
HAL Id: emse-04611513
https://hal-emse.ccsd.cnrs.fr/emse-04611513

Submitted on 13 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Development of Gold Inks for Inkjet Printing of Gas
Sensors Electrodes on Plastic Support

Bastien Le Porcher, Jean-Paul Viricelle, Mathilde Rieu

To cite this version:
Bastien Le Porcher, Jean-Paul Viricelle, Mathilde Rieu. Development of Gold Inks for Inkjet Printing
of Gas Sensors Electrodes on Plastic Support. Electronics, 2024, 13 (11), pp.2110. �10.3390/electron-
ics13112110�. �emse-04611513�

https://hal-emse.ccsd.cnrs.fr/emse-04611513
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Le Porcher, B.; Rieu, M.;

Viricelle, J.-P. Development of Gold

Inks for Inkjet Printing of Gas Sensors

Electrodes on Plastic Support.

Electronics 2024, 13, 2110. https://

doi.org/10.3390/electronics13112110

Received: 19 April 2024

Revised: 17 May 2024

Accepted: 27 May 2024

Published: 29 May 2024

Copyright: © 2024 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/).

electronics

Article

Development of Gold Inks for Inkjet Printing of Gas Sensors
Electrodes on Plastic Support
Bastien Le Porcher, Mathilde Rieu * and Jean-Paul Viricelle

Mines Saint-Etienne, Univ Lyon, CNRS, UMR 5307 LGF, Centre SPIN, F-42023 Saint-Etienne, France;
bastien.leporcher@emse.fr (B.L.P.); viricelle@emse.fr (J.-P.V.)
* Correspondence: author: rieu@emse.fr

Abstract: Among the conventional inks used for inkjet printing, metals, oxides, or polymers have
been deposited in order to form functional coatings. Gold is one of the most used metals for electrode
fabrication in the gas sensor field due to its inert behavior when exposed to reactive gases and
conductive properties. However, only a few commercial gold inks are commercially available, and
the combination of excessive price, a high minimum purchase quantity, and an unknown composition
renders the actual products unappealing. To meet these shortcomings, gold inks were formulated
with different solvents in order to reach sufficient properties for the inkjet printing process, such as
surface tension and viscosity. On the one hand, gold ink was developed using a gold nanoparticle
(AuNP) solution as the metal. This ink was optimized from nanoparticle synthesis, with the ink
formulation obtaining a 32 mN·m−1 surface tension and 11.2 mPa·s viscosity in order to be inkjet-
printed onto polyimide foil. On the other hand, a particle-free ink, called a precursor based of ink,
was also developed. In this case, ink was made by solubilizing gold salt in aqueous medium in
order to reach jettable properties. Surface tension was measured at 32 mN·m−1 while viscosity was
14.0 mPa·s. Then, printing and deposition parameters were optimized in order to obtain a highly
conductive gold coating. The measured resistivity was 2 × 10−7 Ω·m which is close to the bulk gold
conductive value. These coatings could be used for the fabrication of various devices in different
working fields.

Keywords: gold nanoparticles; ink formulation; thin coating; flexible electronic

1. Introduction

Gas sensors have been widely studied in many research areas such as automotive [1],
environmental [2], indoor air monitoring [3], or industrial facilities. Depending on the
sensor application and the targeted gas, optical [4], FET [5], piezoelectric [6], electrochem-
ical [7], or metal oxide sensors [8] have been used. The metal oxide sensor provides a
promising way of moving forward in the sensor field due to its high sensibility, stability,
and low fabrication cost [9]. However, a well-known disadvantage of this type of sensor
is the lack of selectivity when exposed to multiple gas [10]. These sensors are composed
mainly of two elements, a patterned two-separated electrode system made of conductive
metal such as Au, Pt, or Ag, and a sensing layer made of semi-conductive metal oxide
bridging the electrode system [11]. A form of electrical resistance like a heater can be
placed on the opposite face of the sensing materials [12]. The most common sensing ma-
terial for semi-conductive metal oxide gas sensors is SnO2. These sensors are generally
deposited on rigid inorganic substrates like alumina [13], or silicon wafers [14]. In the
recent development of sensors, to reduce costs and to expand the application of sensors,
flexible substrates have been introduced to replace rigid substrates [15]. New substrates
such as plastics, papers, and textiles are now commonly used for producing several types
of sensors for different applications like wearable electronics for health monitoring [16]
or electronics for gas exposition measurement [17]. Nevertheless, despite the advantages
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of flexible substrates, there is an intrinsic limitation due to the use of polymeric or paper-
based substrates to provide the thermal resistance. The degradation temperature of paper
is around 100–120 ◦C [18]. For polymeric substrates, thermal degradation generally occurs
below 300 ◦C for most polymer foils that are commercially available [19]. For polyimide
(PI), the data show that the foil is not degraded below 400 ◦C, which is a very high thermal
degradation temperature for polymers. In comparison to the classical rigid substrates for
electronics, silicon can tolerate 1410 ◦C before melting and the Al2O3 substrate melting
point is 2072 ◦C [20]. The thermal resistance of flexible substrate is low in comparison,
which will have the consequence of ruling out certain processes like severe annealing or
sintering of particles at high temperatures. Low boiling-point solvents are required to
evaporate quickly at low temperatures to avoid any substrate degradation caused by heat.

