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Abstract: The functionalization of conductive inks has been carried out through the decomposition
of hydrogen peroxide (H,O;) onto the surface of silver nanoparticles (AgNPs). The ink prepared
using this eco-friendly chemical reagent has been characterized structurally, chemically, and morpho-
logically, showing the presence of stable AgNPs with suitable properties as well as the absence of
residual contamination. The electrical conductivity of such a solution-processable ink is evidenced
for patterns designed on flexible photographic paper substrates, using a refillable fountain pen that is
implemented as a printing mechanism for the fabrication of simple printed circuit boards (PCBs).
The functionality and durability of the tested systems are demonstrated under various mechanical
constraints, aiming to basically reproduce the normal operation conditions of flexible electronic
devices. The obtained results indicate that the implementation of these AgNP-based inks is relevant
for direct applications in inkjet printing technology, thus paving the way for the use of greener
chemicals in ink preparation.

Keywords: conductive AgNDPs ink; flexible electronics; direct write; handwriting technique; hydrogen
peroxide solubility; printable electronics

1. Introduction

Printed electronics (PE) is a low-cost fabrication technique with a small environmental
footprint that is suitable for large-scale applications [1,2]. It can be implemented to fab-
ricate a great variety of electronic devices, including flexible hybrid electronic systems,
which usually integrate circuits from both the silicon technology and the flexible printing
technology [3-5]. These active components can be achieved on paper, polyethylene tereph-
thalate (PET), and other types of commonly used flexible and eco-friendly substrates [6].
Printable electronics involves the efficient deposition of liquid solutions containing various
nanomaterials, such as conductive silver nanoparticles (AgNPs), which provide them with
specific functions. The obtained compounds can then be mixed with a great variety of
natural and synthetic polymers to manufacture electronic devices at a low cost. Functional
systems are achieved through the design of various patterns aiming to achieve electrical
current conduction or the activation of various physico-chemical processes, such as those
involved in energy conversion, harvesting, or storage [7-9]. The implementation of this
technology can be achieved using affordable and multifunctional commercial writing tools,
such as a fountain pen, a ballpoint pen, or a marker pen [10,11]. Ultimately, the synthesis
of such liquid compounds aims at their implementation in ink-jet printing, which requires
that the inks are subject to very strict conditions regarding their viscosity, wettability,
and solubility [2].

The ink formulation is chosen according to its drying time, versatility in large-scale
production, stability, and environmental impact. An important factor that influences
these properties is related to the system solubility, which requires the use of organic
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solvents or the development of water-based ink [1,12]. AgNP-based inks are especially
advantageous and more environmentally friendly because the particles are dispersed at
high concentrations in a non-pollutant reagent, such as water or hydrogen peroxide (H,O,),
which reduces waste production. The use of an HyO, water mixture as an eco-friendly
alternative prevents the formation of volatile organic compounds (VOCs) and is less
harmful for human health [1,12] since its decomposition produces only water and oxygen.
H,O; has also been found to be suitable for synthesizing high-purity Ag crystals [13,14],
where its ability to form free radicals increases the catalytic properties of the medium
and results in the stronger solubility of AgNPs [15,16]. In addition, HyO, is compatible
with many industrial processes, as it is already implemented in the electronics industry
to clean germanium and silicon semiconductor wafers, as well as to etch printed circuit
boards [13]. HyO; is less detrimental to the electrical conductivity of the sample compared
to other humectants, surfactants, and binders, such as alcohols, glycols, and resins, which
can modify the surface of the NPs, avoid their agglomeration, and affect the viscosity of
the inks and the interaction between the particles [7,17]. Last but not least, as no additional
sintering and/or thermal processes are needed to eliminate the organic stabilizers and their
residual products, this reactant is more suitable for flexible electronics, where most of the
substrates can become drastically distorted above 70 °C [1,7,18].

