
Citation: Al Shboul, A.; Ketabi, M.;

Skaf, D.; Nyayachavadi, A.;

Lai Fak Yu, T.; Rautureau, T.;

Rondeau-Gagné, S.; Izquierdo, R.

Graphene Inks Printed by Aerosol Jet

for Sensing Applications: The Role of

Dispersant on the Inks’ Formulation

and Performance. Sensors 2023, 23,

7151. https://doi.org/10.3390/

s23167151

Academic Editors: Hui Huang

and Wei Luo

Received: 27 July 2023

Revised: 8 August 2023

Accepted: 11 August 2023

Published: 13 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sensors

Article

Graphene Inks Printed by Aerosol Jet for Sensing Applications:
The Role of Dispersant on the Inks’ Formulation and Performance
Ahmad Al Shboul 1,* , Mohsen Ketabi 1, Daniella Skaf 2, Audithya Nyayachavadi 2, Thierry Lai Fak Yu 1,
Tom Rautureau 1 , Simon Rondeau-Gagné 2 and Ricardo Izquierdo 1,*

1 Department of Electrical Engineering, École de Technologie Supérieure, Montréal, QC H3C 1K3, Canada;
trautureau25@gmail.com (T.R.)

2 Department of Chemistry and Biochemistry, Advanced Materials Centre of Research,
University of Windsor, Windsor, ON N9B 3P4, Canada; nyayacha@uwindsor.ca (A.N.);
simon.rondeau-gagne@uwindsor.ca (S.R.-G.)

* Correspondence: ahmad.al-shboul@etsmtl.ca (A.A.S.); ricardo.izquierdo@etsmtl.ca (R.I.)

Abstract: This study presents graphene inks produced through the liquid-phase exfoliation of
graphene flakes in water using optimized concentrations of dispersants (gelatin, triton X-100, and
tween-20). The study explores and compares the effectiveness of the three different dispersants in
creating stable and conductive inks. These inks can be printed onto polyethylene terephthalate (PET)
substrates using an aerosol jet printer. The investigation aims to identify the most suitable dispersant
to formulate a high-quality graphene ink for potential applications in printed electronics, particularly
in developing chemiresistive sensors for IoT applications. Our findings indicate that triton X-100
is the most effective dispersant for formulating graphene ink (GTr), which demonstrated electrical
conductivity (4.5 S·cm−1), a high nanofiller concentration of graphene flakes (12.2%) with a size
smaller than 200 nm (<200 nm), a low dispersant-to-graphene ratio (5%), good quality as measured
by Raman spectroscopy (ID/IG ≈ 0.27), and good wettability (θ≈ 42◦) over PET. The GTr’s ecological
benefits, combined with its excellent printability and good conductivity, make it an ideal candidate
for manufacturing chemiresistive sensors that can be used for Internet of Things (IoT) healthcare and
environmental applications.

Keywords: aerosol jet printing; gelatin; graphene; ink; triton X-100; tween-20

1. Introduction

The growing interest in printed and flexible electronics for Internet of Things (IoT)
applications has led to a surge in research on high-performance conductive inks [1]. As the
cornerstone of printed electronics, the global market for conductive inks is projected to reach
USD 3.98 billion by 2028, with a compound annual growth rate (CAGR) of 4% between
2021 and 2028 [2]. Graphene-based inks, owing to graphene’s exceptional qualities [3],
have emerged as one of the most researched materials in this field [4,5]. Graphene also
offers significant engineering potential, such as chemical and physical functionalization,
metal coating, nanoparticle decorating, and other techniques that can tailor its properties
to various devices [5].

Liquid-phase exfoliation (LPE) is widely used for preparing graphene inks [3,6]. This
low-cost approach directly exfoliates high-quality graphene from raw graphite into a sol-
vent phase [6]. While LPE can be performed in pure solvents for dispersant-free dispersions,
dispersants are often required to achieve surface energy equilibrium between the graphene
and the solvent [3]. This stabilizes the graphene flakes in dispersions, as graphene has a
surface energy of 46.7 mJ·m−2 and Hansen solubility parameters (HSPs) of 18, 9.3, and
7.7 MPa1/2 for the dispersive (δD), polar (δP), and H-bond (δH) parameters, respectively [7].

Dispersant-free dispersions of graphene rapidly form in solvents such as dimethylfor-
mamide (DMF) [8], cyclohexanone (Cy) [9], and N-methyl-2-pyrrolidone (NMP) [10], owing
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to the close match between their surface tension (30–40 mJ·m−2) and HSPs (17–18 MPa1/2

for δD, 5–12 MPa1/2 for δP, and 5–26 MPa1/2 for δH) and those of graphene [11]. However,
despite being good candidates for preparing colloidally stable graphene inks, challenges
related to printability, low adhesion, high polarity, viscosity, slow drying rate, and high
energy consumption make them challenging to deploy in practical applications [7]. Fur-
thermore, their toxicity is a serious concern that must be addressed before widespread
deployment in industries where sanitary conditions are crucial [3,6,12].

The growing concerns about environmental and health issues have diverted researchers’
attention to using green solvents and dispersants in the inks’ formulation [3,6,13–18]. Using
such materials reduces workers’ exposure to hazardous chemicals, which can harm their
health, and produces recyclable and/or biodegradable end-products, reducing the accumu-
lation of e-waste in nature. Moreover, they can restrict the release of toxic and dangerous
compounds into the environment during printed films’ degradation.

Researchers have recently focused on synthesizing graphene inks in various user-
friendly solutions, such as Coca-Cola [6], an instant Nescafe solution [15], whiskey [13], a
solvent mixture of ethanol and water [3], and natural oil-in-water emulsification agents [16].
These solutions offer a promising alternative to hazardous solvents while providing the
necessary properties to disperse and stabilize graphene flakes in ink. In addition, scientists
have explored biocompatible and biodegradable materials for graphene formulations, such
as polyurethane [19,20], polylactide-co-glycolide [21], gelatin methacrylamide [22], gelatin
methacrylate [23], and poly(ε-caprolactone) [24,25]. These materials effectively provided
suitable rheological properties and printing quality while offering biocompatibility and
biodegradability. These recent developments in synthesizing graphene inks demonstrate a
shift towards more sustainable and environmentally friendly ink formulations.

This study aims to develop aqueous graphene inks, namely GGe, GTr, and GTw. The
inks were prepared using the LPE technique (Figure 1), and their binding to eco-dispersants
(gelatin, triton X-100, and tween-20) was evaluated. The dispersants’ chemical structure is
shown in Figure S1. Gelatin is a renewable biomaterial with excellent biocompatibility and
tunable properties, making it an attractive choice for biomedical applications [26,27]. It is
also a proton-conducting polymer electrolyte, making it suitable for producing biodegrad-
able energy units [28,29]. Alternatively, triton X-100 and tween-20 are eco-surfactants that
in low quantities have been used in various graphene inks to lower surface tension [30,31],
resulting in improved printability. Furthermore, they effectively exfoliate graphene, result-
ing in dispersions with a concentration of ~20 µg·mL−1 [32]. These graphene inks have
already been utilized in various applications, such as fabricating sensors [33,34], and energy
units [30].
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Figure 1. A schematic representation of the preparation process of graphene inks.

The dispersants used in this study are amphiphilic molecules with both hydrophilic
and hydrophobic properties, and they adsorb similarly on the graphene surface. However,
the dispersants’ average molecular weight (g·mol−1), critical micelle concentration (CMC),
and other properties differ (Table S1), which can lead to variations in the properties of the
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resulting graphene inks. Thus, we researched the dispersants’ effects on the qualities of
graphene dispersions and inks. We investigated various aspects of dispersion, including the
optimal dispersant concentration for the highest graphene concentration, the distribution
of graphene flake size and thickness, and the net dispersant-to-graphene ratio. Using an
aerosol jet printing (AJP) process, we also examined the effect of dispersants on the inks’
printability, adhesion over polyethylene terephthalate (PET) substrate, film smoothness,
net electrical conductivity, electrochemical characteristics, and mechanical properties.

The decision to use AJP was based on a few key benefits of this printing technique.
First, AJP is a popular, noncontact, digital additive manufacturing process that offers high-
resolution printing capabilities and works with a wide range of functional materials [35].
AJP achieves high-resolution printing with fine patterns, with a printing resolution of
approximately 10 µm [36]. Its versatility extends to fine-feature patterning with feature
sizes from 10 nm to 10 mm on rigid and flexible substrates [37], giving us greater flexibility
in precise thin film formation. Finally, AJP offers large nozzle diameters (e.g., 150 µm
and 300 µm), effectively preventing potential clogging issues caused by materials like
graphene flakes with sizes in the µm range [38]. These key points made AJP an appealing
choice for printing graphene inks and fabricating sensors in general, as demonstrated in
the most recent reports (Table S2) [35,38–46]. Its notable advantages include high precision
in graphene deposition, making it suitable for a wide range of sensor applications. The
technique’s versatility and demonstrated success have further elevated its attractiveness
for advanced sensor fabrication.

2. Materials and Methods
2.1. Materials and Reagents

Graphite (7–10 µm) was sourced from Alfa Aesar (Ward Hill, MA, USA), gelatin was
supplied by Sigma-Aldrich (Waltham, MA, USA), triton X-100 was obtained from Millipore
Sigma (Oakville, ON, Canada), and tween-20 from BioShop Canada. We prepared all the
solutions with deionized water (DI) with a resistivity of >18 MΩ·cm−1.

2.2. Optimizing Graphene Dispersions

Aqueous graphene dispersions were created using the LPE technique. First, we
prepared aqueous dispersant solutions for each dispersant with concentrations ranging
from 0.01 mg·mL−1 to 5 mg·mL−1 in 10 mL of DI at room temperature. We added 5 mg of
graphite (0.5 mg·mL−1) to each vial. The solutions were ultrasonically sonicated for 10 min
using a sonic dismembrator (Fisher Scientific, Hampton, NH, USA) Model 500 fitted with a
0.5 in diameter tip and set to 30 W. To prevent overheating of the solution during sonication,
we simultaneously stirred the solutions with a magnet bar stir and surrounded them with
an ice bath. The dispersions were centrifuged at 1000 rpm (150× g) for 10 min to remove
unexfoliated graphite and multilayer graphene flakes. Due to the mismatch between
water’s surface tension and solubility parameters (Table S3) and the ones for graphene,
any un-exfoliated graphite and colloidally unstable graphene flakes would immediately
precipitate at the bottom of the vial. We determined the graphene concentrations in
the supernatants by measuring the absorbance using a UV/VIS/NIR spectrophotometer
(PerkinElmer, Lambda 750, Waltham, MA, USA) in a quartz cell with a 1 cm path length at
room temperature. The Beer–Lambert law was used to calculate the graphene concentration
from the absorbance at 660 nm and a mass coefficient (
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We used the maximum graphene concentration achieved in the aqueous dispersions to
estimate the appropriate dispersant concentrations for synthesizing graphene inks.