Concerning deposition methods, numerous methods have been developed such as
spin coating, spray coating, screen-printing, flexography printing, and inkjet printing. De-
pending on the application and the final coating properties, a different deposition process
should be preferred. All these different techniques have their pros and cons. For example,
screen-printing allows the mass production of coatings with low wastage of materials but
involves the employment of a non-volatile and thick paste [21]. Moreover, the quantity
and morphology of the deposited material are not optimized in comparison to other meth-
ods [22]. For inkjet printing, a relatively fluid ink is needed with a low viscosity to obtain
printed patterns. It leads to high-resolution printing with easily tunable patterns with
no wasted ink. This printing technique could also be used at room temperature. This is
why it is particularly interesting for printing onto plastic foil. Nevertheless, inkjet printing
is relatively slow in comparison to other deposition techniques, which limits its use for
industrial applications. Inkjet printing has been widely described in the literature [23,24].
Two deposition mechanisms are mainly used, continuous and drop-on-demand inkjet
printing [25]. Continuous inkjet printing is based on a continuous ejection of fluid through
the nozzle. To correctly print the pattern, a gutter is electronically controlled to interrupt the
inkjet flow onto the non-deposition area. Concerning drop-on-demand (DOD) inkjet print-
ing, the droplet is only deposited on the specific area of the substrate, which means droplets
are ejected only when it is necessary. The drop-on-demand inkjet printing mechanism is
triggered by a pressure increase. This pressure change is generated by two main phenom-
ena, ink phase changes due to temperature variations [23] or the piezoelectric actuator [26].
As previously mentioned, inkjet printing inks are very different from the ones used for
other deposition methods. The major properties of this type of ink are viscosity and surface
tension at the temperature fixed at the nozzle during the jetting process [27]. These inks
must have a low viscosity of approximately 10 mPa·s, close to the water value, depending
on the system used for fluid ejection, and a low surface tension [28] of around 30 mN·m−1.
The solid particles composing the ink should be less than 1/100th of the nozzle to avoid
clogging. Metallic Ag, Au, Cu, and Pt inks have been developed for inkjet printing deposi-
tion for electronic devices. Silver ink is a popular metal ink and many providers produce
this type of ink. Silver is mostly used for electronic device fabrication [29] due to its high
conductivity and its low price compared to other metals such as gold and platinum [30].
However, even if it is the most conductive metal, silver is also a reactive material that can be
oxidized while being exposed to reactive conditions. For the semi-conductive metal-oxide
gas sensor fabrication, severe conditions are used to activate the semiconductor element,
and reducing and oxidizing gas exposition could deteriorate the sensor materials [31]. Gold
is a stable metal compared to silver and copper. Furthermore, gold is also catalytically
inactive unlike platinum electrodes that are well known for reacting with gaseous species.
This is why gold is mostly used for gas sensor electrode fabrication as it is the most stable
and conductive metal that can withstand MOx sensor working conditions [32].

Several commercially available gold inks for inkjet printing are listed in Table 1.
Another concern when utilizing commercial inks, besides their price, is the reproducibility
issue between batches, which can significantly affect the research and sensor fabrication.
Furthermore, the relatively short lifespan and stability of these inks have to be associated
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with the minimum purchasable quantity and the material waste it costs. Finally, additives
used for commercial ink fabrication are unknown most of the time, meaning they can be
polluting or interfering with required properties. These impurities could modify the final
sensor device response due to chemical reactions. Table 1 highlights that the resistivity
obtained with commercial inks is higher by at least a factor of 5 to 10 than the bulk gold
which is 2.4 × 10−8 Ω·m that could be caused by inhomogeneous coverage, porosity,
or impurities.

Table 1. Example of commercial gold inks available for inkjet.

