioned
atomizer settings, it is possible to obtain patterns with
comparable cross-sectional areas and, consequently, deposition
rates, which allow for a meaningful comparison of the
properties of sintered prints. In Figure 3a, optical profilometry
data of narrow bar prints (10 passes offset) with a focusing
ratio of 5 exhibit distinct morphology caused by the different
ink formulations. The toolpath used for the reported prints is
schematically shown in Figure S3e and contains an offset
between adjacent lines and inherent asymmetry leading to the
final nonuniform structure. Dig introduces more long-range
roughness in the final structure when acting as the sole primary
solvent (Figure 3a, fourth print), likely due to its higher boiling
point with respect to IBA that allows for Gly to cause phase
inversion.47 IBA yields a more uniform three-dimensional
profile (Figure 3a, third print), as the fast drying, including in
the aerosol state, could prevent ordering during phase
inversion as extensively as observed for Dig. For the IBA-Dig
primary solvent mixture, the effect of glycerol on the
morphology can also be analyzed. The inclusion of the low-
vapor pressure, high-viscosity, protic solvent produces features
with higher surface roughness (Figure 3a, first print) compared

Figure 3. (a) Representative optical profilometry for samples obtained with the four ink formulations for a focusing ratio of 5, printed on a glass
substrate. From top to bottom, traces obtained with quaternary, Gly-free, Dig-free, and IBA-free ink formulation printed at 35, 40, 43, and 43 V are
shown, respectively (scale bar: 0.5 mm). (b) Line plot showing averaged cross sections for representative prints, with their profiles shown
individually in Figure S3 including standard deviation. (c) Measured linear deposition rates for focusing ratios of 3−10.
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to that containing only Cyr as a cosolvent (Figure 3a, second
print). Notably, the inclusion of Gly allows consistent printing
with an atomization voltage of 35 V, 5 V below the threshold
without Gly. This observation is attributed to the coiling of
EC, which removes the entanglement effects of the polymer
chains and allows for sustained atomization at lower voltage, an
effect absent in the ink prepared with 20 vol % of Cyr.
The microstructure resulting from the different ink

formulations was assessed by scanning electron microscopy
for samples deposited on silicon wafers. The inks formulated

with 40 vol % of IBA and Dig lead to a dense and uniform
surface microstructure (Figure 4a,b), whereas patterns
obtained with 80 vol % of either IBA or Dig lead to more
porous prints (Figure 4c,d). To understand how this
morphology impacts functional properties, four-point probe
electrical measurements were conducted to evaluate the
electrical resistivity. As shown in Figure 4e, the quaternary
and Dig-free inks have the highest conductivities, ranging from
27.5 to 32.5 kS m−1, which are higher than those previously
reported for devices printed with the same EC-coated

Figure 4. SEM micrographs of the morphology of the (a) quaternary, (b) Gly-free, (c) Dig-free, and (d) IBA-free samples on silicon wafers (scale
bar: 5 μm for all). (e) Electrical conductivity for the four ink formulations printed with focusing ratios of 3−10.

Figure 5. (a) Dark field optical microscopy images of lines printed on glass with a single pass at 1 mm s−1 and focusing ratio of 5 using a 200 μm
nozzle tip with the quaternary, Gly-free, Dig-free, and IBA-free ink formulations shown from top to bottom, respectively (scale bar: 1 mm). Line
resolution results for the four ink formulations at feed rates of (b) 1, (c) 2, and (d) 5 mm s−1.
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graphene powders and glycerol though extrusion printing.47

The Gly-free ink resulted in intermediate conductivities of 15−
20 kS m−1, and Dig as the only primary solvent yielded the
lowest electrical conductivity, with an average of ∼5 kS m−1,
on par with that observed for inks exhibiting significant phase
inversion.47

For high resolution patterning, the width of a single printed
line in the x−y plane imposes a limit on precision. This
precision limit was evaluated by optical microscopy, with
representative images for each ink shown in Figure 5a. Because
liquid spreading effects impart sensitivity in resolution to print
speed, patterns with single line features printed with feed rates
of 1, 2, and 5 mm s−1 were analyzed (Figure 5b−d). Notably,
the Gly-free formulation shows a different behavior from the
Gly-containing inks, especially at lower feed rates (Figure
5b,c), which suggests that the presence of the protic, low-
volatility cosolvent reduces in-plane spreading of the liquid,
eventually leading to a modest speed-invariance for the
resolution.47 The Gly-free ink is sensitive to the manufacturing
feed rate, as liquid spreading at high linear deposition rate
increases the printed line width. This phenomenon is typical
behavior for AJP and results in a trade-off between deposition
rate and resolution. The Gly-containing inks circumvent this
limitation by exploiting the effect of Gly on dispersion stability.
In the aerosol phase and following deposition, the shift in
solvent composition to a Gly-rich state leads to destabilization
of the dispersed solids and corresponding formation of a
colloidal gel-like structure. The graphene thus remains more
localized to where it was deposited. The profilometry data
from Figure 3a,b further support this, with topographical
features evident for the quaternary ink during multipass
printing. Single-pass printed lines also show considerable
deposition rates, with lines as thick as 600 nm printed at 1 mm
s−1 while maintaining appreciable resolution values (Figure