In this work, we report the synthesis of inks based on AgNPs mixed with a hydrogen
peroxide solution and their implementation as conductive wire and circuits on a flexible
substrate. Advanced characterizations are conducted to determine the structural composi-
tion and morphology of AgNPs. The electrical properties of the printed and handwritten
circuits are investigated and tested under various mechanical constraints, using experi-
mental prototypes that were achieved through the deposition of functionalized inks onto
photographic paper. To check the relevance of such inks in printing technology, Ag contacts
onto photographic paper and flexible hybrid conductive circuits have been achieved using
the handwriting technique with a fountain pen. One of these prototypes is then exposed
to various binding constraints and stresses in order to evaluate its mechanical resistance
under basic operating conditions. The retention of both the structural integrity and the
functionality of the tested conductive device is found to be suitable for the implementation
of AgNP-based inks processed with HyO, in wearable and flexible electronics.

2. Materials and Methods
2.1. Materials Synthesis Methods

Conductive AgNPs were synthesized through the chemical reduction of 0.03 M
CgHsNaz Oy (99.0% Sigma-Aldrich, St. Louis, MO, USA), 0.05 M NaBH, (99.0% Sigma-
Aldrich), and 0.15 M AgNOj3 (99.0% Sigma-Aldrich) within an ice bath. The AgNPs were
washed with EtOH (Sigma-Aldrich) and centrifuged to remove excess solvents and residues.
The obtained product was then mixed with a commercial HyO, solution at 3% using a total
volume of 5 mL to dissolve the AgNPs (20 wt. %), and then it was sonicated for 3 h. A color
change from gray to black is observed in this colloidal solution during this step, leading to
ink preparation. To test the performance of this AgNP-based ink, the solution was then
deposited onto a silicon substrate or photographic paper. Finally, with a generic extrafine
point fountain pen of 0.6 mm diameter refilled with 1 mL of AgNP-based ink, a drawing of
a basic circuit pattern was realized, and it was then dried at room temperature to observe
whether the electrical behavior would turn on an LED.

2.2. Characterization

The crystalline structure of the materials was determined using a Discover X-ray
diffractometer (Bruker D8 Advance, Billerica, MA, USA), operated with the Cu-k« radia-
tion source to perform 0-20 diffraction measurements between 20 and 90°. The microscopic
investigations were carried out with a Tescan Vega3 LMH scanning electron microscope
(SEM), as well as a Park Systems (XE-150) atomic force microscope (AFM). The size, poly-
dispersity index (PDI), and zeta potential of the AgNP-based ink were measured with
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a Zetasizer Nano-Z590 instrument. Electrical measurements were performed using a
Keithley-4200 Semiconductor Characterization System at room temperature (RT) under
ambient air conditions.

3. Results and Discussion
3.1. XRD Measurements

The X-ray diffraction (XRD) pattern of the synthesized AgNPs is shown in Figure 1.
Their FCC structure is identified in JCPDS 00-004-0783 [19]. This measurement shows the
presence of intense peaks at 38°, 44°, 64°,77°, and 81°, related to XRD onto the crystalline
planes of (111), (200), (220), (311), and (222) orientations, respectively. The presence of
NaNQ; is also detected (JCPDS 00-036-1474) [19] as a secondary product resulting from
AgNP synthesis [20,21]. This compound may be present as a precipitate before mixing
with H,O,. After mixing, only the diffraction peaks of Ag are observed in Figure 2, which
means that most of NaNOj3 has been removed without requiring any additional purification
process [14]. Such a feature indicates that H,O; acts as a reducing agent during AgNDP-
based ink preparation [14,22]. The different noise contributions to the data reported in
Figures 1 and 2 resulted from the use of different acquisition times. It is also noteworthy
that for both samples, no silver oxide was detected. This point will be discussed in more
detail in the next section, related to their SEM/EDS analyses.
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Figure 1. XRD patterns of AgNPs (before mixing) showing the signature of Ag (°) and the one of
NaNOs (*).
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Figure 2. XRD patterns of AgNP-based ink prepared after mixing in peroxide.