Provider Denomination Loading Thickness Thermal
Treatment Substrate Resistivity of Coatings

Ω·m

ORELTECH [33] OTech Aurum Particle-free 100–500 nm Plasma 10 min PET 7.0 × 10−7

HARIMA [34] NPG-J - 0.2–1 µm 250 ◦C, 60 min - 1.2 × 10−7

ULVAC, Inc. [35] Au INK 50% 0.5 µm 250 ◦C - 0.8 × 10−7

Sicrys [36] IAu20W-1 20% 1 µm 200 ◦C, 60 min Glass ≤4.0 × 10−7

Academic research groups have also developed gold inks for different applications but
there are some limitations. The most important one is the use of organic solvents, which
are undesirable in this study for environmental reasons. As an example, the synthesis
based on the Brust method led to the gold nanoparticle ink being obtained in toluene-
based solvent [37] and working with a hazardous reactive such as NaBH4. The transition
from organic solvent-based nanoparticles to a water-based medium is possible but not
very easy and involves several difficult steps. As an example, Mekhmouken et al. [38]
described a new method of obtaining gold nanoparticles in aqueous media by modifying
the thiol group to make it hydrophilic which led to stabilizing the gold nanoparticles in
water. Nevertheless, the time-consuming synthesis steps and the high cost of this PEG
thiol are limitations. Among the different gold synthesis methods, the synthesis of AuNPs
has focused the attention of researchers. AuNP ink could be convenient for printing and
can be processed at low temperatures, which is interesting for deposition on a flexible
substrate. The main issue for this type of ink is not to clog the small nozzle because of the
agglomeration of particles that could form larger clusters. A decent particle-loading in the
ink could be hard to reach while keeping particle stability. Particle-free inks have also been
developed to avoid these clogging issues [39].

In this study, an experimental means is proposed of obtaining easy-to-prepare, stable,
and tunable gold inks for inkjet printing of high-quality patterns onto plastic foils for elec-
tronic applications. The purpose is to obtain gold tracks and electrodes for the fabrication
of a metal oxide gas sensor. Aqueous medium gold nanoparticles and particle-free ink
will be developed. The optimization of both of these inks, including the ink formulation,
deposition of the ink, thermal treatment parameters, and characterization of the printed
pattern obtained, are further developed.

2. Materials and Methods
2.1. Materials

All the chemicals used in this study were provided by Sigma Aldrich and were used
as received: tannic acid (TA), sodium citrate (SC), chloroauric acid (HAuCl4), propan-
2-ol, glycerol, and ethylene glycol. The development of two inks is presented through
this article, one based on gold nanoparticles and the other one directly obtained with an
HAuCl4 precursor.
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2.2. Gold Nanoparticle (AuNP) Synthesis and Characterization

The AuNP synthesis method proposed here is an adaptation of the well-known
Turkevich method proposed by Piella et al. [40]. This synthesis was optimized in order to
obtain the most concentrated AuNP solutions for our application purpose.

Briefly, a reducing solution of 50 mL containing a mixture of 200 mmol·L−1 of sodium
citrate (SC) and 0.06 mmol·L−1 of tannic acid (TA) was heated at 70 ◦C. The pH of this
solution was slightly above 6.5. When reaching 70 ◦C, the chloroauric acid solution in
water was quickly added to the reducing solution under vigorous stirring. The gold
solution quantity added to the reducing solution was varied in order to obtain, after
synthesis, different gold concentration solutions from 0.25 mmol·L−1 to 3.3 mmol·L−1.
After heating for 5 more minutes, the reaction was completed. A quite dark red solution of
gold nanoparticles was then observed.

The obtained solutions were then characterized. Dynamic light scattering (DLS) was
used with the Malvern Zetasizer device to study the mean diameter of nanoparticles in
aqueous suspension. AuNP solutions were characterized with a UV–visible spectrometer
(CARY 300 SCAN, Agilent Technologies, Santa Clara, CA, USA) to control the evolution
of the nanoparticle suspension through time. Transmitting electron microscopy analysis
(TEM; Philips CM200, Philips, Amsterdam, The Netherlands) was performed to measure
and analyze the shape and the diameter of the dried nanoparticles deposited onto a
copper/carbon grid.

2.3. Inkjet Technique

The printer model used in this study was the Dimatix DMP2850 (FUJIFILM, Santa
Clara, CA, USA) printing with DMP 11600 cartridges. According to the jettability window
identified by Derby [25], surface tension and viscosity are key parameters for the ink to be
correctly jetted through the inkjet printing process. The recommended range parameters
provided by Dimatix for their specific inkjet printer and cartridge are presented in Table 2.

Table 2. Ink properties as advised by Dimatix.

Surface tension 28–33 mN·m−1

Viscosity 8–12 mPa·s
Particle size <100 nm

Inks were formulated using different viscosity and surface tension modifiers such
as glycerol whose role was to increase the viscosity [41], ethylene glycol equally was
used to increase the ink viscosity [42], and propan-2-ol and ethanol which were expected
to decrease the surface tension [43]. The surface tension of inks was measured with a
manually calibrated Digidrop apparatus using the pendant drop measurement method
(Young Laplace model). Viscosity was measured with an MCR302 rheometer provided by
Anton-Paar. A cone–plane geometry (known as CP50-2◦) with a 50 mm plate diameter and
a 2◦ angle cone was used to determine the viscosity of the inks and solutions. Viscosity
measurements were achieved with a shear rate ranging from 1 to 1000 s−1. As presented
in Figure 1, for an ink with AuNPs, the fluid showed non-Newtonian properties with
a viscosity that decreased as the shear rate increased. The viscosity was significantly
decreasing in the range from 1 to 10 s−1, and then slightly decreasing from 10 to 1000 s−1.
The viscosity value mentioned in the next sections will be calculated using the average
from the 15 points measured between 10 and 1000 s−1.
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Figure 1. Viscosity of the AuNP ink as function of the shear rate applied.

