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Keywords: Among the different metal nanoparticles for formulating inkjet-based conductive inks, gold remains the best
Gold nanoparticles choice for fabricating different patterns on economical and bio-degradable substrates such as commercial photo
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papers for developing low-cost sensing devices. Formulating customized gold nanoparticle (AuNPs) inks remains
challenging as the ink must meet specific physical, chemical and rheological properties to achieve appropriate
jettable behaviour and printable characteristics. It should exhibit well-controlled viscoelastic response for the
smooth and optimized flow through the nozzles and then cure immediately to facilitate the shape retention of
deposited feature. In this work, the jettability window definition framework using dimensionless numbers such
as Re, We, Ca, and Z are defined for the aqueous-based AuNPs inks synthesized via ultrasonic spray pyrolysis
technique and formulated into three concentration levels of 300, 600, and 1200 ppm. A theoretical CFD based
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simulation study is conducted to observe the ink droplet formation behaviour at different droplet velocities
through inkjet nozzle. Among these formulated inks, 1200 ppm shows the most favourable behaviour as obtained
through the simulation and jettability window results. It is tested further to see how different printing settings,
like pulse voltage and number of repetitions, affected the continuity and density of the ink, affecting the quality
of the printed AuNPs. This work demonstrates the process capabilities of inkjet printing technology by testing the

formulated AuNPs ink.

1. Introduction

Nowadays, inkjet printing (IJP) is among the most attractive choices
for a material jetting technique because of its simple, economical, and
high-production capabilities. It comprises the material deposition on
different substrates through the customized functional inks of metal
NPs. It allows the printing of contour-shaped patterns and gives enor-
mous flexibility in printing other functional inks. Inkjet printing of NPs
ink offers unique advantages compared to traditional methods like
template-assisted assembly and laser printing as listed in Table 1. This
cutting-edge technique leverages the precision and versatility of inkjet
technology to precisely deposit nanoparticles onto substrates, enabling
tailored and controlled assembly at the nanoscale.In drop-on-demand
(DoD) based IJP [1], ink droplets are formed using various methods
such as thermal [2], piezoelectric [3], acoustic [4], electrostatic [5],
electrohydrodynamic [5], and valve methods [6]. These methods
involve generating a pressure pulse wave to create the droplets. The first
two methods gained success in the industrial utilization of IJP. In the
thermal-based DoD printer, the customized ink is heated rapidly to a
high temperature, which creates a bubble at the surface of a heater,
causing a pressure pulse that extrudes ink droplets through the nozzle.
The vapour bubble collapses as the ink droplets are ejected, thereby
generating a force to refill the ink. However, the high temperature
during the thermal-based IJP can affect the functional properties of the
formulated NPs ink [7].

In a piezoelectric-based DoD printer [8], as shown in Fig. 1, the ink
droplets are created by the expansion and contraction of the piezo-
electric transducer when an electric field is applied. A positive voltage is
applied to this crystal during the time interval, which causes an
expansion generating a pressure wave of ink in the nozzle chamber. This
voltage is continuously maintained for the dwell time duration, allowing
the propagation of the generated pressure wave throughout the cham-
ber. After that, the magnitude of the voltage decreases in the time fall
duration, resulting in the contraction and subsequently in the ejection of
the ink’s droplet. The nozzle remains contracted and minimizes the
satellite formation as it cancels out generated pressures [9]. The NPs
inks are mostly thermally sensitive, and high temperatures can cause
aggregation and changes in the functional properties [10]. Therefore,
the piezoelectric-based DoD inkjet printers were best suited for these
customized inks as they offer printing with minimal waste and overall
costs. Its availability from low-cost office-based printers to high-end
R&D-based printers will provide more flexibility to fabricate sensing
and diagnostic devices in any part of the globe [11].