2.3. Developing Graphene Inks: Preparation and Formulation

Three different graphene inks, namely GGe, GTr, and GTw, were achieved (Figure 1) by
using optimal quantities of dispersants, gelatin (0.1 mg·mL−1), triton X-100 (1.0 mg·mL−1),
and tween-20 (1.5 mg·mL−1). The dispersant solutions were ultrasonicated with the
graphene dispersion for 8 h using a sonic dismembrator (Fisher Scientific, USA), while
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an ice bath was used to prevent damage to the graphene flakes from the increase in heat.
The excess dispersants were removed by centrifuging the dispersions for 2 h at 16,000 rpm
(38,400× g) to precipitate (ppt) all carbon materials (colloidal stable and unstable graphene,
unexfoliated graphite, carbon debris, etc.) to the bottom of the centrifuge tube. The
supernatants were then carefully removed, and the resulting precipitates were further
processed using sonication in 100 mL pure DI using the 500 W sonication probe for 1 h.

Two purification procedures were used to remove undesirable carbon materials. First,
the graphene dispersions were centrifuged at 1 k rpm (150× g) for 30 min to remove
unexfoliated graphite flakes and colloidal unstable graphene flakes. Next, the graphene
supernatants were centrifuged at high speed for 2 h at 14 k rpm (29,400× g) to collect
graphene flakes at the bottom of the vial, followed by dispersion in 100 mL pure DI using
the 500 W sonication probe for 1 h.

The formulated aqueous-based graphene inks had a 2.2–2.5 cP viscosity and a surface
tension of 30–35 dyne/cm at room temperature. The viscosity was measured using a
viscometer (A&D, SV-10, Tokyo, Japan), and the surface tension was measured using
a dynamic tensiometer (Dataphysics, DCAT11, Filderstadt, Germany). The graphene
ink concentration was adjusted to 3 mg·mL−1 before the viscosity and surface tension
were measured.

2.4. Characterization
2.4.1. Characterization of Graphene Dispersions: Analyzing Stability, Morphology, and
Composition

Zeta-potential (ZetaPlus/Bl-PALS, BrookHaven Instrument Corp., Holtsville, NY,
USA) was utilized to validate the colloidal stability of the graphene dispersions. The
dynamic light scattering (DLS) analysis was carried out at a wavelength of 633 nm utilizing
a particle size analyzer (Zetasizer Nano S90, Malvern, UK) outfitted with a 4 mW laser
and an avalanche photodiode detector (APD). Graphene dispersions were adjusted to
0.02 mg·mL−1 concentrations for DLS measurements.

Atomic force microscopy (AFM, Bruker, MultiMode8, Billerica, MA, USA) and trans-
mission electron microscopy (TEM, JEOL JEM-2100F, Akishima, Japan) were used to ana-
lyze the morphology of graphene flakes. On the one hand, TEM is a powerful technique
that provides essential information on the number of graphene layers and crystal struc-
ture, thanks to its high-resolution imaging at the atomic level [48,49]. On the other hand,
AFM complements this by offering data on graphene’s thickness, roughness, and topog-
raphy [50]. At room temperature, AFM images were collected in the tapping mode for
samples prepared by drop-casting a drop of the diluted graphene solutions (0.1 mg·mL−1)
on a freshly cleaned mica substrate and dried at 40 ◦C for 1 h. TEM samples were pre-
pared by dipping lacey grids (TED PELLA, Redding, CA, USA) in the diluted dispersion
(0.1 mg·mL−1). AFM and TEM samples were left to dry at room temperature overnight
before the measurements.

The thermogravimetric analyzer calculated the polymer-to-graphene ratio and the
composition temperature for graphene flakes (TGA, TA Instruments, TGA Q500, New
Castle, DE, USA). The heating rate was 10 ◦C/min from room temperature to 1000 ◦C
under air. Raman spectra were obtained from 400 cm−1 to 4000 cm−1 with a Raman
microscope (Renishaw, inVia Reflex., Wotton-under-Edge, UK) at room temperature and
a 532 nm excitation laser was used to determine the quality of graphene flakes and films.
The characteristic Raman bands of carbon-based sp2 materials are about 1350, 1580, 2700,
and 2900 cm−1 and are assigned to the D, G, 2D, and D′ bands, respectively. The D band is
proportional to structural flaws and connected with the A1g vibration mode of sp2 carbons,
the G band with the E2g phonon of sp2 carbon atoms, and the 2D band with a double
resonance Raman process [7]. The peak intensity ratio (ID/IG) of the D and G bands is
related to the average size of the sp2 domains and is used to measure the degree of order in
graphene crystalline structures, termed the graphitization degree [7,51]. The UV/VIS/NIR
spectrophotometer (PerkinElmer, Lambda 750, USA) was used to determine the optical
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bandgap using equations based on reflectance spectra [52]. Also, photoemission yield
spectroscopy in the air (PYSA, Riken AC-2, Hitachi High Technologies, Tokyo, Japan) was
used for valence band measurements. These analyses aided in drawing the graphene inks’
electronic structure as a function of the dispersant employed in the formulation of the inks.

2.4.2. Comprehensive Characterization of Graphene Inks and AJP Films

The surface wettability of the printed films was assessed by measuring the contact
angle of droplets of DI and graphene inks deposited on a cleaned PET substrate using
a micro-pipette and analyzing the images with ImageJ software [53]. The smaller the
contact angle obtained, the better the wettability achieved. Graphene films with varying
printing layers were printed on top of the PET substrate using an AJP technique (Optomec,
Albuquerque, NM, USA) with a 300 µm diameter nozzle and carrier gas/sheath gas rates
set at 15 sccm/40 sccm. The stage was maintained at 70 ◦C to dry water during printing.
The printed graphene films were incubated overnight at 40 ◦C to ensure water removal.
The microstructures of the printed graphene films were examined by scanning electron
microscopy (SEM, JEOL JCM-6000plus, Japan). The electrical resistance of the printed films
was assessed using four-point probe resistance measurements (Lucas Labs 302, Thunder
Bay, ON, Canada), while the thickness of the films was determined using profilometry
(Bruker Dektakxt, USA). All measurements were taken at room temperature.

Graphene sensors were fabricated by aerosol jet printing graphene inks onto flexible
screen-printed carbon electrodes on a PET substrate (Figure S2). The carbon electrodes
were 10 cm long, 1 mm wide, and 5 µm thick, with 100 µm spacing between the carbon
bars (Figure S2A). The graphene structures were 1 cm long, 400 µm wide, and 400 nm
thick (Figure S2B). The printing gap was set at 300 µm, yielding a graphene printing
width of 150 µm and a consistent spacing of 150 µm between adjacent graphene printings
(Figure S2B). The electrical resistance of the as-fabricated sensors in air ambient was
200 kΩ as measured by a multimeter. The graphene-based sensors were exposed to
different gases, including nitrogen (N2), hydrogen sulfide (H2S), and ammonia (NH3).
The electrical resistance variation between every two carbon electrodes was measured
using a programmed multimeter connected to a PC through an Arduino card [52,54]. The
sensors’ response was given as normalized (Rgas/Rair), where Rair and Rgas are the electrical
resistances of the sensors in air and gas, respectively, as a function of time upon exposure
to the gases.

2.4.3. Mechanical Flexibility Analysis of Graphene Films

This study investigated the mechanical flexibility of graphene films, which are carbon-
topped electrodes similar to those used to fabricate graphene sensors (Figure S3). Bending
tests were performed at 5◦ increments to determine the critical bending angles for the
samples and bare carbon electrodes while measuring the resulting electrical resistance
change. The electrical resistance of the printed graphene films (Figure S3A,B) was measured
during bending. The mechanical flexibility of the samples was evaluated at their critical
angles during repetitive bending cycles using a homemade setup (Figure S3D,E). This setup
attached half of the sample to a glass slide, while the other half was connected to a moving
glass slide (Figure S3C) linked to a linear motor (Velmex XSlide XN10, Bloomfield, NY, USA)
that bent the sample at a rate of 6◦/s. The electrical resistance of the samples was measured
using a Keithley source meter (Keithley 2601A Sourcemeter, Cleveland, OH, USA) at a bias
voltage of 6 V, and the results were reported as the normalized resistance (R/R0), where R0
and R represent the electrical resistance measured before and after bending the sample.

2.4.4. Electrochemical Characterization of Graphene Inks

Electrochemical analysis techniques such as cyclic voltammetry (CV), square-wave
voltammetry (SWV), and electrochemical impedance spectroscopy (EIS) were performed
to investigate graphene’s electrochemical activity using a three-electrode Biologic SP-200
potentiostat (Bio-Logic Science Instruments SAS, France) with the EC-Lab software. The
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adsorption of dispersants on the surface of the graphene flakes can influence their elec-
trochemical activity. CV and SWV were used to analyze the kinetics of the electrodes,
while EIS was used to investigate the interfacial characteristics of the graphene layer [55].
The electrochemical cells were prepared by drop-casting 10 µL of a diluted graphene solu-
tion (0.125 mg·mL−1) on the active surface area of screen-printed carbon electrochemical
electrodes (BioDevice Technology, Ltd., Nomi, Japan) with carbon working and counter
electrodes and an Ag/AgCl reference electrode, as shown in Figure S4. After each graphene
deposition, the cells were dried in an oven at 40 ◦C for 1 h. EIS, CV, and SWV were
performed by placing a drop (20 µL) of Fe(CN)6

3−/4− electrolyte (5 mM K3[Fe(CN)6] and
K4[Fe(CN)6] in 10 mM phosphate-buffered saline (PBS, pH = 7.4)) on the active area of an
electrochemical cell. Blank measurements were taken for calibration before the graphene
deposition. The CV measurements were carried out at a constant scan rate of 20 mV·s−1

from −400 V to 700 mV for 10 cycles, while the SWV curves were recorded from −100 mV
to 600 mV. EIS was performed over a frequency range of 100 Hz to 200 kHz at an amplitude
of 50 mV. The real and imaginary components of the complex impedance were denoted as
ZRe and ZIm, respectively. All experiments were conducted at room temperature.