In order to determine the temperature of decomposition of the ink, thermogravimetric
(TGA) and calorimetric (DSC) analyses were performed with a METTLER Toledo TGA/DSC
1 STAR system with a 10 ◦C min−1 ramp and a 600 ◦C maximum temperature.

Printing parameters were optimized by observing the droplet behavior through the
drop-watcher camera until obtaining homogeneous, round, and stable jetting. Firstly, a
trapezoidal waveform was used to stimulate the piezoelectric element to increase pressure
on the ink tank, which led to the ejection of the droplet through nozzles (Figure 2). Then,
the voltage and temperature were modified in order to obtain satisfying jetting properties.
The jetting optimal parameters are discussed in the Results section. Optimal settings like
frequency of jetting, distance between nozzles and platen or nozzles (Tn), and platen (Tp)
temperature were fixed after being determined; these values are 5 kHz, 1 mm, Tn = 35 ◦C,
and Tp = 50 ◦C, respectively.
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Figure 2. Example of the piezoelectric waveform applied to the cartridge for inkjet printing process.

2.4. Flexible Substrate

A 50 µm thick polyimide foil was selected as a substrate and was provided by Upilex.
Before any gold deposition on the substrate, each foil of the polyimide was washed with
de-ionized water and ethanol and then dried with compressed air.

2.5. Thermal Treatment of Deposited Inks

Inkjet-printed coatings were dried in an oven at 110 ◦C for 15 min. Then, coatings
were thermally treated at 350 ◦C for 2 h with a ramp of 2 ◦C min−1. Multiple cycles of
printing/drying were also investigated.

2.6. Characterizations of Solid Particles and Coatings

Macroscopic images were taken with a fiducial camera mounted on top of the Dimatix
DMP2850 printhead. An optical microscope (Olympus BX60M, Evident, Rungis, France)
was used to take pictures of the dried gold coatings at different magnifications. In addition,
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SEM (Zeiss SUPRA 55VP, Zeiss, Oberkochen, Germany) was used to provide images of
heat-treated gold coatings. Electrical measurement was carried out using a four-point
method to accurately determine the resistivity of gold coatings at room temperature. A
cross-section of the coating was inspected with SEM to determine its thickness and thus be
able to calculate its resistivity.

3. Results and Discussion
3.1. AuNP Ink Development

Working with NPs should allow the coating to be sintered at a temperature compatible
with polyimide support, i.e., below 400 ◦C. Furthermore, the objective of this study is
to work with NPs in solution for the preparation of the ink, for two main raisons: one
experimental, in order to prevent agglomeration and the clogging of the nozzles and the
other to prevent safety problems using nanoparticles in the laboratory.

3.1.1. AuNP Solutions

The first less concentrated solution, with an Au concentration of 0.25 mmol·L−1, is
based on the description of Piella et al. [40] and is reported in Figure 3a. Then, the con-
centrations are increased to 0.49, 1.5, 3.3, and 6.4 mmol·L−1 corresponding to Figure 3b–e,
respectively. At a concentration of 6.4 mmol·L−1, a precipitation is observed. Thus, the
solution of 3.3 mmol·L−1 was determined to be the more concentrated one that was stable
and not impacted by destabilization. This concentrated solution is the one chosen for the
printing process.
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(a) 0.25 mmol·L−1, (b) 0.49 mmol·L−1, (c) 1.5 mmol·L−1, (d) 3.3 mmol·L−1, and (e) 6.4 mmol·L−1.

The concentrated 3.3 mmol·L−1 AuNPs that were obtained were analyzed using DLS
to determine the particle distribution in liquid media. The DLS diameter distribution
presented in Figure 4 shows that the AuNPs in solution have a mean diameter of 8.5 nm
and 95% of these particles have a diameter inferior to 20 nm. By increasing the concentration
of the AuNP solution, the mean diameter and the size dispersion were increased. The mean
diameters were 5.5 nm and 8.5 nm for the less-concentrated (0.25 mmol·L−1) solution and
the most concentrated solution (3.3 mmol·L−1), respectively. The diameter obtained by
analysis in number was different from the real NP diameter because some approximations
such as refractive index (which depends on the AuNP size) were made [44]. Moreover,
the DLS method fundamentally requires the analysis of an extremely diluted solution [45],
which was not necessarily compatible with our experimental conditions. This is why DLS
data must be consolidated with another diameter characterization technique.