S4). When using a nozzle tip with an orifice of 200 μm
diameter and printing with a focusing ratio of 10, the finest
resolutions were found to be 65, 48, and 40 μm with feed rates
of 1, 2, and 5 mm s−1, respectively. Additionally, the effect of
each primary solvent could be observed, with Dig leading to
less regular line edges (Figure 5a, fourth line from the top) and
IBA leading to significant overspray, which reduces the overall
line quality (Figure 5a, third line from the top). An
intermediate line morphology was observed for the prints
obtained with the quaternary ink (Figure 5a, first line from the
top), exhibiting smoother line edges and reduced overspray.
Additional experiments were performed using a 150 μm
nozzle, with feed rates of 1, 2, and 5 mm s−1 corresponding to
resolutions of 30, 28, and 21 μm, respectively (Figure S5).

Ink Analysis and Device Demonstration. To summarize
the data collected for all four formulations, the quaternary ink
can be printed at the highest deposition rate with the lowest
atomization voltage of 35 V out of the formulations studied,
has a continuous and dense microstructure after curing, one of
the highest conductivities with an average value of ∼27.5 kS
m−1, uniform line-edge morphology, and consistently high line
resolution. The Gly-free ink shows uniform microstructure but
is hindered by intermediate conductivity, and the achievable
resolution is particularly sensitive to the print speed selected
for fabrication (Figure 5b−d, orange plot). The ink prepared
with only IBA as a primary solvent exhibits high conductivity,
porous surface structure (Figure 4c), and good core line
resolution (Figure 5b−d) but is hindered by significant
overspray (Figure 5a, third line), which is problematic for
multimaterial and high-density electronics. Lastly, the ink
formulated with Dig as the only primary solvent exhibits the
lowest conductivity of ∼5 kS m−1 (Figure 4e), high porosity
(Figure 4d), and poor line edge smoothness (Figure 5a, fourth
line). Considering all these results, the quaternary ink was

Figure 6. (a) Relative cross-sectional area and sheet resistance after testing graphene patterns for adhesion on Kapton substrates. (b) Cross-
sectional profile comparison of a sample before and after tape test, where the retention of fine features can be observed. (c) Electrochemical
response of a graphene amperometric sensor printed on Kapton to the addition of ATCC and (d) its calibration curve. (e) Time response of
amperometric sensors to the addition of increasing amounts of the pesticide parathion. (f) Average electrochemical response to parathion, used as a
calibration curve. Inset shows the linear range of the electrochemical response, which lies between 0.01 and 1 μM.
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chosen as the formulation most suitable for AJP and was
therefore used for subsequent studies.
In this study, NC was used as an additive to promote

mechanical cohesion of the printed graphene based on prior
work.34 Importantly, while the prior study used NC as the sole
dispersant for graphene, the reactive nature of NC imposes
constraints on scalable production. By using EC for graphene
production and subsequently adding a small amount of NC
during ink formulation, the benefits of each polymer dispersant
can be maintained. To confirm that NC remains effective in
this process flow, samples were printed with the quaternary ink
on polyimide and cured to assess adhesion properties. The
cross-sectional area and sheet resistance were measured before
and after tape tests to evaluate changes in the material
properties (Figure 6a,b and Figure S6). Results collected from
a population of 20 prints showed that ∼93% of the original
cross-sectional area is maintained in all samples and the prints
experience a decrease in sheet resistance of ∼10%, similar to
previously reported studies where NC was shown to enhance
mechanical properties of graphene based patterns.34 The
decrease in both cross-sectional area and sheet resistance
suggests that some porosity is removed during the tape test.52