AuNPs ink achieves an important place and position in developing
sensing devices, diagnostics, catalysts and wearables through different
industrially up-scaled processes [13,14]. These concentrated inks are
highly promising due to their excellent physical, chemical and
biocompatibility properties [15,16]. One of the widely explored appli-
cations for AuNPs is the fabrication of nano-metallic-based sensors on
different substrates such as colourimetric, surface plasmon resonance,
bio-sensors, and gas, electrical, and electrochemical sensing applications
[17-19]. AuNPs-based printed patterns are used as the colourimetric
sensors and provide an alternative detection system of impurities of
heavy metal ions of Hg", Co?*, Mn?*, Pb?t, Ca?*, and Cd?" in the
drinking groundwater [20]. It is because of the excellent biocompati-
bility and unique optoelectronic properties. Using IJP to create patterns
of AuNPs on paper substrates, taking advantage of their photothermal

properties, has opened up possibilities for developing affordable diag-
nostic devices. These devices can detect various biomarkers, including
glucose [21] and other biomarkers [22].

AuNPs encapsulated with Prussian blue analogues (PBA) are utilized
to develop security labels with multiple label information by IJP tech-
nique. The AuNPs are synthesized using the seed growth method with a
size distribution of 60 nm. These inks were tested with Raman spec-
troscopy to obtain an identifiable and stable SERS signal [30]. One step
fabrication of gold films by reactive inkjet printing is also gaining
importance for fast production. In this approach, a metal salt of gold is
printed and thereafter a second ink containing a reducing agent (e.g.
NABH,4 or anti-oxidants) that requires the Au>T ion into Au® ions. It
eliminates the multiple steps of the wet chemistry and washing involved
in ink formulation. This process involves the chemical reactions that
occur after deposition. Controlling the reaction kinetics to occur it
uniformly across the printed pattern can be challenging [31].

The AuNPs are utilized because of their high surface-to-volume ratio.
It helps in the high-density biochemical interaction of these NPs and
increases the high-sensitivity analysis of the printed sensors [32]. The
ability for patients to test themselves for a range of conditions within the
comfort of their homes is desirable. The point of care (PoC) diagnostic
device market is poised to reach $27.5 million by 2018, with a wide
range of PoC technologies covering many different diseases and condi-
tions. To ensure the commercial viability of these technologies, there is a
requirement for low-cost, high-yield fabrication of such devices [33].
The use of AuNPs inks through IJP techniques is an obvious step towards
mass production of these devices at a relatively low cost compared to the
semi-conductor cleanroom techniques, which involve multiple pro-
cessing steps using complex and expensive facilities. However, the
critical factor is the formulation with optimum rheological properties of
these inks for making different patterns on low-cost substrates. The IJP
of spherically shaped AuNPs with a size diameter of less than 50 nm on
the paper substrates is much focus for fabricating these diagnostic tools
[34]. Their production requires inexpensive, easily scalable, and
one-time usable devices ideally suited to the IJP process. In these
customized formulated AuNPs inks, the surface tension (ST), viscosity,
and concentration are the critical physical properties that govern the
formation of stable droplets from the nozzle of the cartridge of inkjet
printers [35]. Therefore, these ink properties and the nozzle’s diameter
strongly influence the droplet formation of the AuNPs ink. The printing
performance of these formulated inkjet inks can be evaluated by care-
fully analyzing the jetting behaviour onto the target location of the
substrate [36]. The successful jetting of these inks through the nozzle of
the printer results in the formation of single droplets. Successful jettable
inks are formulated by optimizing the ink’s different physiochemical,
rheological, flow and wetting properties. These properties must be
carefully optimized while designing the ink formulation [37]. The jett-
ability windows are used to calculate and define the jetting performance
with the help of the four primary dimensionless numbers: Reynold (Re),
Weber (We), Capillary (Ca), and Fromm (Z) number(s) [38]. In the
Fig. 2, the terms p, u and y are the density, viscosity and ST of the ink
fluid respectively, d is the diameter of the printer nozzle and v is the
velocity of the ink droplet. The Capillary number (Ca) is defined as the
ratio of viscous to surface tension forces, Weber (We) number is the ratio
of inertial to surface tension forces and Reynold number (Re) is the ratio
of inertial to viscous forces.