TEM was therefore used to determine the aspect and diameter of dried AuNPs de-
posited on the Cu/C TEM grid. The diameter was obtained by image analysis of more
than 800 AuNPs made with ImageJ software (1.53t version), as can be seen in Figure 5a.
An example of a TEM image used for plotting the distribution of diameter is presented in
Figure 5b. The AuNP mean diameter is 6.5 nm and the diameter range of AuNPs varies
from 2 nm to 15 nm, which is in accordance with the DLS measurements. It is consid-
ered that <2 nm diameter particles are artifacts due to the data processing method. These
values are superior to the value provided by Piella et al. [40], which is explained by the
modification in the synthesis to increase the AuNP solution concentration.
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Figure 5. (a) Distribution of AuNP size using more than 800 particles on different areas of the Cu/C
TEM grid and (b) example of TEM images of 3.3 mmol·L−1 AuNP solution used for this analysis.

To characterize the stability of the concentrated AuNP solution, UV-vis spectrometry
was used. Initially, the synthesis method of Piella et al. provided a long-term stable AuNP
solution that could be stored for several months [40]. Then, the selected concentrated AuNP
solution stability was analyzed. The freshly synthesized AuNP solution exhibited a single
absorption peak around 520 nm as shown by the UV–visible spectrum presented in Figure 6.
The presence of a single peak at a low wavelength value is representative of the presence of
10 nm diameter particles in solution. This observation means that there is no agglomeration
of the particles at this stage. Then, after seven days, the solution tended to destabilize as
shown by the growth of a characteristic peak on the UV-Vis curves located near 600 nm,
which is frequently described in the literature [40,46]. This second peak intensity increased
for 14 days. This means that AuNPs were not stabilized and tended to agglomerate. This
agglomeration is also shown by a red-to-blue shift of the solution after seven and fourteen
days. After 30 days, partial sedimentation of the AuNP solution was observable, as shown
in Figure 7a.

AuNP solutions were further characterized for the determination of their viscosity
and surface tension. Those properties have to be adjusted to fit the requirements of the
printer and the cartridge types. Initially, AuNP solutions have a 72.0 mN·m−1 surface
tension and a 1.1 mPa·s viscosity. These values must be decreased for surface tension
(range: 28–33 mN·m−1) and increased for viscosity (range 8–12 mPa·s), respectively, to be
suitable for inkjet printing.
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Figure 7. Stability test for (a) AuNP solution; (b) AuNPs + 55% wt. glycerol; (c) AuNPs + 50%
wt. propan-2-ol; (d) AuNPs + 55% wt. glycerol + 10% wt. propan-2-ol, with the 3.3 mmol·L−1

AuNP solution.

3.1.2. AuNP Inks

For the ink formulation, the goal is to obtain an acceptable value for surface tension
and viscosity by adding property modifiers to the AuNP solution without destabilizing the
AuNP suspension in order to avoid nozzle clogging.

The modification of surface tension and viscosity was achieved with the addition of
rheological and surface tension modifiers such as glycerol or propan-2-ol directly into the
AuNP solutions. The specific properties of these solvents are shown in Table 3.

Table 3. Solvents used for formulation with their theoretical surface tension and viscosity values at
20 ◦C and ambient conditions.

Solvents Surface Tension (mN·m−1) Viscosity (mPa·s)

Water 73 [47] 1 [48]

Glycerol 63.1 [49] 1412 [50]

Propan-2-ol 21.8 [43] 2.4 [51]
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The stability of the mixture made of the AuNP solution and the surface tension and
viscosity modifier was evaluated and is shown in Figure 7. AuNP solutions can be seen
in Figure 7a and were stable after synthesis. However, these AuNP solutions tended to
slowly destabilize, as shown previously by the UV-Vis data. Figure 7b corresponds to the
AuNP solution mixed with 55% wt. of glycerol. In this case, the solution is still stable after
30 days. This behavior is also shown by the UV-Vis spectrum presented in Figure 7a. The
viscosity increase is supposed to be responsible for the improved stability of the mixture.
The addition of a surface tension modifier such as propan-2-ol, 50% wt. here, as shown
in Figure 7c, destabilizes the AuNP solution and leads to a rapid sedimentation of the
particles within 1 h. Finally, as shown in Figure 7d, an intermediate behavior is observed
for the mixture made of AuNP solution, glycerol, and propan-2-ol. The solution tends to
destabilize over time and is partially sedimented after 30 days, as could be observed with
the AuNP solution. This destabilization behavior is highlighted by the UV-Vis spectrum of
the AuNP solution, glycerol, and propan-2-ol mixture shown in Figure 8b. However, no
precipitation occurs in a week for this ink.
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Figure 8. UV-Vis spectrum of (a) 3.3 mmol·L−1 AuNP solution with 55% wt. glycerol addition and
(b) 3.3 mmol·L−1 AuNP solution with 55% wt. glycerol and 10% wt. propan-2-ol addition at different
aging times.