Additionally, EIS was performed to investigate the conduction process of graphene
nanostructures with gases using a two-electrode system (Hioki Chemical Impedance Ana-
lyzer, IM3590, Nagano, Japan). The EIS for graphene gas sensors was investigated with
exposure to N2 (inert), H2S (acidic and electron-withdrawing molecule), and NH3 (basic
and electron-donating molecule) gases. The measurements were taken after a 1 h pause
between gas insertions, and sensor recovery was evaluated by exposing the sensors to
room-temperature air after opening the chamber’s lid.

3. Results and Discussion

This study aims to synthesize graphene inks by exfoliating graphene directly from
raw graphite into the water, which is considered the most environmentally friendly solvent.
However, graphene is not readily dispersible in water due to the significant differences
in their respective HSPs and surface tension (Table S3). To address this, surface-active
chemicals or dispersants were added to balance the surface energy between the graphene
and the solvent. This study used amphiphilic dispersants such as gelatin, triton X-100,
and tween-20 to stabilize graphene in the aqueous solution. These dispersants consist of
hydrophilic (polar) and hydrophobic (non-polar) components, allowing them to immobilize
on the surface of the graphene through hydrophobic interactions while the polar parts
remain free in the aqueous medium [56,57]. This leads to a hairy layer surrounding the
graphene layers, providing steric stabilization. Triton X-100 and tween-20 were used to
stabilize the graphene flakes sterically [32], whereas gelatin, which contains both ionic and
nonionic components, likely employs both steric and static stabilizing mechanisms [58].
These dispersants achieve a stable graphene dispersion by adsorbing onto the surface of
graphene, which is critical for successfully formulating graphene inks [59].

The concentration of dispersant used and the surface coverage of the graphene flakes
are key factors in achieving stable graphene dispersions with high concentration and
good electrical performance [7,51]. Therefore, it is important to optimize the dispersant
content. In this study, we started with a 0.5 mg·mL−1 graphite concentration in 10 mL
DI water and measured the optical absorbance at 660 nm to determine the concentration
of exfoliated graphene. Figure 2A shows that increasing triton X-100 and tween-20 con-
centrations gradually up to 1 mg·mL−1 and 1.5 mg·mL−1 led to a maximum graphene
concentration of 0.11 mg·mL−1, representing 20% of the initial graphite mass successfully
exfoliated. The rest (80%) remained unexfoliated at the bottom of the dispersion. Triton
X-100 required 1 mg·mL−1 to achieve the highest graphene concentration, while tween-20
needed 50% more (1.5 mg·mL−1) to achieve the same concentration, suggesting that triton
X-100 is more effective at adsorbing on the surface of graphene than tween-20. Above
1 mg·mL−1 and 1.5 mg·mL−1 for triton X-100 and tween-20, respectively, the graphene
concentration decreased due to the depletion flocculation mechanism [7,51]. In comparison,
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increasing the gelatin concentration from 0.1 mg·mL−1 to 5 mg·mL−1 had no discernible
effect on increasing the graphene concentration beyond 0.05 mg·mL−1 (2.2 times less than
the dispersion with triton X-100 and tween-20). We assumed that the graphene surface
was saturated at the optimal dispersant concentrations, which optimized the size of the
potential barrier surrounding the flakes for the best stabilization [7,51]. Therefore, we used
appropriate dispersant concentrations of 0.1 mg·mL−1, 1 mg·mL−1, and 1.5 mg·mL−1 for
gelatin, triton X-100, and tween-20, respectively, to prepare the graphene inks denoted
as GGe, GTr, and GTw. Notably, the dispersant concentrations used in this study were
considerably lower than those applied in developing graphene ink (>10 mg·mL−1) [60].
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Figure 2. (A) Relationship between dispersant concentration and graphene concentration in aqueous
dispersions. (B) Diameter distribution analysis of graphene flakes in GGe, GTr, and GTw dispersions
using DLS. The dotted and solid curves show the flake size distribution after the first (1 k rpm) and
second (14 k rpm) purification steps, respectively. The percentages inside the figure represent the
flake size distribution for the final ink formulations after the second (14 k rpm) purification step.

Graphene in aqueous solutions develops a zeta-potential, which refers to the potential
and electric double layer formed at the interface and is highly associated with dispersion
stability [61]. A high magnitude zeta-potential indicates repulsion between flakes and
can imply stable dispersions. For diluted dispersions (0.02 mg·mL−1) at pH 6.4, the zeta-
potential for GTr and GTw was found to be −38.5 mV, while for GGe it was −41.5 mV. The
greater zeta-potential for GGe can be attributed to the contribution of both steric and static
stabilizing mechanisms. The negative zeta-potential indicates that the net surface charge
of the graphene flakes is negative, and the zeta-potential values are sufficient to prevent
graphene flakes from precipitating, ensuring stable dispersions.

DLS and TGA techniques were employed to better engineer the graphene dispersions’
qualities in order to evaluate the effect of the dispersants’ properties and purification steps
involving centrifugation at 1 k and 14 k rpm. Controlling the flake size distribution is
crucial to avoid nozzle clogging and complications during printing. Additionally, the
dispersant-to-graphene ratio, which determines the surface coverage of graphene flakes by
dispersants, is critical for optimizing charge transport in graphene films [7], and flake size
distribution [62].

DLS was used to assess the flake size distribution of the inks as a large-scale evaluation
of the mean flake size in the graphene dispersion. After the first purification stage involving
centrifugation at 1 k rpm for 30 min, graphene dispersions exhibited a diameter distribution
range of 50 nm to 800 nm (Table 1, Figure 2B), with over 90% of flakes ranging from
50 nm to 600 nm, consistent with the flake size produced by the LPE process [63]. The peak
maxima in the DLS curve distributions for GTr and GGe based on particle number were
centered between 300 and 500 nm, while the GTw DLS curve distribution was centered
between 200 and 400 nm. According to the area under the curve, GTr and GGe dispersions
contained 46.2% and 48% of flakes smaller than 400 nm (<400 nm), respectively. The GTw
dispersion contained 67.8% flakes < 400 nm, indicating that it contained 20% smaller flakes
than the GTr and GGe dispersions. Flakes larger than 400 nm (>400 nm) accounted for 52%,
53.8%, and 32.2% of GGe, GTr, and GTw, respectively.
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Table 1. Graphene flake size distribution measured by DLS at first 1 k rpm and secondly 14 k rpm
purification steps.

GGe GTr GTw

d (nm) 1 k 14 k 1 k 14 k 1 k 14 k

<200 6.3 2.8 6.1 12.2 3.1 10.3

200–400 41.7 38.5 40.1 66.0 64.7 56.1

400–600 42.2 51.1 45.5 18.1 29.8 25.2

>600 9.8 7.5 8.3 3.8 2.4 8.4

After the second purification process (centrifugation at 14 k rpm for 2 h), the flake
size distribution of the final graphene dispersions obtained had shrunk to 100–800 nm,
and significant changes were observed in the flake distribution for each sample, as out-
lined in Table 1 and illustrated in Figure 2B. The DLS curves showed a decrease in the
average flake size for GTr and GTw, with a peak in the 200–400 nm range. The flake size
distribution observed in the initial DLS curve for GGe was retained, which was centered in
the 300–500 nm range. Specifically, a higher percentage of smaller flakes (<400 nm) was
found for GTr and GTw, with 72.2% and 66.4%, respectively, compared to GGe, which had
only 41.3% flakes < 400 nm. Furthermore, a more significant proportion of larger flakes
(>400 nm) was observed for GGe compared to GTr and GTw.

These results suggest that the type of dispersant used can influence the flake size
distribution. It was also observed that the second purification process effectively eliminated
graphene flakes > 400 nm from the GTr and GTw inks, resulting in more symmetrical DLS
curves. These findings highlight the importance of carefully controlling the dispersion and
purification of graphene to optimize its properties for various applications, particularly as
nanofillers in printed films, where smaller flakes can improve charge transport and increase
electrical conductivity.

The morphological properties of the graphene samples were investigated using AFM
and TEM, as shown in Figures 3 and 4, respectively. AFM imaging revealed that the size
distribution of the exfoliated nanosheets in the three graphene inks (GTr, GTw, and GGe)
ranged from 200 nm to 600 nm, consistent with the major flake dispersion reported in
DLS. The thickness of the exfoliated nanosheets estimated from the surface profile varied
from 6 nm in GTr to a few tens of nanometers in GTw and GGe, indicating that the LPE
generated multilayer graphene flakes in the aqueous inks.

One consistent observation in the AFM images was the presence of a coating of
deposited dispersant-like residue on the graphene and mica substrate surfaces. These
coatings achieved a height of 10 nm on top of the mica substrate with GTr (Figure 3B,
profile 4) and GTw (Figure 3C, profile 4), and a height of 25 nm with GGe (Figure S5).
Additionally, the dispersant accumulations on the graphene’s surface reached a height of
2 nm for GTr (Figure 3B, profile 3), 5–10 nm for GTw (Figure 3C, profile 3), and 10–20 nm
for GGe (Figure 3A, profile 2). Due to these accumulations on the mica and everywhere
around graphene flakes (bottom and top), estimating the number of graphene layers by
measuring the thickness of exfoliated graphene nanosheets is challenging.

The TEM images in Figure 4 and Figure S6 support our earlier observations. The low
contrast in Figure 4A–C confirm that the 2D graphene sheets in our sample are exfoliated
and dispersed in an aqueous medium. These sheets have dimensions of 400–600 nm in
length and 150–300 nm in width. However, TEM micrographs also revealed that the indi-
vidual graphene flakes tend to re-stack as the solvent dries, forming overlapping graphene
sheet accumulations. The dark-light patches in high-contrast TEM images (Figure 4D–F)
are likely the layered dispersant adsorbed on the graphene surface.