Fromm number (Z) is defined as the ratio of inertial with surface
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Table 1
Comparison of inkjet printing with template assisted assembly and laser printing with working principle, material compatibility, advantages and challenges.

Technique Working Principle Material Advantages  Challenges Ref.
Compatibility

Template It uses a template or substrate with The choice of template and NPs e High precision e The throughput depends on the [23-25]
assisted predefined patterns or structures to guide  materials can influence the and control template and assembly method. It
Assembly the assembly of nanoparticles compatibility and success of the over the can be time-consuming for large-

assembly. Compatibility issues may placement of scale production.
arise when dealing with certain nanoparticles. 1t is often used for applications
materials. The template where ordered nanoparticle arrays
guides the or precise structures are required,
nanoparticles such as in electronics, optics, and
into specific Sensors.
locations,
allowing for
well-defined
structures.

It is well-suited

for creating or-

dered arrays

and structures

with specific

geometries.

However, it

may be less

versatile for

creating more

arbitrary

patterns.

Inkjet It employs a printhead that ejects tiny compatible with a variety of It provides the e Requires a precise control of [26,27]

Printing droplets of liquid ink onto the paper or nanoparticle inks, but it may have non-contact rheological properties

other surfaces to create text and images. limitations in handling highly and mask less e Nozzle plate flooding, clogging and
The ink droplets are deposited in a pattern ~ concentrated or viscous inks due to deposition of irregular droplet ejection
that forms the desired content printhead clogging. the NPs with

multi material

flexibility

It can be used to

create a wide

range of

patterns and

designs,

making it

suitable for

both regular

and irregular

structures with

high resolution.

It is generally

faster and more

scalable for

high-

throughput ap-

plications,

making it suit-

able for mass

production

It is used in a

variety of

fields,

including

electronics,

flexible

electronics,

photovoltaics,

biosensors, and

3D printing,

due to its

versatility and

scalability.

Laser based It utilizes a laser to selectively heat and are generally versatile and can work Fast and e It can be more complex and costly, [28,29]

Printing evaporate a carrier solvent in a with a wide range of nanoparticle inks, suitable for requiring precise optics and control

nanoparticle ink, leaving behind the including metallic, organic, and high- systems
nanoparticles on the substrate. inorganic materials throughput o Final obtained surface consists of

production, powdery impurities

especially for o Limited material flexibility

small feature

sizes.

(continued on next page)
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Material
Compatibility

Technique Working Principle

Advantages  Challenges Ref.

o It can achieve
higher
resolution and
precision in
nanoparticle
ink deposition.
It allows for
finer control
over the
placement of
nanoparticles,
resulting in
more intricate
and detailed
patterns.

It can reduce
the risk of
nanoparticle
agglomeration,
as they do not
rely on
mechanical
pressure or
thermal effects

e Degradation of photosensitive
material leading to poor
performance under load

that can cause
particles to
clump together.

tension to viscous forces. It is the reciprocal of Ohnesorge number.
Among these four dimensionless numbers, Z number is used for defining
the jettability of the metal NPs based inks because it correlates all the
three forces of the fluid ink: viscous, inertial and ST forces while the Re,
We, and Ca number balances two forces against each other. In the re-
ported literature, the most appropriate jettable range of Z number is
1 < Z <10 for AuNPs inks or fluids with a similar range of rheological
properties [39].