In order to obtain a printable ink, regarding the Dimatix printer requirements, the
composition was adjusted. The optimal AuNP ink formulation was determined to fulfill
the requirements and is:

- 35% wt. of AuNP concentrated solution;
- 55% wt. of Glycerol;
- 10% wt. of isopropanol (propan-2-ol).

The ink properties obtained possessed a surface tension of 32 mN·m−1 and a 11.2 mPa·s
viscosity.

To overcome the destabilization issue shown before, for period longer than one week,
the ink preparation can be segmented. First, the mixture glycerol-stabilized AuNP solution
can be stored for months before the addition of a surface tension modifier. Then, the
propan-2-ol addition is needed for the ink formulation; however, we showed that it was
directly responsible for the ink destabilization. That is why the addition of propan-2-ol
must be performed shortly before starting printing the ink. This ink made up of a mixture
of a concentrated AuNP solution, glycerol and propa-2-ol, and is sufficiently stable up to
7 days after addition of propan-2-ol. This mean that ink is suitable for the inkjet printing
process. Then, after 7 days, the destabilization of the ink is considered to be too significant,
thus the ink is no longer able to be used for printing.

3.1.3. Inkjet Printing of AuNP Ink

With the optimized ink, the printing parameters were then adjusted to eject the
spherical drops without satellite droplets. First, the waveform was optimized, and as
mentioned in the experimental section, a trapezoidal one was chosen for this study. The
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maximum voltage applied was varied from 18 V to 30 V. In our case, the time during
which the maximum voltage was applied was fixed at 3 µs. The highest voltage stage
was maintained for 3 µs and the zero-voltage stage was held for 6 µs to stabilize the ink
ejection. The slew rate was fixed on the software to be as fast as possible. The temperature
of the nozzles was also a crucial parameter, as both viscosity and surface tension depend
on temperature, and was fixed at 35 ◦C. These settings allowed the AuNP inks to be ejected
from the nozzles without satellite droplets and without spraying at a convenient speed of
3.6 m·s−1. As can be seen in Figure 9, the droplets are spherical with no satellite drops and
the tail quickly reattached to the drop 100 µm after leaving the nozzle. It ensures that when
the droplet hits the substrate placed 1000 µm under the nozzle, it is entirely spherical with
no excess fluid.
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3.1.4. AuNP Deposition

Polymer substrates were chosen due to their good flexibility, low coating, and increas-
ing use in the gas sensor industry. For application purposes, the substrate must be able to
withstand a 400 ◦C thermal treatment without being degraded or distorted. Temperatures
up to this value could be used to allow the sensor to work and detect gases. Thus, a
polyimide (PI) foil was selected due to its high chemical and thermal stability.

However, the wettability of the PI substrate will have a contribution to the final coating.
The purpose is to have the lowest contact angle value between the PI foil and selected ink
to ensure proper deposition. This value was determined using multiple screenshots of the
sessile drop in order to determine the contact angle between the ink and PI substrate.

A different type of cleaning method with water and ethanol was tested. The only
significant effect in terms of contact angle decrease was obtained by heating the PI substrate
at 350 ◦C for 1 h after the cleaning. This allows the contact angle θ to be decreased from
35◦ ± 2◦ to 12◦ ± 2◦, which is suitable for ink deposition; the wettability is shown in
Figure 10. Thus, the cleaning followed by thermal heating at 350 ◦C will be performed
before the printing.
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Furthermore, the additives in the ink must be eliminated by a thermal treatment lower
than the polyimide degradation temperature. To verify that all the organic parts contained
in the ink were removed at this temperature, a TGA analysis was completed and reported
in Figure 11. The first mass loss was attributed to the evaporation of propan-2-ol and water
near 100 ◦C. This is confirmed by the calculation of the percentage eliminated. The water
and propan-2-ol mass losses observed by TGA are 40% wt. which corresponds to the 45%
wt. of AuNPs added to the ink considering that gold loading is 5% wt. The second mass
loss from 150 to 260 ◦C corresponds to the loss of 55% wt. of the ink and was attributed
to glycerol for which the boiling point is 290 ◦C [52]. It is noteworthy that all the organics
composing the ink are removed below 260 ◦C which is compatible with PI substrate.
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Inkjet printing deposition was then optimized through a variation in spaces between
drops called drop spacing (DS) relative to the X-axis (DSX) and Y-axis (DSY). First, a drop
deposited on PI corresponds to a point of 37 µm in diameter according to the observations
made by the Dimatix camera. To print a pattern, modification of the distance between each
drop is performed, leading to an optimal drop deposition where the lines are homogeneous
without apparent defects. Figure 12 compiles the patterns obtained while varying the
DSX and DSY parameters. A 20 µm distance between drops is optimal on the X-axis and
allows a continuous 1D line in width to be obtained, as shown in Figure 12a. A greater
distance leads to discontinuous lines and a smaller distance leads to beveled edges. The
importance of this parameter on the pattern obtained was also shown by Soltman and
Subramanian [53].
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The DSY parameter translates the distance between each line. A DSY value of 200 µm
between the lines shows well-separated lines in Figure 12a. By decreasing DSY, the distance
is diminished and overlapping starts to occur with a partial coverage of the ink onto the PI
substrate. Decreasing DSY to 5 µm leads homogeneous 2D lines being obtained, as shown
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in Figure 12b. According to previous thermal analysis, all patterns were dried in an oven at
110 ◦C for 15 min to evaporate most of the solvents like propanol-2-ol and water. A final
thermal treatment temperature of 350 ◦C was made for 3 h with a 2 ◦C min−1 ramp. These
values are in accordance with those referenced in the literature [12].