According to references [23-25], the chemical reactions of H,O, can be described
as follows:
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_The electron transfers resulting from the dissociation of HyO, promote the adhesion of
OH onto the outer surface of AgNPs, generating Ag*, hydroxyl radicals, and superoxide
anions, according to the reactions (1) and (2) [23].

AgNP + H,0, — Ag* + HO- + OH 1)

HO- + OH™ + HyOp — O, + 2H,0 @)

The superoxide anion then transfers electrons to the AgNPs, which results in the
formation of highly reactively charged NPs (Ag* ), inducing the reduction of oxygen and
leading to the regeneration of AgNPs, according to (3) and (4), respectively [24,25].

Agt+ 0, — AgNP*™ + O, )

Ag" + AgNP' ™ — AgNP + AgNP @)

The pH of AgNP-based ink is measured to be 7 after preparation, which could appear
as quite a low value for a compound mixed with HyO,. As no acidic or basic reagents have
been added to the solution, this neutral pH indicates that all HyO, efficiently reacted with
Ag. Such a feature also does not exclude that the AgNP-based ink contains a small fraction
of Ag in excess.

3.2. SEM/EDS Analysis

The investigations by SEM are presented in Figure 3. Figure 3a shows the surface
of the clean photographic paper before the ink deposition, while Figure 3b shows the
sample surface obtained after deposition, followed by a drying time of 15 min at RT. For
the latter, the ink film results in the agglomeration of particles of a spherical shape, which
is in agreement with previous studies [26]. The average diameter of the AgNPs contained
in the deposited ink was estimated using Image] software, where more than 100 NPs were
accounted for. From the SEM images, the average size of the nanoparticles is 48 = 12 nm
after fitting the AgNP size distribution histogram in Figure 3c using the standard log normal
function described in the references [27-29]. The same approach was conducted for the
particles without dispersion in HyO,; see Figure 4a, where an average size of 57 = 10 nm is
found, as computed in Figure 4b. The decrease in the average diameters of AgNPs inside
the functionalized ink is attributed to sonication effects [30,31].

Investigations using energy dispersion X-ray spectroscopy (EDS) were carried out
to determine the chemical composition of pure AgNPs (e.g., not mixed with H,O,) and
AgNP-based ink deposited on photographic paper. The quantification of the chemical
elements reported in the insets of Figure 5a indicates the presence of small concentrations
of nitrogen, oxygen, and sodium in the first sample, which is in agreement with the
detection of NaNOj reported in the XRD peaks of Figure 1, as well as a small amount
of carbon coming from contamination. In Figure 5b, all of these quantities are found to
become negligible for EDS measurements conducted on AgNP-based ink. Although the
EDS measurements usually provide only qualitative information, the intensity of the Ag
signal is high, indicating a strong concentration of AgNPs as well as the absence of any
other elements. Whereas the inks prepared from reagents such as polyvinylpyrrolidone
(PVP), diethylene amine (DEA), ammonium hydroxide, and hydroxyethyl cellulose usually
lead to undesirable chemical residues [32-35], no additional chemical or evaporation
process is required to remove possible contaminants. The ink obtained after mixing AgNPs
with H,O; can be directly implemented, which simplifies its use on a large scale and
eliminates the risk of deteriorating the flexible substrate where it has been deposited during
post-annealing treatments.
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Figure 3. SEM images of (a) the surface morphology of the photographic paper before and (b) after

its coating by the AgNP-based ink. (c) Size distribution of AgNP-based ink determined from the
SEM analysis.
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Figure 4. (a) Coating on photographic paper by AgNPs without peroxide dispersion and (b) size
distribution determined by log normal distribution.
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Figure 5. EDS spectra and analyses of pure AgNPs (a) and AgNP-based ink (b) deposited on
photographic paper.