Our TEM images showed that the GGe sample had large dark areas identified as
piled gelatin (Figure S6A,B). The TEM images also showed that the GGe sheets were
multilayered, with thicknesses ranging from 1.15 nm to 4.1 nm in different locations within
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a flake. This indicates uneven graphene exfoliation by gelatin, resulting in 4 to 12 layers
per sheet, as shown in Figures 4D and S6C. In contrast, the TEM images confirmed that
GTr (Figures 4E and S6E–H) and GTw (Figures 4F and S6I–L) formed only a few layers of
graphene sheets, with thicknesses ranging from 0.61 nm to 1.53 nm, corresponding to 2 to
5 graphene layers per sheet.
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Figure 4. TEM images showing the morphology of graphene sheets obtained from (A,D) GGe,
(B,E) GTr, and (C,F) GTw samples. The low-contrast images (A–C) confirm the presence of 2D
graphene sheets in all three samples, while the high-contrast images (D–F) reveal differences in the
number of layers and surface features.

To evaluate the impact of purification on the dispersant-to-graphene ratio and graphene’s
thermal characteristics, we conducted TGA and DTG analyses. As shown in Figure 5A, raw
Gt (7–10 m) decomposed over a broad range of temperatures (550–850 ◦C), with noticeable
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DTG peaks at 780 ◦C and a shoulder at 620 ◦C (Figure 5B). After a 1 k rpm centrifugation
procedure, the obtained graphene flakes from GTr and GTw showed a breakdown range of
500–750 ◦C, while GGe exhibited a substantially higher decomposition temperature range
of 500–780 ◦C (Figure 5A). We calculated the quantities of dispersants (Table 2) as 14% for
gelatin (250–580 ◦C) in GGe (Figure S7), 19% for triton X-100 (200–400 ◦C) in GTr, and 26%
for tween-20 (200–450 ◦C) in GTw, corresponding to the initial dispersant concentration
used during ink synthesis. The DTG (Figure 5B) revealed broad peak structures for mass
loss in the 500–780 ◦C range that could be deconvoluted into sub-peaks, indicating the
diverse graphene flakes synthesized from the inks. However, further research is needed to
understand these results better.
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Figure 5. (A) TGA and (B) DTG thermograms of raw Gt, GGe, GTr, and GTw. The dotted and
solid curves represent the decomposition curves after the first (1 k rpm) and second (14 k rpm)
purification steps, respectively. The percentages inside the figure indicate the quantities of graphene
and dispersants for the final ink formulations after the second purification step.

Table 2. Dispersant quantities bound to graphene, as measured by TGA as a function of the purifica-
tion steps.

Dispersant GGe GTr GTw

1 k rpm 14% 19% 26%

14 k rpm 13% 5% 7%

The final inks (shown in Figure 5A,B) underwent a significant decrease in polymer
content for triton X-100 and tween-20, with GTr and GTw containing only 5% and 7%
polymer, respectively, after the second purification phase (14 k rpm) (as detailed in Table 2).
This suggests that the removed triton X-100 and tween-20 dispersants are primarily bound
to graphene flakes larger than 400 nm, which were eliminated along with their supernatants
during the 14 k rpm centrifugation step. Additionally, the DTG peaks for GTr and GTw
improved to semi-symmetrical shapes at 680 ◦C and 690 ◦C, respectively, indicating that
eliminating larger graphene flakes was associated with the flakes’ thermal degradation.
Meanwhile, the DTG curve for GGe showed a slight decrease in gelatin content from 14% to
13% (Figure 5B and Table 2). This implies that the excess gelatin dispersion was successfully
removed during the precipitation step of centrifugation at 16 k. The thermogram for GGe
maintained a comparable DTG (Figure 5B), suggesting only a minor change in flake size
distribution as determined by DLS analysis.

The two-step purification process significantly improved the flake size distribution
and dispersant-to-graphene ratio, resulting in better graphene printability by removing
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large graphene flakes and graphene ruptures created during the sonication process. Thus,
we transformed the graphene dispersions into graphene inks (GGe, GTr, and GTw) at
concentrations of 3 mg·mL−1, which remained stable with excellent dispersity even after
being stored for over a month. Using an AJP, we deposited the graphene inks onto a flexible
PET substrate, producing thin films (Figure 6A–C) after a given number of printing passes.
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The inks flowed smoothly through the nozzle during printing without requiring
additional modifications to control their properties, such as viscosity, surface tension,
printing flow, or rheology modifiers. To assess their performance characteristics, we
evaluated the printability, wettability, and electrical behavior of the graphene inks as a
function of the type of dispersant used. These inks appear to have promising potential
considering the two essential performance characteristics that ink should have: good
printability and printing definition.

The films’ thicknesses increased as the printing passes increased, with an average layer
thickness of ≈32 nm. Figure 6A displays the graphene films produced by AJP GTr ink on a
PET substrate with varying printing passes, while Figure 6B,C show high-magnification
images depicting uniform film structures with well-defined edge patterns.

In terms of the electrical behavior, thicker films had lower sheet resistance (Rs), settling
at 7.5 kΩ/�, 3.6 kΩ/�, and 2.6 kΩ/� for GTr films at 500 nm, 800 nm, and 1.15 µm,
respectively. For GTw films, Rs settled at 14.4 kΩ/�, 7 kΩ/�, and 5 kΩ/� for thicknesses
of 500 nm, 800 nm, and 1.15 µm, respectively, which is approximately double the Rs
recorded for GTr films with the same thicknesses. GGe films had the highest sheet resistance,
with 27 kΩ/�, 17 kΩ/�, and 14 kΩ/� for film thicknesses of 500 nm, 800 nm, and 1.15 µm,
respectively. The conductivity (σ) was calculated using the reciprocal of resistivity (ρ)
(σ = ρ−1), where ρ was calculated from the multiplication of Rs and t [64]. σ was steady for
t > 500 nm (Figure 6E), averaging 4.5 S·cm−1, 2 S·cm−1, and 1 S·cm−1 for GTr, GTw, and
GGe, respectively.

The electrical conductivity of the printed graphene films, as shown in Figure 6E, is
lower than the theoretical value of 106 S·cm−1 for a single graphene sheet. This suggests
that the resistance of the inter-flake junction dominates in the graphene films [18,65].
Post-treatments can be employed to enhance the interlayer connection of the graphene,
improving the conductivity of the printed graphene films. Although the conductive
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properties of graphene inks (GTr, GTw, and GGe) are not equivalent to those of metallic
inks, they are still sufficient for fabricating chemiresistive flexible sensors.

Other researchers have previously reported conductivities for graphene inks ranging
from 1 to 105 S·cm−1 [3,13,16,60]. These inks require complicated and costly preparation
stages, such as high-temperature calcination [3,16,60], and acid treatment [16]. Additionally,
using toxic solvents like NMP and terpineol in some of these inks makes them unsuitable
for flexible substrates in printed and flexible electronic fabrication [13]. Moreover, high dis-
persant concentrations (>10 mg·mL−1) like ethyl cellulose (EC) were required in these inks,
which can create nanofillers of conjugated structures between graphene flakes, improving
charge transmission through the film when calcined at temperatures above 300 ◦C [3,60].

In contrast, our inks surpass these earlier graphene inks due to the simplicity of
our technique and the low dispersant concentrations (0.1–1.5 mg·mL−1) used in the ink
formulation. Our inks were printed without any supplementary additives to regulate
printability on the PET substrate and employed a moderate drying temperature of 40 ◦C,
achieving good conductivity in the range of 1–4.5 S·cm−1. Our inks are suitable for flexible
substrates in printed and flexible electronic fabrication, and their simple and cost-effective
preparation stages make them ideal for large-scale manufacturing.

The electrical properties of printed graphene structures are primarily determined
by the quality of the materials and the interconnectivity between flakes [7,18,65]. Raman
spectroscopy is commonly used to investigate the quality of the sp2 structure (or graphiti-
zation degree), which measures the intensity ratio between D and G peaks (ID/IG ratio).
Figure 7A illustrates distinctive peaks for raw graphite and graphene inks at 1335 cm−1

(D band), 1574 cm−1 (G band), and 2666 cm−1 (2D band). The displayed spectra show
the median representations of Raman spectra collected at ten different locations on each
sample. The raw graphite Raman spectrum exhibits an ID/IG ratio of 0.12, indicating the
feature of well-crystallized bulk graphite. Exfoliation results in a minor increase in the D
band, leading to a slight rise in ID/IG ratios (0.23–0.28), consistent with the values found
for graphene inks (ID/IG ≈ 0.17–0.45) [3,13,16,60]. These results suggest that the exfoliation
process causes a slight increase in the disorder level of the graphene layers compared to
raw graphite.
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(B) Optical absorption spectra of graphene inks plotted as (F(R)vh)2 versus energy (vh). (Inset) Band
structure diagram of the graphene inks, where VB and CB represent the valence and conduction
bands, respectively. (C) Contact angle measurements on PET substrates for GGe, GTr, and GTw
graphene inks, indicating their wetting capability and adhesion properties.

The bandgap and valence band measurements were performed to assess the quality of
the graphene π-conjugated system in the inks, as shown in Figure 7B. The valence band
and bandgap values for the graphene inks ranged from 4.7 to 5.45 eV and 2.60 to 2.73 eV,
respectively. These values are consistent with those observed in high-quality conjugated
graphene structures [66–69]. However, while Raman spectroscopy and bandgap/valence
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band analysis provide valuable insights into the electronic properties of graphene inks, they
do not fully explain the changes in the electrical characteristics that result from alterations
in the graphene sp2 structure induced by dispersants.

The flake interconnectivity and the wettability of the inks significantly influence the
electrical conductivity of the graphene films. The interaction between the substrate and
the graphene inks is governed by the match between the inks’ surface tension and the
surface energy of the PET substrate (≈45 mJ·m−2) [70,71], which is a crucial factor affecting
the printing quality and film smoothness, both of which impact the electrical conductivity
of the graphene films. On the other hand, the wetting capability of the inks is a critical
parameter that determines their adhesion to the substrate. The contact angle of DI on
the PET substrate was measured to be 78◦, which is consistent with values seen in the
literature [72]. The droplet shape of the graphene inks immediately after dropping on the
PET substrate is shown in Figure 7C. Contact angle measurements revealed that GTr had
the smallest contact angle of 42◦, indicating the best wetting capability and adhesion over
the PET substrate, while GTw and GGe had a contact angle of 55◦, indicating a relatively
lower adhesion property than GTr ink.