The patterns obtained with one deposited layer were not conductive because the
percentage loading of the AuNP ink is about 5% wt., as previously shown by TGA analysis.
To increase the quantity of AuNPs deposited onto the PI substrate, the number of layers
deposited was increased and the optimal number of layers was investigated. By increasing
the number of layers, resolution issues appeared. To avoid this effect, a solvent evaporation
in an oven at 110 ◦C was made every 5 printed layers in order to evaporate solvent excess.
Finally, the fixed number of layers printed was fixed at 100 layers.

3.1.5. Characterizations of the AuNP Coatings

The deposition made of 100 layers and sintered at 350 ◦C for 3 h was set as the reference
for the AuNP coating. Figure 13 shows an SEM image of the deposit that is made of small
randomly dispersed AuNP particles. These particles are not interconnected even with
100 layers. This means that the amount of gold deposited is not high enough to obtain a
conductive coating on polyimide with 100 layers deposited. The chosen AuNP solution
was the most concentrated that had been synthesized before obtaining sedimentation,
which means that the concentration cannot be increased. The number of layers is a variable
parameter that can allow the amount of gold deposited to be increased. Nevertheless,
increasing this layer number will be time-consuming and will result in a decrease in the
resolution and maybe the quality of the printed layers.
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The development of AuNP ink has led to non-homogeneous gold coating without
enough matter to cover the substrate and have a continuous gold coating. Nevertheless,
to overcome this issue, a new ink was developed with a higher gold concentration, as
described in the following section.

3.2. Precursor Ink Development

A new approach was investigated, using directly HAuCl4.6H2O as the gold precursor
in the ink. Firstly, the gold salt was solubilized in water, the concentration of 0.4 mol·L−1

being chosen to be close to the gold precursor solubility limit in water, which is 150 g·L−1.
Then, this solution was mixed with ethylene glycol (22.3 mPa·s [54] and 49.1 mN·m−1 [55])
and propan-2-ol to obtain an ink. The optimal ink properties were reached with a 20% wt.
water, 70% wt. ethylene glycol, and 10% wt. propan-2-ol mixture. This ink was suitable for
the inkjet process due to its parameters such as 32 mN·m−1 surface tension and 14.0 mPa.s
viscosity.

Therefore, the gold concentration of this ink mixture was only 0.1 mol·L−1 due to the
addition of ethylene glycol and propan-2-ol.



Electronics 2024, 13, 2110 13 of 17

In order to increase this gold concentration, a gold precursor was directly dissolved
in propan-2-ol, ethylene glycol, and water mixture. The gold precursor quantity added
to the mixture was increased by successive small additions until reaching the most con-
centrated solution corresponding to 1.6 mol·L−1 of gold salt, HAuCl4·6H2O, in the final
ink composition. The rheological and surface tension properties remained at 32 mN·m−1

and 14.0 mPa·s. This 1.6 mol·L−1 precursor ink was further investigated using thermal
analysis and the TGA/DSC graph is presented in Figure 14. Mass loss shows that there is a
first step before 100 ◦C where water and propan-2-ol evaporate. Then, between 100 ◦C and
200 ◦C, a huge mass loss is observed and completed at 184 ◦C. This is compatible with the
elimination of ethylene glycol occurring theoretically at 197.6 ◦C [56]. The total mass loss
was 80% wt. meaning that the gold loading in the ink represents 20% wt. of the mixture.
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For ink jetting, the trapezoidal waveform has also been used with a maximum voltage
duration held for 1.5 µs and zero voltage for 3 µs. The voltage applied was varied to
determine the optimal range in values to correctly eject the ink. This value is identified
between 24 and 30 V. That is why, as observed in Figure 9, the speed of droplets is at
least 4.6 m·s−1, and the tail reattachment is slightly delayed around 200–300 µm which is
suitable for the inkjet process. Optimal drop spacing values found were 20 µm DSX and
50 µm DSY. This led to wet patterns with very well-defined edges.