Regarding the apparent absence of silver oxide (or its concentration, which could
be lower than the detection limit of the EDS analyzer), it may be related to the redox
mechanism induced by H;O,, leading to the generation of Ag*, hydroxyl radicals, and
superoxide anions. According to the work of Sundaresan et al. [36], it has been suggested
that the formation of symmetric or asymmetric oxide layers at the outer surface of the
AgNPs strongly depends on the experimental conditions. The authors mentioned that
the ionization of Ag over the whole outer surface of the AgNPs can prevent or drastically
limit its oxidation. Such a scenario could also be compatible with the reduced pH of
AgNP-based ink.

3.3. Topography Measurement by AFM

Through AFM measurements performed over an area of 2.5 pm?, the surface topog-
raphy of the deposited ink was analyzed using the Gwyddion 2.62 software [37]. The
deposited AgNPs reveal a sample surface with a roughness that is quite a bit greater
than that of pristine photographic paper. As expected from our SEM investigation and in
agreement with previous works [37,38], our results show several irregular and compact
arrangements of the agglomerated AgNP-based ink over the whole sample surface. The
mapped vertical and horizontal gray lines of Figure 6a scan a region of overlapped NPs.
For the vertical scan, the maximum height profile is 470 nm, while the minimum height is
200 nm, as shown in Figure 6b. These particles are found to have well-defined diameters
lower than 50 nm. The horizontal scan marked in Figure 6¢ shows the clustering of the
AgNPs in a deeper region. According to the profile illustrated by the variations recorded in
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Figure 6c, the nanoparticles have diameters between 30 and 60 nm, which confirms both
their relatively uniform spherical shape and their dimensions measured by SEM.
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Figure 6. AFM topography mapping recorded along the vertical and horizontal gray lines (a), with
their corresponding measured profile heights (b) and (c), respectively.

3.4. Dynamic Light Scattering (DLS) and Zeta Potential Analyses

The particle size, size distribution, and zeta potential were measured using the DLS
technique to corroborate the SEM/AFM results and determine the stability of AgNP-based
ink. The diameter of the particles was measured to be 50 nm, which is in agreement with
the results presented in sections B and C.

The sample also presents a moderate size distribution according to the polydispersity
index (PDI), which is found to be greater than 0.50. Values smaller than 0.05 are rarely
seen other than for highly monodispersed standards, and values greater than 0.70 are
highly polydispersed, according to the ISO standards 13321:1996 E and ISO 22412:2008 [39].
As reported in the AFM analysis, both the agglomeration and overlap of AgNPs may
artificially increase the PDI measured by DLS, which is evaluated to be around 0.27 from
our SEM analysis [40], confirming that the dispersion of the particles is in a moderate range.
Finally, a negative zeta potential of —30.5 mV is measured, which denotes that the ink is
stable [41,42]. Such a value is consistent with those reported between —35 mV and —25 mV
for nanoparticles dispersed in water with organic additives [43—45].

3.5. Electrical Characterization and Testing after Bending

Current-to-voltage measurements were performed with forward and reverse sweeps
in order to evidence possible hysteresis effects related to material degradation and memory
effects (such as charge-discharge mechanisms) after successive flexions and bending cycles.
All the parameters and data recorded for this set of experiments are summarized in Table 1.
A regular, symmetric, and reproducible behavior, compatible with the one expected for
ohmic contacts, is shown in Figure 7. Here, the apparent saturation observed above 0.1 V
results from the equipment limitation. A nominal resistance of 11.74 () is measured when
the flexible substrate is flat, and the resistance increases up to 17.99 () when it is brought to
a bending radius curvature of 12.5 mm, as shown in the inset of Figure 7a. After successive
bending cycles, it was found that the resistance increases and stabilizes at around 20 ()
for radius curvatures decreasing from 10 mm to 5 mm. Despite the enhancement of the
bending curvature, the ohmic nature, as well as the resistance of the conductive wire, were
not significantly affected.
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Table 1. Resistance measured under mechanical train and several bending cycles.