In this work, the formulated aqueous AuNPs inks in three concen-
tration levels of 300, 600, and 1200 ppm through the USP method, as
reported in our previous work [40,41] are evaluated to determine the
jettability and printability characteristics on the flexible photo paper
substrate by utilizing the IJP technology. Initially, the jettability win-
dow characterized by Ca-We and We-Z numbers are developed for these
inks. Considering the jettability window defined by these numbers, the
ST force will be the normalizing force for Ca-We, while the inertial force
is in the case of the We-Z window. Plotting these windows will provide
the most helpful and insightful knowledge regarding jettability and
helps to identify the most favourable concentration for the IJP process
[42]. The theoretical CFD simulation study is also incorporated to
observe the ink droplet formation behaviour at different droplet veloc-
ities through a DoD inkjet nozzle. Finally, the most favourable ink is
tested for the printability characteristics, such as the morphology and
the density of the printed AuNPs achieved through the inkjet printing
technique. The surface morphology of printed patterns with different
repetitions is characterized by the SEM-EDX technique. The process
parameter, such as pulse actuation voltage, is controlled and optimized
to improve printing characteristics, such as the continuity and density of
the AuNPs on the printed patterns. The rheological properties of AuNPs
ink are taken from our last published article [43] as mentioned in
Table 2.

2. Materials and Methods
2.1. AuNPs Synthesis and Ink Formulation

AuNPs are synthesized through the USP (Fig. 3a) method by utilizing
the varying concentration of aqueous-based Au (III) acetate (Au

(CH3COO)3) precursor solution. It is carried out on the modular USP
device at the IME Institute of Process Metallurgy and Metal Recycling,
RWTH Aachen, Germany. An aqueous solution of Au(CH3COO)3 acetate
with HCl and NaOH is used as the precursor solution. This modular USP
device is redesigned with a modular separate heating zone in order to
divide the aerosol droplet evaporation and particle drying from the rest
of synthesis stages. The precursor solution is atomized with an ultrasonic
aerosol generator (Gapusol, RBI France with piezoelectric transducer
membrane frequency of 1.6 MHz using intensity to 9). After the atom-
ization, the droplets are carried to the first heated zone of the reactor
which consisted of a quartz tube (length = 28 cm and diameter = 2 cm)
and the temperature of the first heating zone temperature is kept at
100 °C in the experiment (Table 3) while the second heating zone with
the same length and diameter continuously maintained at 300 °C. Dry
Nitrogen (N3, 99.9%) is used as a carrier gas with a flow rate of 2-1 1/
min where they begin to evaporate and shrink. This shrinkage and
dehydration of the water content from the solute particles of gold pre-
cursor increases the concentration of Au inside the evaporated droplet.
Hydrogen gas used for the reduction of the aerosol droplets of the pre-
cursor solution into AuNPs is directly fed into the Chamber-II at a flow
rate of 1-0.5 I/min. It provides the sufficient reduction energy for the
dried aerosol particles containing Au>* ions to be converted into pure
AuNPs The synthesized dark red coloured AuNPs are collected in the
glass bottles containing 500 ml of de-ionized (DI) water mixed with the
0.1 wt% of PVP40. A detailed description of the complete process is
mentioned in the reference [44]. The collected AuNPs in colloidal sus-
pension form are formulated in three different ink concentrations of 300,
600, and 1200 ppm through rota-vaporization, centrifugation, and
filtration process, as shown in Fig. 3b). Rota-vapour technology helps in
concentrating the synthesized AuNPs from USP to remove the DI water
solvent without heating it to the boiling temperature. After
rota-vaporization, the AuNPs were further concentrated by centrifuging
them with the help of AMICON Ultra-15 membrane filters (100,000
NMWL) (Fig. 3c). These membrane filter also helps in removing any
impurities present in the AuNPs. The centrifuged concentrated AuNPs
were further filtered through a 450 nm syringe filter to remove any
aggregates formed during the process. The membrane filters are chosen
with specific pore sizes accordingly to the NPs size distribution. This
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allows for the selective removal of impurities based on their particle size.
This is particularly useful for eliminating larger contaminants that may
be present in the AuNPs based ink, such as aggregates, or larger par-
ticulate matter. It provides a consistent and precise method for removing
impurities from AuNPs inks [45]. It can also be easily scaled up for
large-volume ink purification processes which is crucial for industrial
applications, where significant quantities of ink may need to be purified
efficiently and consistently.