To demonstrate the functionality of this graphene ink,
amperometric sensors were fabricated on Kapton using a
dipstick geometry for pesticide sensing. Prior to sensing, silver
paste was deposited on the sensor contact to mitigate wear
from the potentiostat clip, and acrylic polish was used to
passivate the area between the contact and the working sensor
area, which has a diameter of 3 mm. After passivation,
enzymatic functionalization was performed on the working
area with 10 μL of a solution formed in equal volumetric parts
of 20 units/mL of AChE and 0.25% glutaraldehyde. Each
device was stored at 4 °C overnight prior to use. Electro-
chemical tests were performed in PBS (phosphate buffer
saline) at a pH of 7.4 using an electrochemical cell consisting
of the AJP graphene working electrode, a commercial platinum
wire as the counter electrode, and a commercial Ag/AgCl (1
M) electrode as the reference. The electrochemical enzymatic
activity was tested by adding increasingly concentrated aliquots
of acetylthiocholine chloride (ATCC) to the electrochemical
cell. As AChE catalyzes the oxidation of ATCC, an
electrochemical signal is measured (Figure 6c). Such oxidation
occurs at +0.4 V vs Ag/AgCl as noted in previous studies.53

With the present sensors, ATCC becomes saturated near 10
mM, a concentration that was used throughout the rest of the
studies (Figure 6d). Subsequently, sensors were incubated for
10 min in parathion, rinsed in PBS, and amperometric activity
was recorded in 10 mM of ATCC. As the pesticide irreversibly
bound to AChE, active sites of the enzyme became sterically
blocked, which restricted ATCC oxidation; thus, with fewer
catalytic sites available for oxidation, the amperometric signal
decreased due to successive incubation in parathion (Figure
6e). The sensor was calibrated at parathion concentrations
between 50 nM and 1 mM, displaying a linear range from 10
nM to 1 μM, a sensitivity of 34 nA μM−1, and a detection limit
of 732 nM (Figure 6f). Hence, these results demonstrate that
the developed sensor could be used in label-free monitoring of
trace amounts of pesticides in food and water samples.54

Moreover, this graphene ink can be used to fabricate
interdigitated microelectrodes arrays (i.e., electrodes that
typically display high signal-to-noise ratios, low capacitive
charging, and low detection limits during sensing)55 with high
resolution (finger comb width and pitch of ∼65 and 200 μm,

respectively) and thickness of ∼700 nm (Figure S7). The
combination of this graphene ink and AJP fabrication could
hence provide a promising platform for future sensor
development where high sensitivity and label-free monitoring
are crucial for in-field environmental monitoring or clinical
diagnostics.

■ CONCLUSIONS
In the present work, a systematic approach to the formulation
for a graphene ink for aerosol jet printing has been shown. In
contrast to a previously demonstrated ink,34 the inclusion of
the additive nitrocellulose during ink preparation does not
compromise the scalable production of EC-coated graphene
while maintaining the high mechanical performance of the
cured graphene patterns. The introduction of NC in the ink
formulation step was made possible by selecting a quaternary
solvent mixture in which the additive can be dispersed while
maintaining compatibility with the printing constraints, which
include high atomization rate, droplet drying during pneumatic
manipulation, and substrate wetting following deposition.
Formulations containing a mixture of primary solvents with

different physicochemical properties supported control over
the drying behavior of the ink upon pneumatic manipulation
and deposition, leading to graphene patterns with uniform
microscale morphology. Additionally, the inclusion of the high
viscosity cosolvent glycerol circumvented two key restrictions
of AJP: first, the gelation of the deposited EC-coated graphene
patterns induced by the presence of glycerol, shown in a
previous work,47 was exploited to improve resolution of high-
aspect ratio features; second, the additive supported sustained
atomization at relatively low voltages. This last effect has been
attributed to the conformational changes of the polymer
dispersants induced by the protic additive. The combination of
these two effects improves resolution−deposition rate trade-
offs, which is especially important during printing of high
aspect ratio features. This attribute will likely be beneficial for
stable deposition on nonplanar substrates, for which AJP’s
noncontact operation at a high standoff distance is attractive
for conformal electronics and deposition on surfaces with
higher roughness than those considered in this work.56,57

Additionally, the conformational changes of the dispersing
polymers might be generally exploited during formulation of
other inks specifically tailored to AJP.
Finally, to demonstrate the utility of aerosol jet printed

graphene, amperometric sensors were demonstrated for
pesticide detection using a dipstick geometry as the device
form factor. In the presence of 10 mM of acetylcholine
chloride, the enzyme acetylcholinesterase on the sensor
working surface became saturated and such conditions were
utilized to test for parathion sensing. The printed devices are
capable of sensing the pesticide, displaying a detection limit of
732 nM, thus demonstrating the viability of the current ink for
application in the biotechnology industry.
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The Supporting Information is available free of charge at
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Physicochemical properties of the chemicals used in this
work together with the experimental viscosity values of
the inks used in this work, additional characterization
data for single-pass line profile, line resolution, and
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adhesion properties, as well as a representative
interdigitated electrode manufactured with AJP and its
characterization (PDF)
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