Bending Radius Strain (%) Resistance (Q2) Bending Cycles Resistance (Q2)
12.5 mm 0.8 17.99 0 11.74
10 mm 1 20.11 200 14.00
7.5 mm 14 20.93 500 15.97
5 mm 2 20.96 1000 17.95

(a) (b)

102 4 1024

—

Current, abs (A)
5
WI
B ai \ l
Current, abs (A)
)
2

1043 — 125mm 104 —oodes |
——10mm |——200 cycles
——7.5mm {——500 cycles
[——5mm | |=——1000 cycles

10° T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Voltage, abs (V)

0.0 072 0f4 0?6 078 1.0
Voltage, abs (V)

Figure 7. I-V measurement of the ink on photographic paper (a) with flexion and (b) bending cycles
of the flexible substrates.

For photographic paper with a thickness of 0.2032 mm, bending at a curvature radius
of 12.5 mm corresponds to a mechanical stress of ~0.8%, and the one at a curvature radius
of 5 mm corresponds to a mechanical stress of 2% [46]. The low variations of the electrical
resistance reported in the third column of Table 1 (with an error rate of £5%) suggest that
there is no significant change in the distance between the deposited AgNPs nor breakage
in their electrical contact, thus indicating that the system remains operational under the
applied mechanical constraints.

Current-to-voltage measurements obtained for bending cycles increasing from 0 to
1000 are shown in Figure 7b and reported in the fifth column of Table 1. The current
measured is close to 1072 A and remains almost constant, showing a slight decrease in the
electrical resistance with respect to its nominal value (reported in the third column). As
previously noted, no hysteresis effects were observed, which means that the functionality
of the ink was not altered when the bending cycles increased.

Both the mechanical resistance and durability of AgNP-based ink spread onto the
surface of the photographic paper make this compound a potential candidate for hybrid
PCB applications. Its use in advanced manufacturing with a low environmental impact is
realistic, as is its relevance for greener printing-based technologies.

3.6. Application Perspective

To illustrate an example of practical applications, AgNP-based ink was loaded inside
a fountain pen and used to trace a pattern by handwriting on the photographic paper. As
illustrated in the pictures presented in the inset of Figure 8, the electrical circuit achieved
through this very simple method is powering an LED when connected to an external voltage
source of 9 V. The LED was successively turned on and off, demonstrating efficient current
conduction. Despite being a very basic demonstration of ink functionality, this kind of
prototype shows the capabilities of incorporating AgNPs into liquid solutions for printing
electronic components or facilitating the replacement of damaged PCB boards. These
functional inks could also be implemented to achieve a great variety of flexible devices,
spanning from health monitoring systems to energy converters. Both the reduced size and
weight of these advanced devices make them more particularly relevant for applications in
aerospace [47], packaging [48,49], health [50], and biodegradable electronics [51,52].
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Figure 8. Design of a simple hybrid PCB, experimental set-up, and AgNP-based ink circuit drawn
onto photographic paper using a fountain pen.

4. Conclusions

The preparation of conductive ink based on pure AgNPs mixed with HyO, was
successfully achieved. Although non-pollutant H,O, has a high oxidative capacity, it
does not alter the structure of Ag or the composition of NPs. The dispersion of AgNPs
(20 wt. %) in a volume of HyO, (5 mL) makes the solution electrically conductive and free
of contaminants due to the presence of OH-free radicals and superoxide ions that promote
successive redox reactions as well as the release of the secondary chemical products.
AgNPs have an average and uniform spherical size of about 50 nm in diameter, and
they agglomerate into a thin, compact layer. A strong affinity between AgNPs and the
photographic paper was observed, so the sample drying was simply achieved at room
temperature for 15 min without requiring any additional purification process. AgNP-based
ink was implemented into a basic circuit, achieved by direct writing, to demonstrate its
electrical conductivity and study how it behaves after successive bending experiments. No
significant changes in the electrical conduction or hysteresis effects were reported when
the number of cycles and the intensity of their flexures both increased, suggesting that the
system remains operational under such mechanical constraints. This feature occurred even
though the concentration of AgNPs was low compared to the concentration of the medium,
which indicates that AgNP-based inks prepared using no pollutant solvent are suitable for
future implementation in flexible printable electronics.
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