2.2. Modelling of the AuNPs ink droplet formation of 1200 ppm
2.2.1. Assumptions

e The fluid flow domain is large enough that the continuum assump-

ot ox or r or

tion is valid.

e The synthesized AuNPs ink is assumed to be Newtonian fluid and
incompressible. Hence, the Navier-Stokes equation is also valid in
this case.

e The effect of gravity is neglected in this domain.

o It is assumed that the ink in contact with the diaphragm below the
piezo material moves with the same velocity as the latter.

2.2.2. Governing equations
The main governing equations for the motion of the fluid (AuNPs
ink) are: -

e The continuity equation is
dp

e For 2D-axisymmetric flow,
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e The momentum equation is given by

d — —— — =
5PV HV(pVV) = = Vp+pg+ F+V(T) 3)

As the effect of gravity and external forces are not considered,

thereby the terms pg and F are neglected. Therefore, the equations for
axial momentum and radial momentum can be written as

Py 10 19 o 10 v,
E(/)VX)+;a(rpvxvx)+;$(rpv,vx) = —aJrFXJr;a {rp (25
2. 10 v,  Ov,
S0) (5 5]
4
2,
ox or = 0x 3 3r (V.v) ®
The velocity field is

V.?*avx-k%—&-& 6)

Tox or

Since the simulation is performed at a constant temperature, the
energy equation is no longer needed in the mentioned case. The above
equations, when solved, will give the velocity field of the formed droplet
of AuNPs ink.

In ANSYS fluent for multiphase flow, the equations applied for each
Eulerian phase will individually give the velocity field of the phases. The
continuity equation for the secondary phase (AuNPs ink) will be

g (Wops) + v(l/jb/]b?h):| = pi [i(’hub — Titpq) 7)

Py L0 b

a=1

where suffix a and b represent the properties of air and AuNPs ink, p is
the density, y is the volume fraction, myp, is the mass transfer from phase
a to b, and my, is the mass transfer from phase b to a. For the primary
phase, another constraint is used to compute the volume fraction of air,
i.e., the sum of total volume fractions of phases in a cell equals 1. The
simulation is formulated in explicit form, and therefore the momentum
equation is

PZT/Si Bimorph
S

o]
‘ Fluid
Ml— Fluid

™~ Nozzle/meniscus

(b)
PZT/Si Bimorph
\a

[ e ] .
Fluid
e <Ly

‘\Nozzlelmeniscus

(d)

Fig. 1. Schematic illustration of the working of a piezoelectric-based DoD printing process.

Adapted with permission from Haque et al. [12], © 2016 AIP Publishing LLC.
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2.2.3. Domain modeling and meshing

The design of the nozzle and simulation domain is created using the
Design Modeler subsystem of ANSYS Workbench. A triangle-based, size-
refined discretization/meshing scheme generates the mesh. The average
size of the triangle face is 5 * 10® m. The named selections for inlet,
outlet, axis, hydrophilic wall (nozzle), and hydrophobic wall (nozzle)
are created, as shown in Fig. 4.

2.2.4. Boundary conditions

A user-defined function (UDF) for the spatial and temporal velocity
through the nozzle inlet is programmed using the C language mentioned
in the Supporting Information (Section 1) titled "User-defined Function for
the Modeling of AuNPs ink Droplet Formation through DoD Regime". This
defined function is hooked up to the model after getting processed
through the interpreter. The volume fraction of ink at the inlet and the
fraction of backflow through the pressure outlet are defined. The
equations are solved with a first-order implicit transient formulation,
and the duration of the simulation run is 120 microseconds with a time
step size of 0.1 microseconds.