The interconnectivity of graphene flakes is crucial for promoting charge transport
within graphene films and increasing electrical conductivity, and it works in collaboration
with the properties of the individual flakes. The surface morphology of the graphene films
produced on PET substrates was analyzed using SEM. Figure 8 shows a surface view of
the graphene film, demonstrating how the film’s architecture is made up of stacked flakes
with different levels of agglomeration and wrinkle structures. Thickly coated GGe films
(13% gelatin content and 12 µM CMC) [73] exhibited white accumulations and a highly
wrinkled structure (Figure 8A,B), likely due to the formation of micelles during solvent
drying, which disrupted the interlayer connections between graphene flakes and decreased
the electrical conductivity of the GGe film. In contrast, GTw films (7% tween content and
42 µM CMC) [74] had a lower degree of wrinkling and accumulation (Figure 8E,F), which
can be attributed to the higher CMC that reduced the formation of micelles. The GTr film
(5% triton X-100 content and 200 µM CMC) [74] had a densely packed structure and a
smooth film surface (Figure 8C,D) due to its high CMC that reduced the formation of
the micelles. This reveals good interconnectivity between adjacent graphene nanosheets,
enhancing electrical conductivity. High-magnification SEM images confirmed that the GTr
film had a well-stacked structure with good contact between adjacent graphene flakes,
while GTw and GGe films showed more agglomeration and less interconnectivity.

The DLS analysis revealed a high percentage (12.2%) of GTr flakes < 200 nm, which
could enhance the electrical conductivity of the graphene films. Small flakes can fill in the
gaps in the network structures, increasing the flake interconnectivity and the uniformity and
density of the printed films. This is because they act as a bridge between graphene flakes by
providing network frames and π-π interactions with the graphene flakes, creating additional
charge transport pathways within the film. Overall, GTr has superior electrical conductivity
(4.5 S·cm−1), which can be related to the high percentage of nanofillers of <200 nm flake
size (12.2%), a low dispersant-to-graphene ratio (5%), good quality (ID/IG ≈ 0.27), good
wettability (θ ≈ 42◦) on PET, and a smooth and uniform film on PET.

Electrochemical studies were carried out to investigate the impact of dispersants on
the microscopic nanostructure of graphene inks and their charge transfer properties. As a
control, CV analysis of bare electrochemical cells demonstrated distinct, well-defined redox
peaks, indicating that the cell triggers electron transfer processes without needing graphene
deposition (Figure S8A–C). Following graphene deposition on the electrochemical cell’s
active surface area, the CV curve properties (redox peak position, potential difference, and
curve shape) varied among the graphene samples (GGe, GTr, GTw), implying that the
dispersants influence the inks’ charge transfer process. After graphene deposition, the
electrochemical cells immediately and progressively shifted the oxidation peak to a lower
voltage, stabilizing around 140–165 mV. Although the final redox peaks for graphene inks
nearly converged, the dispersants’ shift mechanisms differed. Tween-20 showed a relatively
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prompt shift in the redox peaks (Figure 9A), while Triton X-100 and gelatin dispersants
aided a slow and relatively extended mechanism shift (Figure 9A). The rapid settlement
of redox peaks in GTw suggests more persistent redox reactions at the graphene surface,
resulting in more consecutive reactions than in GTr and GGe.
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GGe exhibited greater defined redox peaks than GTr and GTw, and the redox peaks for
GGe were of higher intensity than the bare electrochemical cell. This finding is consistent
with previous reports demonstrating that gelatin enhances proton diffusion due to the
presence of both ionic and nonionic moieties attributed to its chemical structure [28,29]. In
contrast, the CV curves for GTr and GTw were broader than those for the bare electrochem-
ical cell, which could be attributed to slower electron transfer kinetics and reduced reaction
reversibility [55]. This suggests that GTr and GTw films act as a barrier to negatively
charged species, resulting in electrostatic repulsions between graphene nanoflakes and the
negatively charged analytes, increasing cell polarization, and delaying the rate of the redox
reaction for GTr and GTw.

Figure S8D–F show the results of the SWV analysis conducted on bare electrochemical
cells before and after loading with graphene inks. The bare cells exhibited broad voltammo-
grams with peak currents ranging from 8.27 µA to 8.89 µA. Upon loading with graphene
inks, a progressive increase in the peak current was observed, with a shift towards a lower
voltage step, especially for GTr and GTw. For instance, loading with 1.25 µg of GTr led to
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an increase in the peak current to 10.39 µA (+15.5%), which further increased to a peak
current saturation of 12.11 µA (+27.5%) at a 10 µg mass load (Figures 9B and S8E). Simi-
larly, loading with 1.25 µg of GTw resulted in a peak current of 10.17 µA (+18.7%), which
reached a saturation current of 12.15 µA (+31.9%) at a 10 µg load (Figures 9B and S8F).
GGe showed a small rise in the peak current of 9.24 µA (+3.8%) at a 1.25 µg load, which
increased to 12.33 µA (+27.9%) at a 10 µg load (Figures 9B and S8D). The rapid rise in
peak current for GTr and GTw indicates an improvement in the transport of electroactive
chemicals after graphene deposition, which was facilitated by the nonionic dispersants:
triton X-100 and tween-20. Subsequently, SWV revealed a shift to a lower potential with
graphene deposition, with GTw demonstrating a more stable complex between graphene
and Fe(CN)6

3−/4−.
EIS is a powerful technique that is widely recognized for its ability to capture intricate

and complex electrical changes occurring on the surface of various materials. This includes
the grain bulk, grain boundary, and interface between the electrode and sensor thin film,
resulting from their interaction with analytes such as ionic solutions or gases [75]. Nyquist
plots typically show two semicircles when examining bare electrochemical electrodes
(without graphene), as Figure S8G–I illustrate. The semicircle at high frequency represents
the electrode’s internal resistance and the electrode-graphene contact’s resistance [76–78].
Meanwhile, the semicircle at low frequencies is related to the resistance for charge transfer
through the electrode–graphene film contact (diffusion resistance of the electrolyte ions) [76–78].

In contrast, following the deposition of graphene nanoflakes such as GTr, GTw, and
GGe, the maximum bulk electrolyte resistance of a non-treated screen-printed electrochem-
ical electrode remained at 3 kΩ, indicating that the porous morphology of the deposited
graphene nanoflakes provides an accessible surface for electrolyte ions to penetrate deeply
into the nanopores. This results in low charge resistance [76–78]. Alternatively, the low-
frequency semicircle gradually shrinks when graphene inks are drop-casted, reducing
electrode resistance for charge transfer events at the donor/acceptor interfaces. This indi-
cates a transition from a capacitive to a resistive response.

The investigation of the conduction process in the dry-solid state involved exposing
printed graphene sensors (Figure 10) to N2, H2S, and NH3 gases. The response of the sen-
sors to these gases at room temperature and 30% relative humidity is shown in Figure S9.
Graphene’s response to gases can be determined by analyzing the EIS frequency regime
in the Nyquist plot, which can reveal the material’s active structures and the target gas’s
location, whether on the grain bulk, grain boundaries, or the metal/electrode contact. The
sensing thin film to electrode contact can be attributed to the low frequency, while the
contribution of grain boundaries and bulk can be observed at mid and high frequencies, re-
spectively [79,80]. Each EIS figure displays seven curves, representing the sensor responses
to gases in the following sequence: in the air as the base gas before exposure to the target
gases (Air 1 and Air 3), after exposure to the target gas (N2, H2S, NH3), and after opening
the chamber’s lid to expose the graphene sensor to the air again (Air 2 and Air 4).

In the air (Air 1), the sensors (GGe, GTr, GTw) have an initial resistance of 200–300 kΩ.
However, the graphene sensors’ Nyquist plot showed no change after being exposed to
the inert gas (N2), indicating that there is no charge transfer from graphene to nitrogen
(Figures S9A and 10A–C). Later, the chamber was opened to neutralize the sensors with air
(Air 2). Upon exposure to H2S, an acidic and electron-withdrawing gas, the GGe-based
sensor (Figures S9B and 10A) and GTw-based sensor (Figures S9B and 10C) exhibited
almost constant resistance at high frequencies, while the GTr-based sensor showed an
increase in resistance at mid and low frequencies. This indicates that graphene in GGe
and GTw has low electrochemical catalytic activity towards H2S gas molecules and that
electron transfer occurs mainly from graphene boundaries to H2S molecules. In contrast,
the Nyquist plot for GTr (Figures S9B and 10B) expanded and shifted to a higher frequency,
indicating a reduction in electron density due to the withdrawal of electrons from a greater
surface area of the graphene (boundaries and bulk). After opening the chamber’s lid (Air 3),
the Nyquist plot was restored, showing increased electron density for graphene structures.
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This indicates that trapped electrons from adsorbed H2S molecules were reversibly released
into the graphene.
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environments (N2, H2S, NH3).

Interestingly, the graphene sensors showed an unexpected sensing response when ex-
posed to the basic and electron-donating gas (NH3). It was anticipated that NH3 molecules
would donate electrons to graphene flakes, increasing the matrix electron density and
minimizing resistance. However, the sensors’ response can be explained by forming acidic
NH4

+ ions via dissociating of NH3•H2O [81]. The adsorption of NH4
+ ions can alter the

exterior conduction properties of graphene interfaces [82], decreasing electron density and
increasing resistance.

In contrast, the GTr-based sensor (Figures S9C and 10B) and GTw-based sensor
(Figures S9C and 10C) showed increased resistance at mid and low frequencies while re-
taining resistance at high frequencies. This suggests that electron transport occurs mainly
between graphene boundaries and NH4

+ molecules. The Nyquist curve for the GGe-based
sensor (Figures S9C and 10A) expanded at high frequency, illustrating the loss of electron
density due to electron withdrawal from graphene boundaries and bulk. The Nyquist
pattern was restored after the sensors were exposed to air again (Air 4) by withdrawing
electrons from NH4

+ molecules. Further investigations are needed to understand these
phenomena fully. However, the findings demonstrate that dispersants can influence the
reactive component of graphene (bulk and boundaries), resulting in electrical activation
towards contemporary gases.