For the precursor ink deposition, the PI substrate did not need to be thermally pre-
heated to increase its wettability. In this case, the PI substrate was only cleaned with water
and ethanol and then dried with air. It can be explained by the fact that the surface tension of
the pure ethylene glycol composing this ink is 49.1 mN·m−1 at 20 ◦C [55], whereas glycerol
surface tension, composing the AuNP ink, is 63.1 mN·m−1 at the same temperature of
20 ◦C [49]. Thus, after volatile solvent evaporation, the ink wetting is increased and it
allows the shrinkage to be reduced.

Finally, the deposition technique of precursor ink onto the substrate was optimized to
obtain a homogeneous gold coating. It was noticed that multiple layers were necessary to
have a thick gold layer. To have well-defined samples, a heating step was performed to
remove the solvent excess after several consecutive layers were printed. These evaporation
steps were performed at 110 ◦C for 20 min in an oven followed by a thermal treatment at
350 ◦C for 2 h. As shown in Figure 15 in the macroscopic pictures, for 40 layers of deposited
coating with a drying step every 20 layers (Figure 15a), the ink is spilling out of the pattern
area due to solvent excess. This phenomenon is also observed for a 40 layer coating dried
every 10 layers, as presented in Figure 15b. By drying every five layers that were printed
onto the PI foils, a homogenous layer was obtained with a high resolution and well-defined
edges for the 60 layer coating, as shown in Figure 15c.
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Figure 15. Pictures of (a) 40 layers of coating printed 20 layers by 20 layers; (b) 40 layers of coating
printed 10 layers by 10 layers; and (c) 60 layers of coating printed 5 layers by 5 layers onto PI foils of
a 2.5 cm length pattern printed.

This protocol was repeated 6 and 12 times to obtain a 30 and a 60 layer coating to figure
out the best number of layers needed to obtain conductive coatings. SEM micrographs are
shown in Figure 16 for a 30 and a 60 layer inkjet printing gold precursor coating. The SEM
comparison shows that the gold quantity deposited with 60 layers is considerably better
than the 30 layer coating. Below 60 layers, the gold film is not conductive because there is
too much porosity in the structure. For 60 layers as shown here, the percentage covered by
gold is greater than 93%, while the coverage is about 80% for 30 layers. A cross-section of
the coating was made using FIB and inspected with SEM to determine its thickness. For
the coating made of 60 layers, the thickness value was estimated at around 1.5 µm.
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These coatings are conductive and measurement through a four-point probe was
taken. The calculation of material resistivity gave a value of 2 × 10−7 Ω·m, which is
10 times higher than bulk gold, comparable to gold films obtained by this type of process.
Mekhoumken et al. obtained 1.0 × 10−7 Ω·m for a gold coating made from an ecofriendly
homemade gold nanoparticle ink; meanwhile, Maättänen et al. described 1.6 × 10−7 Ω·m of
an electrode deposited with NaBH4-reduced gold nanoparticle ink and Nitta et al. obtained
resistivity of 7.21 × 10−6 Ω·m with a particle-free ink [38,57,58].

4. Conclusions

AuNP inks were formulated from gold nanoparticles synthesized in an aqueous
medium. This ink was formulated to have a surface tension of 32 mN·m−1 and a viscosity
of 11.2 mPa·s with 55% wt. glycerol, 35% wt. AuNP solution, and 10% wt. propan-2-ol ink.
All inkjet-printing parameters were optimized from nozzle temperature to the drop spacing
including waveform modifications. The number of layers deposited and thermal treatment
were also evaluated and characterizations showed that the amount of gold deposited
with 100 layers was not sufficient to obtain conductive electrodes. A second methodology
developed to obtain conductive coatings was to solubilize a gold precursor (HAuCl4) into
a mixture of ethylene glycol, water, and propan-2-ol. The rheological properties were
measured and adjusted as well as the printing process to obtain a 32 mN·m−1 surface
tension and 14.0 mPa·s viscosity printable ink. The precursor ink of 1.6 M concentration
was deposited on the PI foils. In this case, 60 layers of gold deposited tended to form
an interconnected network, the obtained layer being homogeneous and continuous. The
conductivity of 60 layers of gold coating was evaluated at 2 × 10−7 Ω·m with a four-point
probes system. These inkjet-printed gold coatings on flexible PI foils could be further
used for electrodes of metal oxide gas sensors or multiple other applications that need
gold layers.
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