2.3. 1JP of AuNPs ink

Identifying the appropriate substrate material is required before
starting the IJP process using the formulated AuNPs ink. Among the
different types of substrates available in the market, using inkjet-based
photo papers has the advantage of being easy to use and dispose of,
low cost, eco-friendly, recyclable, and bio-degradable. The success of
using coated papers in pH and gas sensors was phenomenal and readily
available in the market. Because of such success, there is growing in-
terest in producing low-cost paper-based sensors. The wettability
behaviour of photo papers is far better than non-porous substrates such
as plastic films, glass, and silicon wafers. In this study, the Kodak pro-
fessional inkjet photo paper (Specifications: Premium photo glossy
paper, Size - A4 (210 *297 mm), Mass — 270 g/m2 with 5760 DPI,
Manufacturer - Kodak, India). is used as the substrate material for the [JP
deposition.

The inkjet printer used in the printing of AuNPs ink is the R&D
benchtop deposition-based FUJIFILM Dimatix DMP-2831 utilizing a
disposable piezoelectric inkjet cartridge as shown in Fig. 5a). The DMP-
2831 allows the deposition of customized fluidic materials ranging from
gels to inks on an 8 * 11 in. or A4 sized substrate. This micro-precision

Colloids and Surfaces A: Physicochemical and Engineering Aspects 682 (2024) 132837

Table 2
Measured average density, ST, and viscosity with SD of AuNPs ink with varying
Au concentration.

S. [Au] of AuNPs ink Density (kg/ ST (mN/m) Viscosity

No. (ppm) m®) (cP)

1 300 1001 45.04 2.5+0.7
+ 0.15

2 600 1048 51.60 4.2+0.24
+ 0.14

3 1200 1132 55.00 5.8 +£0.29
+ 0.30

jetting of customized NP-based ink can create and define patterns over
an area of about 200 * 300 mm? and handle substrates up to 25 mm
thick with an adjustable Z height. The temperature of the vacuum platen
in the printer, which places the substrate in place, can be adjusted to
60 °C. The DMP-2831 offers a variety of patterns using a pattern editor
program on the substrate ranging from porous to non-porous. This sys-
tem enables easy printing of structures and samples for process verifi-
cation and prototype creation. The value of nozzle diameter (dpozz1e) Of
DMP 2831 printer is 21.5 ym [46]. The technical specifications for DMP
2831 are enlisted in Section 2 in Supporting Information.

The initial parameters used in the IJP of AuNPs ink for DMP-2831
printer are: Head Angle: 4.5°, Substrate Temperature: 30 °C, Substrate
Thickness: 250 um, Voltage: 10-20 V, increment in volt: 1.0 V, Tem-
perature (cartridge): 30.0 °C, Jets in Use: 16 Nozzles, Cartridge Print
Height: 1.000 mm, Substrate Pattern - X (width): 75.584 mm, Y
(height): 101.00 mm, Drop Spacing 64 um (397 DPI). The following
procedure is used for filling the AuNPs ink in the cartridge reservoir.
1.5 ml of the formulated AuNPs ink was filled in the empty reservoir
through the syringe. After filling it, the reservoir is closed with the
nozzle head. The whole inkjet cartridge head with the reservoir is locked
in the printer, and the rectangular pattern is selected. The rectangular-
shaped pattern is printed on the paper substrate with 5, 10, and 25
repetitions in the LJP process.

The voltage waveform used in the IJP of AuNPs ink and the sche-
matic diagram of the printhead of DMP 2831 for driving the piezo-
electric crystal in the print head are shown in Fig. 5b) and c),
respectively. It consists of two pulses (i) Primary and (ii) Secondary
pulse. The waveform starts at Vo = 0 V when t = 0 ps while the primary
and secondary pulse starts at the starting time duration "tg,j;” and "Tsec .
The primary pulse has a complete-time duration of (tay11 + techo + trise +
tawelll + trall2 + tawell2 + trans)- The secondary pulse has a time period of
Tsec, respectively. The nature of the primary pulse is bipolar, which in-
cludes two trapezoids of negative and positive voltages. These

Viscous force v
lLCa=——22o2 1
Surface tension force Y
Surface
Tension
Forces
Inertial force
2. We =