Wearable printed devices with flexibility are highly desirable for their potential use
in IoT applications. The critical angle at which the films fail electrically was determined
to assess the mechanical flexibility of AJP graphene films. Results showed that GGe and
GTw films had a normalized R/R0 ratio increase of 5% against bending angles up to 90◦

(Figure 11A). On the other hand, GTr exhibited robust mechanical behavior, indicating
strong adhesion to the carbon electrodes and correlating with SEM and contact angle ob-
servations. Previous studies have validated the mechanical flexibility of carbon electrodes
by demonstrating a minimal change in resistance when bent to 90◦ without losing conduc-
tivity [83]. The increase in resistance observed in the present study is due to a change in



Sensors 2023, 23, 7151 17 of 22

the orientation and distance between graphene flakes in the printed films. The flexibility
of the sensors was then assessed based on their ability to withstand repeated bending at
the predetermined critical angle. Results showed no significant change in resistance (2%
fluctuation) in any of the printed graphene films after 120 bending cycles at a bending
angle of 35◦ (bending radius 1 cm) (Figure 11B). These findings are consistent with other
printed graphene nanocomposites that have demonstrated high durability (>1000 bending
cycles) at bending radii ranging from 1 mm to 1 cm [84–86]. These results suggest that the
formulated graphene films have good mechanical flexibility and could be promising for
wearable and flexible IoT devices.
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4. Conclusions

This study developed practical water-based graphene inks. The inks were formulated
with low dispersant concentrations (0.1–1.5 mg·mL−1) and printed on PET substrates using
an AJP without additional additives for printability. The drying temperature was kept
moderate (40 ◦C), and the resulting inks demonstrated good conductivity (1–4.5 S·cm−1)
suitable for chemiresistive sensor development. The study revealed that the dispersant used
in the inks significantly influenced the graphene concentration achieved in the dispersion,
the flake size distribution, number of graphene layers per flake, and the dispersant-to-
graphene ratio, which in turn affected the inks’ wettability and smoothness on the substrate.

Triton X-100 was found to be the most effective dispersant for formulating the graphene
ink (GTr) due to its ability to produce stable aqueous ink with low-defect few-layer graphene,
high production yield efficiency, the highest percentage of graphene flakes < 200 nm, good
printability, and quality of printed films, as well as good electrical conductivity (4.5 S·cm−1)
and mechanical flexibility. The results suggest that GTr is suitable for fabricating chemire-
sistive sensors for IoT healthcare and environmental applications due to its appealing
properties and non-toxic ingredients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s23167151/s1. References [7,35,39–46,87–96] are cited in the Sup-
plementary Materials. Figure S1. Chemical structures of the dispersants used in the study: gelatin,
triton X-100, and tween-20; Figure S2. (A) Digital photograph showing the AJP graphene sensor
on a PET substrate with flexible screen-printed carbon electrodes. (B) Optical microscope image
of the sensor surface; Figure S3. (A) Schematic representation of a printed graphene layer on a
PET substrate topped with flexible screen-printed carbon electrodes. The dimensions of the flexible
screen-printed carbon electrode and graphene film are shown. (B) An image of a graphene sample.
(C) A homemade instrument used for measuring critical bending angles. (D, E) A custom-made
device for measuring sample mechanical flexibility in both relaxed and bending states; Figure S4. An
image of the screen-printed carbon electrochemical electrodes (BioDevice Technology, Ltd., Japan);
Figure S5. AFM morphology images of a mica substrate surface with GGe at (A) low magnification
and (B) high magnification, showing the gelation particle size accumulation on the mica substrate;

https://www.mdpi.com/article/10.3390/s23167151/s1
https://www.mdpi.com/article/10.3390/s23167151/s1
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Figure S6. TEM images of graphene sheets from (A–D) GGe, (E–H) GTr, and (I–L) GTw; Figure S7.
Thermogram (TGA) and its derivative (DTG) for raw gelatin; Figure S8. Electrochemical analysis
of GGe, GTr and GTw through (A–C) CV, (D–F) SWV, (G–I) EIS against [Fe(CN)6]4−/3− electrolyte;
Figure S9. Response curves of gas sensors printed with GGe, GTr, and GTw inks to (A) N2, (B) H2S,
and (C) NH3 gases at 30% relative humidity and room temperature; Table S1. Properties of the
dispersants provided by the chemical suppliers; Table S2. we have compiled a table summarizing the
most recent publications on graphene inks printed using AJP; Table S3. Surface energy and HSPs of
water, pristine graphene, GO and rGO.

Author Contributions: Conceptualization, A.A.S.; Methodology, A.A.S., M.K., D.S., A.N., T.L.F.Y.
and T.R.; Validation, A.A.S., S.R.-G. and R.I.; Formal analysis, A.A.S.; Investigation, A.A.S.; Writing—
original draft, A.A.S.; Writing—review & editing, A.A.S., S.R.-G. and R.I.; Supervision, A.A.S. and
R.I.; Project administration, A.A.S.; Funding acquisition, R.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by MITACS Canada (Grant # IT12233) and the NSERC-Green
Electronics Network (GreEN) (NETGP-508526-17). S.R.-G. also thanks NSERC for financial support
through a Discovery Grant (RGPIN-2022-04428). A.N. thanks the NSERC for financial support
through a Canada Postgraduate Scholarship–Doctoral (PGS-D).

Institutional Review Board Statement: Ethical review and approval do not apply to this study as it
does not involve human or animal participants.

Informed Consent Statement: Informed consent does not apply to this study as it does not involve
human.

Data Availability Statement: The raw data and detailed methods can be obtained by contacting the
corresponding authors.

Acknowledgments: The authors are grateful for the generous funding support provided by MITACS-
Canada, which made this research possible. Additionally, the authors would like to acknowl-
edge the invaluable support and resources provided by the Research centers of NanoQAM (Centre
de Recherche sur les Nanomateriaux et l’Énergie), LACIME (Laboratoire de communications et
d’intégration de la microélectronique), NSERC Green Electronics Network (GreEN), and RESMIQ
(Regroupement stratégique en microsystèmes du Québec). Their contributions were instrumental in
the successful completion of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moses, O.A.; Gao, L.; Zhao, H.; Wang, Z.; Lawan Adam, M.; Sun, Z.; Liu, K.; Wang, J.; Lu, Y.; Yin, Z.; et al. 2D Materials Inks

toward Smart Flexible Electronics. Mater. Today 2021, 50, 116–148. [CrossRef]
2. Verified Market Research. Global Conductive Inks Market Size and Forecast; Verified Market Research: Boonton, NJ, USA, 2021.
3. Nayak, L.; Mohanty, S.; Ramadoss, A. A Green Approach to Water-based Graphene Ink with Reverse Coffee Ring Effect. J. Mater.

Sci. Mater. Electron. 2021, 32, 7431–7442. [CrossRef]
4. Jiang, Y.; Guo, F.; Liu, Y.; Xu, Z.; Gao, C. Three-dimensional Printing of Graphene-based Materials for Energy Storage and

Conversion. SusMat 2021, 1, 304–323. [CrossRef]
5. Tiwari, S.K.; Sahoo, S.; Wang, N.; Huczko, A. Graphene Research and Their Outputs: Status and Prospect. J. Sci. Adv. Mater.

Devices 2020, 5, 10–29. [CrossRef]
6. Ismail, Z.; Idris, W.F.W.; Abdullah, A.H. From Shear Exfoliation of Graphite in Coca-Cola®to Few-Layer Graphene for Smart Ink.

Ceram. Int. 2021, 47, 23309–23317. [CrossRef]
7. Al Shboul, A.; Trudeau, C.; Cloutier, S.; Siaj, M.; Claverie, J.P. Graphene Dispersions in Alkanes: Toward Fast Drying Conducting

Inks. Nanoscale 2017, 9, 9893–9901. [CrossRef]
8. Wang, C.; Chen, D.; Yang, Y.; Tang, S.; Li, X.; Xie, F.; Wang, G.; Guo, Q. Synthesis of Multi-Color Fluorine and Nitrogen Co-Doped

Graphene Quantum Dots for Use in Tetracycline Detection, Colorful Solid Fluorescent Ink, and Film. J. Colloid Interface Sci. 2021,
602, 689–698. [CrossRef]

9. Monne, M.A.; Grubb, P.M.; Stern, H.; Subbaraman, H.; Chen, R.T.; Chen, M.Y. Inkjet-Printed Graphene-Based 1 x 2 Phased Array
Antenna. Micromachines 2020, 11, 863. [CrossRef] [PubMed]

10. Ma, J.; Cui, Z.; Du, Y.; Xu, Q.; Deng, Q.; Zhu, N. Multifunctional Prussian Blue/Graphene Ink for Flexible Biosensors and
Supercapacitors. Electrochim. Acta 2021, 387, 138496. [CrossRef]

11. Hansen, C.M. Hansen Solubility Parameters: A User’s Handbook, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2007;
ISBN 9780849372483CAT#7248.

https://doi.org/10.1016/j.mattod.2021.08.010
https://doi.org/10.1007/s10854-021-05456-x
https://doi.org/10.1002/sus2.27
https://doi.org/10.1016/j.jsamd.2020.01.006
https://doi.org/10.1016/j.ceramint.2021.05.044
https://doi.org/10.1039/C7NR01919J
https://doi.org/10.1016/j.jcis.2021.06.062
https://doi.org/10.3390/mi11090863
https://www.ncbi.nlm.nih.gov/pubmed/32961862
https://doi.org/10.1016/j.electacta.2021.138496


Sensors 2023, 23, 7151 19 of 22

12. Loh, H.A.; Graves, A.R.; Stinespring, C.D.; Sierros, K.A. Direct Ink Writing of Graphene-Based Solutions for Gas Sensing. ACS
Appl. Nano Mater. 2019, 2, 4104–4112. [CrossRef]

13. Kelly, A.G.; Vega-Mayoral, V.; Boland, J.B.; Coleman, J.N. Whiskey-Phase Exfoliation: Exfoliation and Printing of Nanosheets
Using Irish Whiskey. 2D Mater. 2019, 6, 045036. [CrossRef]

14. Ismail, Z.; Kassim, N.F.A.; Abdullah, A.H.; Abidin, A.S.Z.; Ismail, F.S.; Yusoh, K. Black Tea Assisted Exfoliation Using a Kitchen
Mixer Allowing One-Step Production of Graphene. Mater. Res. Express 2017, 4, 075607. [CrossRef]

15. Abdullah, A.H.; Ismail, Z.; Zainal Abidin, A.S.; Yusoh, K. Green Sonochemical Synthesis of Few-Layer Graphene in Instant Coffee.
Mater. Chem. Phys. 2019, 222, 11–19. [CrossRef]