Surface tension force

_pvid
Y

Inertial
Forces

VInertial * Surface tension force

Viscous force

Viscous
Forces

Inertial force  pvd
3.Re —
~ Viscous force n

Fig. 2. Pie chart diagram for defining the following dimensionless numbers: Ca, We, Re and Z.
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MHz) having Au(CH,C00),
solution having Au
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b) Process of Rota-vaporization

b
=4

Before Rota-vaporization Rota-vapor After Rota-vaporization

c) Filtration through Centrifugation

Collection after
Centrifugation

: Precipitate
Centrifugal ~ Centrifuge Part
Filters

Take 1.5 ml of concentrated Supernatant
AuNPs after rota-vaporization Precipitate part is Part

Concentrated AuNPs ink /
Repeat the
process

Before
Centrifugation

Fig. 3. represents a) USP synthesis of AuNPs by utilizing the 0.5 g/I concentrated of aqueous-based Au(CH3COO)3 precursor solution. AuNPs ink formulation via b)
the process of rota-vaporization and c) filtration through centrifugation.

Table 3
USP synthesis parameters of AuNPs.

trapezoids have a minimum and maximum voltage of Vy and V,,
respectively. The primary pulse is designed to eject the AuNPs ink
droplet of a predetermined volume through an activated inkjet-driven

S. Precursor (Al Ty T N Hy pulse voltage. The nature of the secondary pulse is unipolar and
No. @b o o W w rectangular-shaped, having the maximum positive voltage of V,. The
min) min) numeric value of the pulse voltage for the secondary pulse (V) is always

1 Gold (IIl) Acetate precursor ~ 2-0.5 100 300  2-1 1-0.5 less than the primary pulse voltage (V). Each inkjet in the nozzle has a
j\olil(léll-oll:COO)g piezoelectric transducer that will be activated by these applied voltage

waveforms. It causes the AuNPs ink meniscus in each inkjet to move
from the nozzle.
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Fluid/Nozzle Nozzle
Inlet Exit
1

Hydrophilic
wall

Hydrophobic
wall

—
o

le
I€

0.4 mm 0.6 mm

Fig. 4. shows the geometry of the nozzle and the mesh showing the
named selections.

3. Results and discussion
3.1. Jettability window definition framework

The AuNPs synthesized from Au(CH3COO)3 precursor through USP
were formulated into concentrated AuNPs ink using the process of rota-
vaporization, filtration, and centrifugation in three (3) concentration
levels of 300, 600, and 1200 ppm. The yield efficiency of the AuNPs
synthesized by USP process is an important consideration for the syn-
thesis process. It can be calculated as the ratio of amount of the AuNPs
produced to precursor of Au(CH3COO); used. The precursor
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concentration used is 0.5 g/1 and its consumption in one run of experi-
ment of 4 h is 0.4 L. The volume of the AuNPs synthesized with final
concentration of 300 ppm is 0.5 L. Therefore, the yield efficiency of the
USP process is calculated as 75% (Calculations are available in the Section
3 in SI).

The empirical relation for calculating the minimum velocity needed
for ejecting the AuNPs ink droplet from the nozzle is mentioned in Eq. 9.

4X  Surface Tension(N/m)

Density(kg/cm®)X  dyprue(m) ©®

V(min)drop = \/(

After the ink droplet formation and ejection from the nozzle, a series
of droplets will be ejected for the applied pressure pulse. This ejection of
the series of droplets will form an initial fluid jet. The fluid jet velocity
(vjer) will always be greater than the drop ejection velocity because of
the significant momentum [37]. To calculate the AuNPs inkjet velocity,
the model derived by Driessen and Jeurissen [38] and Djiksman [39] is
used. The volume of the AuNPs ink drop ejected (Vgrop) is defined by
integrating the ink flow rate through the nozzle of the cartridge (Eq. 10).
Taking the circular section of the nozzle of the cartridge having the
radius 'rnozzle’-

n

w:/w vrdt a0

nozzle

n

Here, t; = time interval during the AuNPs ink flows towards the
nozzle to form the initial inkjet and tp = time interval when the flow
reverses its direction. There will be a reduction in the momentum of the
AuNPs ink in motion due to the following phenomena: viscous energy
dissipation during the ink droplet formation and shrinkage in the neck as