16. Ba, H.; Truong-Phuoc, L.; Pham-Huu, C.; Luo, W.; Baaziz, W.; Romero, T.; Janowska, I. Colloid Approach to the Sustainable
Top-Down Synthesis of Layered Materials. ACS Omega 2017, 2, 8610–8617. [CrossRef] [PubMed]

17. George, G.; Sisupal, S.B.; Tomy, T.; Kumaran, A.; Vadivelu, P.; Suvekbala, V.; Sivaram, S.; Ragupathy, L. Facile, Environmen-
tally Benign and Scalable Approach to Produce Pristine Few Layers Graphene Suitable for Preparing Biocompatible Polymer
Nanocomposites. Sci. Rep. 2018, 8, 11228. [CrossRef] [PubMed]

18. Salunke, B.K.; Kim, B.S. Facile Synthesis of Graphene Using a Biological Method. RSC Adv. 2016, 6, 17158–17162. [CrossRef]
19. Huang, C.-T.; Kumar Shrestha, L.; Ariga, K.; Hsu, S. A Graphene–Polyurethane Composite Hydrogel as a Potential Bioink for 3D

Bioprinting and Differentiation of Neural Stem Cells. J. Mater. Chem. B 2017, 5, 8854–8864. [CrossRef]
20. Shin, Y.C.; Kang, S.H.; Lee, J.H.; Kim, B.; Hong, S.W.; Han, D.-W. Three-Dimensional Graphene Oxide-Coated Polyurethane

Foams Beneficial to Myogenesis. J. Biomater. Sci. Polym. Ed. 2018, 29, 762–774. [CrossRef] [PubMed]
21. Jakus, A.E.; Secor, E.B.; Rutz, A.L.; Jordan, S.W.; Hersam, M.C.; Shah, R.N. Three-Dimensional Printing of High-Content Graphene

Scaffolds for Electronic and Biomedical Applications. ACS Nano 2015, 9, 4636–4648. [CrossRef]
22. Zhu, W.; Harris, B.T.; Zhang, L.G. Gelatin Methacrylamide Hydrogel with Graphene Nanoplatelets for Neural Cell-Laden 3D

Bioprinting. In Proceedings of the 2016 38th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Orlando, FL, USA, 16–20 August 2016; pp. 4185–4188. [CrossRef]

23. Zhou, X.; Nowicki, M.; Cui, H.; Zhu, W.; Fang, X.; Miao, S.; Lee, S.-J.; Keidar, M.; Zhang, L.G. 3D Bioprinted Graphene Oxide-
Incorporated Matrix for Promoting Chondrogenic Differentiation of Human Bone Marrow Mesenchymal Stem Cells. Carbon N. Y.
2017, 116, 615–624. [CrossRef]

24. Wang, W.; Caetano, G.; Ambler, W.S.; Blaker, J.J.; Frade, M.A.; Mandal, P.; Diver, C.; Bártolo, P. Enhancing the Hydrophilicity and
Cell Attachment of 3D Printed PCL/Graphene Scaffolds for Bone Tissue Engineering. Materials 2016, 9, 992. [CrossRef] [PubMed]

25. Murray, E.; Sayyar, S.; Thompson, B.C.; Gorkin III, R.; Officer, D.L.; Wallace, G.G. A Bio-Friendly, Green Route to Processable,
Biocompatible Graphene/Polymer Composites. RSC Adv. 2015, 5, 45284–45290. [CrossRef]

26. Satapathy, M.K.; Chiang, W.-H.; Chuang, E.-Y.; Chen, C.-H.; Liao, J.-L.; Huang, H.-N. Microplasma-Assisted Hydrogel Fabrication:
A Novel Method for Gelatin-Graphene Oxide Nano Composite Hydrogel Synthesis for Biomedical Application. PeerJ 2017,
5, e3498. [CrossRef] [PubMed]

27. Sarvari, R.; Sattari, S.; Massoumi, B.; Agbolaghi, S.; Beygi-Khosrowshahi, Y.; Kahaie-Khosrowshahi, A. Composite Electrospun
Nanofibers of Reduced Graphene Oxide Grafted with Poly(3-Dodecylthiophene) and Poly(3-Thiophene Ethanol) and Blended
with Polycaprolactone. J. Biomater. Sci. Polym. Ed. 2017, 28, 1740–1761. [CrossRef] [PubMed]

28. Landi, G.; Sorrentino, A.; Iannace, S.; Neitzert, H.C. Differences between Graphene and Graphene Oxide in Gelatin Based Systems
for Transient Biodegradable Energy Storage Applications. Nanotechnology 2017, 28, 054005. [CrossRef] [PubMed]

29. Landi, G.; Neitzert, H.C.; Sorrentino, A. New Biodegradable Nano-Composites for Transient Electronics Devices. In Proceedings
of the AIP Conference Proceedings, Rome, Italy, 26–29 September 2017; Volume 1990, p. 020012.

30. Wang, Y.; Mehrali, M.; Zhang, Y.Z.; Timmerman, M.A.; Boukamp, B.A.; Xu, P.Y.; ten Elshof, J.E. Tunable Capacitance in
All-Inkjet-Printed Nanosheet Heterostructures. Energy Storage Mater. 2021, 36, 318–325. [CrossRef]

31. Suly, P.; Sevcik, J.; Dmonte, D.J.; Urbanek, P.; Kuritka, I. Inkjet Printability Assessment of Weakly Viscoelastic Fluid: A Semidilute
Polyvinylpyrrolidone Solution Ink Case Study. Langmuir 2021, 37, 8557–8568. [CrossRef]

32. Smith, R.J.; Lotya, M.; Coleman, J.N. The Importance of Repulsive Potential Barriers for the Dispersion of Graphene Using
Surfactants. New J. Phys. 2010, 12, 125008. [CrossRef]

33. Shi, H.; Xiang, W.; Liu, C.; Shi, H.; Zhou, Y.; Gao, L. Highly Sensitive Detection for Cocaine Using Graphene Oxide-Aptamer
Based Sensors in Combination with Tween 20. Nanosci. Nanotechnol. Lett. 2018, 10, 1707–1712. [CrossRef]

34. Lu, W.; Ning, R.; Qin, X.; Zhang, Y.; Chang, G.; Liu, S.; Luo, Y.; Sun, X. Synthesis of Au Nanoparticles Decorated Graphene
Oxide Nanosheets: Noncovalent Functionalization by TWEEN 20 in Situ Reduction of Aqueous Chloroaurate Ions for Hydrazine
Detection and Catalytic Reduction of 4-Nitrophenol. J. Hazard. Mater. 2011, 197, 320–326. [CrossRef]

35. Gamba, L.; Johnson, Z.T.; Atterberg, J.; Diaz-Arauzo, S.; Downing, J.R.; Claussen, J.C.; Hersam, M.C.; Secor, E.B. Systematic
Design of a Graphene Ink Formulation for Aerosol Jet Printing. ACS Appl. Mater. Interfaces 2023, 15, 3325–3335. [CrossRef]
[PubMed]

36. Mosa, M.A.; Jo, J.Y.; Kwon, K.S. Fast On-off Jet Control of Aerosol Jet Printing (AJP) Using Internal Rotary Valve. Addit. Manuf.
2023, 67, 103466. [CrossRef]

37. Smith, M.; Choi, Y.S.; Boughey, C.; Kar-Narayan, S. Controlling and Assessing the Quality of Aerosol Jet Printed Features for
Large Area and Flexible Electronics. Flex. Print. Electron. 2017, 2, 015004. [CrossRef]

https://doi.org/10.1021/acsanm.9b00572
https://doi.org/10.1088/2053-1583/ab3892
https://doi.org/10.1088/2053-1591/aa7ae2
https://doi.org/10.1016/j.matchemphys.2018.09.085
https://doi.org/10.1021/acsomega.7b01311
https://www.ncbi.nlm.nih.gov/pubmed/31457393
https://doi.org/10.1038/s41598-018-28560-1
https://www.ncbi.nlm.nih.gov/pubmed/30046158
https://doi.org/10.1039/C5RA25977K
https://doi.org/10.1039/C7TB01594A
https://doi.org/10.1080/09205063.2017.1348738
https://www.ncbi.nlm.nih.gov/pubmed/28657493
https://doi.org/10.1021/acsnano.5b01179
https://doi.org/10.1109/EMBC.2016.7591649
https://doi.org/10.1016/j.carbon.2017.02.049
https://doi.org/10.3390/ma9120992
https://www.ncbi.nlm.nih.gov/pubmed/28774112
https://doi.org/10.1039/C5RA07210G
https://doi.org/10.7717/peerj.3498
https://www.ncbi.nlm.nih.gov/pubmed/28663938
https://doi.org/10.1080/09205063.2017.1354167
https://www.ncbi.nlm.nih.gov/pubmed/28691869
https://doi.org/10.1088/1361-6528/28/5/054005
https://www.ncbi.nlm.nih.gov/pubmed/28029106
https://doi.org/10.1016/j.ensm.2021.01.009
https://doi.org/10.1021/acs.langmuir.1c01010
https://doi.org/10.1088/1367-2630/12/12/125008
https://doi.org/10.1166/nnl.2018.2835
https://doi.org/10.1016/j.jhazmat.2011.09.092
https://doi.org/10.1021/acsami.2c18838
https://www.ncbi.nlm.nih.gov/pubmed/36608034
https://doi.org/10.1016/j.addma.2023.103466
https://doi.org/10.1088/2058-8585/aa5af9


Sensors 2023, 23, 7151 20 of 22

38. Zhu, Y.; Yu, L.; Wu, D.; Lv, W.; Wang, L. A High-Sensitivity Graphene Ammonia Sensor via Aerosol Jet Printing. Sensors Actuators,
A Phys. 2021, 318, 112434. [CrossRef]

39. McDonnell, C.; Albarghouthi, F.M.; Selhorst, R.; Kelley-Loughnane, N.; Franklin, A.D.; Rao, R. Aerosol Jet Printed Surface-
Enhanced Raman Substrates: Application for High-Sensitivity Detection of Perfluoroalkyl Substances. ACS Omega 2023, 8,
1597–1605. [CrossRef]

40. Lu, S.; Smith, B.N.; Meikle, H.; Therien, M.J.; Franklin, A.D. All-Carbon Thin-Film Transistors Using Water-Only Printing. Nano
Lett. 2023, 23, 2100–2106. [CrossRef] [PubMed]

41. Niu, Y.; Han, Y.; Cheng, H.; Xiong, Z.; Luo, B.; Ma, T.; Li, L.; Liu, S.; Chen, X.; Yi, C. Synthesized Silver Nanoparticles Decorated
Reduced Graphene Oxide/Silver Ink for Aerosol Jet Printed Conformal Temperature Sensor with a Wide Sensing Range and
Excellent Stability. J. Mater. Res. Technol. 2023, 25, 873–886. [CrossRef]

42. Pola, C.C.; Rangnekar, S.V.; Sheets, R.; Szydłowska, B.M.; Downing, J.R.; Parate, K.W.; Wallace, S.G.; Tsai, D.; Hersam, M.C.;
Gomes, C.L.; et al. Aerosol-Jet-Printed Graphene Electrochemical Immunosensors for Rapid and Label-Free Detection of
SARS-CoV-2 in Saliva. 2D Mater. 2022, 9, 035016. [CrossRef]

43. Fapanni, T.; Sardini, E.; Serpelloni, M.; Tonello, S. Nano-Functionalized Electrochemical Sensors by Aerosol Jet Printing. IEEE
Sens. J. 2022, 22, 21498–21507. [CrossRef]

44. Zhou, Y.; Parker, C.B.; Joshi, P.; Naskar, A.K.; Glass, J.T.; Cao, C. 4D Printing of Stretchable Supercapacitors via Hybrid Composite
Materials. Adv. Mater. Technol. 2021, 6, 2001055. [CrossRef]

45. Hyun, W.J.; Chaney, L.E.; Downing, J.R.; de Moraes, A.C.M.; Hersam, M.C. Printable Hexagonal Boron Nitride Ionogels. Faraday
Discuss. 2021, 227, 92–104. [CrossRef]

46. Williams, N.X.; Bullard, G.; Brooke, N.; Therien, M.J.; Franklin, A.D. Printable and Recyclable Carbon Electronics Using Crystalline
Nanocellulose Dielectrics. Nat. Electron. 2021, 4, 261–268. [CrossRef]

47. Hernandez, Y.; Lotya, M.; Rickard, D.; Bergin, S.D.; Coleman, J.N. Measurement of Multicomponent Solubility Parameters for
Graphene Facilitates Solvent Discovery. Langmuir 2010, 26, 3208–3213. [CrossRef]

48. Luo, C.; Wang, C.; Wu, X.; Zhang, J.; Chu, J. In Situ Transmission Electron Microscopy Characterization and Manipulation of
Two-Dimensional Layered Materials beyond Graphene. Small 2017, 13, 1604259. [CrossRef] [PubMed]

49. Kumar, A.; Sengupta, N.; Dutta, S. Simplified Approach for Preparing Graphene Oxide Tem Grids for Stained and Vitrified
Biomolecules. Nanomaterials 2021, 11, 643. [CrossRef] [PubMed]

50. Musumeci, C. Advanced Scanning Probe Microscopy of Graphene and Other 2D Materials. Crystals 2017, 7, 216. [CrossRef]
51. Al Shboul, A.M.; Siaj, M.; Claverie, J.P. Selective Process to Extract High-Quality Reduced Graphene Oxide Leaflets. ACS Appl.

Nano Mater. 2018, 1, 5920–5926. [CrossRef]
52. Al Shboul, A.M.; Izquierdo, R. Printed Chemiresistive In 2 O 3 Nanoparticle-Based Sensors with Ppb Detection of H 2 S Gas for

Food Packaging. ACS Appl. Nano Mater. 2021, 4, 9508–9517. [CrossRef]
53. Nežerka, V.; Somr, M.; Trejbal, J. Contact Angle Measurement Tool Based on Image Analysis. Exp. Tech. 2018, 42, 271–278.

[CrossRef]
54. Al Shboul, A.; Shih, A.; Izquierdo, R. A Flexible Indium Oxide Sensor With Anti-Humidity Property for Room Temperature

Detection of Hydrogen Sulfide. IEEE Sens. J. 2021, 21, 9667–9674. [CrossRef]
55. Butler, D.; Moore, D.; Glavin, N.R.; Robinson, J.A.; Ebrahimi, A. Facile Post-Deposition Annealing of Graphene Ink Enables

Ultrasensitive Electrochemical Detection of Dopamine. ACS Appl. Mater. Interfaces 2021, 13, 11185–11194. [CrossRef] [PubMed]
56. Landi, G.; Fedi, F.; Sorrentino, A.; Neitzert, H.C.; Iannace, S. Gelatin/Graphene Systems for Low Cost Energy Storage. In

Proceedings of the 7th International Conference on Times of Polymers (TOP) and Composites, Ischia, Italy, 22–26 June 2014;
Volume 1599, pp. 202–205.

57. Johnson, M. Detergents: Triton X-100, Tween-20, and More. Mater. Methods 2013, 3, 63–66. [CrossRef]
58. Likos, C.N.; Vaynberg, K.A.; Löwen, H.; Wagner, N.J. Colloidal Stabilization by Adsorbed Gelatin. Langmuir 2000, 16, 4100–4108.

[CrossRef]
59. Chen, G.; Qiao, C.; Wang, Y.; Yao, J. Synthesis of Biocompatible Gelatin-Functionalised Graphene Nanosheets for Drug Delivery

Applications. Aust. J. Chem. 2014, 67, 1532–1537. [CrossRef]
60. Xu, L.; Wang, H.; Wu, Y.; Wang, Z.; Wu, L.; Zheng, L. A One-Step Approach to Green and Scalable Production of Graphene Inks

for Printed Flexible Film Heaters. Mater. Chem. Front. 2021, 5, 1895–1905. [CrossRef]
61. Johnson, D.W.; Dobson, B.P.; Coleman, K.S. A Manufacturing Perspective on Graphene Dispersions. Curr. Opin. Colloid Interface

Sci. 2015, 20, 367–382. [CrossRef]
62. Martínez-Flores, R.; Canto-Aguilar, E.J.; Rodríguez-Gattorno, G.; Oskam, G.; Meneses-Rodríguez, D.; Ruiz-Gómez, M.A. Inkjet-

Printed Reduced Graphene Oxide (RGO) Films For Electrocatalytic Applications. J. Electrochem. Soc. 2019, 166, H3279–H3285.
[CrossRef]

63. Backes, C.; Szydłowska, B.M.; Harvey, A.; Yuan, S.; Vega-Mayoral, V.; Davies, B.R.; Zhao, P.; Hanlon, D.; Santos, E.J.G.;
Katsnelson, M.I.; et al. Production of Highly Monolayer Enriched Dispersions of Liquid-Exfoliated Nanosheets by Liquid Cascade
Centrifugation. ACS Nano 2016, 10, 1589–1601. [CrossRef]

64. Naftaly, M.; Das, S.; Gallop, J.; Pan, K.; Alkhalil, F.; Kariyapperuma, D.; Constant, S.; Ramsdale, C.; Hao, L. Sheet Resistance
Measurements of Conductive Thin Films: A Comparison of Techniques. Electron. 2021, 10, 960. [CrossRef]

https://doi.org/10.1016/j.sna.2020.112434
https://doi.org/10.1021/acsomega.2c07134
https://doi.org/10.1021/acs.nanolett.2c04196
https://www.ncbi.nlm.nih.gov/pubmed/36853199
https://doi.org/10.1016/j.jmrt.2023.05.246
https://doi.org/10.1088/2053-1583/ac7339
https://doi.org/10.1109/JSEN.2022.3213349
https://doi.org/10.1002/admt.202001055
https://doi.org/10.1039/C9FD00113A
https://doi.org/10.1038/s41928-021-00574-0
https://doi.org/10.1021/la903188a
https://doi.org/10.1002/smll.201604259
https://www.ncbi.nlm.nih.gov/pubmed/28783241
https://doi.org/10.3390/nano11030643
https://www.ncbi.nlm.nih.gov/pubmed/33808009
https://doi.org/10.3390/cryst7070216
https://doi.org/10.1021/acsanm.8b01580
https://doi.org/10.1021/acsanm.1c01970
https://doi.org/10.1007/s40799-017-0231-0
https://doi.org/10.1109/JSEN.2020.3010843
https://doi.org/10.1021/acsami.0c21302
https://www.ncbi.nlm.nih.gov/pubmed/33645208
https://doi.org/10.13070/mm.en.3.163
https://doi.org/10.1021/la991142d
https://doi.org/10.1071/CH13678
https://doi.org/10.1039/D0QM00803F
https://doi.org/10.1016/j.cocis.2015.11.004
https://doi.org/10.1149/2.0381905jes
https://doi.org/10.1021/acsnano.5b07228
https://doi.org/10.3390/electronics10080960


Sensors 2023, 23, 7151 21 of 22

65. Chabot, V.; Kim, B.; Sloper, B.; Tzoganakis, C.; Yu, A. High Yield Production and Purification of Few Layer Graphene by Gum
Arabic Assisted Physical Sonication. Sci. Rep. 2013, 3, 1378. [CrossRef]

66. Sharma, N.; Arif, M.; Monga, S.; Shkir, M.; Mishra, Y.K.; Singh, A. Investigation of Bandgap Alteration in Graphene Oxide with
Different Reduction Routes. Appl. Surf. Sci. 2020, 513, 145396. [CrossRef]

67. Su, Y.; Du, J.; Sun, D.; Liu, C.; Cheng, H. Reduced Graphene Oxide with a Highly Restored π-Conjugated Structure for Inkjet
Printing and Its Use in All-Carbon Transistors. Nano Res. 2013, 6, 842–852. [CrossRef]

68. Ganguly, A.; Sharma, S.; Papakonstantinou, P.; Hamilton, J. Probing the Thermal Deoxygenation of Graphene Oxide Using
High-Resolution. J. Phys. Chem. C 2011, 115, 17009–17019. [CrossRef]

69. Folorunso, O.; Hamam, Y.; Sadiku, R.; Ray, S.S.; Adekoya, G.J. Investigation of Graphene Loaded Polypyrrole for Lithium-Ion
Battery. Mater. Today Proc. 2021, 38, 635–638. [CrossRef]

70. Gotoh, K. Polymer Surface Modification: Relevance to Adhesion; Mittal, K.L., Ed.; CRC Press: London, UK, 2004; Volume 3,
ISBN 9780429087660.

71. Cho, J.-S. Adhesion Aspects of Thin Films; Mittal, K.L., Ed.; CRC Press: London, UK, 2005; Volume 2, ISBN 9780429087233.
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