Magnified view of
Piezoelectric Ink jet Cartridge with reservoir

Nozzle Head

PZT Piezo-ceramic Plate
Ink
Nozzle Plate

Paper Substrate Base Plate

a) FUJIFILM DIMATIX DMP 2831 Inkjet Printer

v

trait tecno trise tawenttranztawenztrans  Tsec

b) Voltage waveform used

[
-

Droplets <

:Substrate

c) Schematic Diagram of Printhead

Fig. 5. shows a) FUJIFILM Dimatix DMP-2831 inkjet printer used for printing patterns using AuNPs ink of 1200 ppm synthesized from USP, b) a Voltage waveform

used, and ¢) a Schematic diagram of the printhead.
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it separates from the inkjet. This momentum transfer (m;,) during these
processes is given by Eq. 11.

I’;’Ln = - 3”’%017[@” (11)

Here, p is the viscosity of the AuNPs ink.

The capillary force will be the main contributing force that restricts
the ink motion from the nozzle. Therefore, the resulting momentum
change is given by
I’i’l[ = - (tl - tZ)ﬂruozchy (12)

Here, vy is the ST of the AuNPs ink.
Thus, the expression for the ejected drop velocity incorporating the
momentum change from all the sources will be

1 &
Vdrop = 3~ |:/ pﬂrrzzozzlcvff’dt - 3ﬂ”riozzle - (lz —h )”rnnz2187 (13)
de 1
Assuming the AuNPs ink flow to be modeled for the fixed period,
constant velocity without viscous dissipation.
6t=(t — 1) 14)

2
Vitrop = ¥y 10 Vies Ot (15)

The equation becomes

3
H__ T 16)
POt Pluozie

2
ng, — VjerV(min)drop —

Here, the vj,; can be obtained for the minimum drop velocity. The
optimum range of the values for 8t can be taken between 3 ps and 7 ps
[47]. In our case, it is taken as 7 ps. The V(min)drop and vje velocities were
calculated for the AuNPs inks of varying concentrations of [Au] from the
inkjet printer having the nozzle diameter (dpozzle) of 21.5 um (Table 4).

After theoretically calculating the minimum velocity needed for the
drop formation and the final inkjet velocity of AuNPs ink, the jettability
window defined by Ca, We and Z numbers are developed for the
following range of velocities: v; = 3 m/s, 2. v2 = 3.5m/s, 3. vs = 4 m/s
and 4. v4 = 4.5 m/s for the varying concentrations of 300, 600 and
1200 ppm as shown in Table 5.

Each data point on the graphs in Fig. 6 represents a single AuNPs ink
of a specific Au concentration at a specific mentioned velocity. Thereby,
the lines represent the behaviour of the specific concentrated ink at
multiple velocities ranging from the drop formation to the fluid jet ve-
locity. These velocities can be controlled by changing the pulse voltage
in the printer. The Ca and We jettability window in Fig. 6a has linear
and quadratic ink drop velocity dependence. Therefore, the log-log plot
will produce contour lines with a slope of ¥ for each formulated AuNPs
ink of varying concentrations. The Z of AuNPs ink of 300 ppm for the
nozzle dia of 21.5 pm is 12.45. The Z value exceeds the upper limit of the
printability range 10. A high value of Z results in the formation of
multiple satellite drops. The viscosity is too low for the stable and single
droplet formation and fluid jet for good printability. This behaviour of
low viscous fluid is consistent with the reported works by Jang [41] and
Reis & Derby [42].

As we look further into the increased concentration of the AuNPs ink
from 300 ppm to 600 ppm, the viscosity increases from 0.0025

Table 4

presents the calculated values of minimum velocity needed for the droplet
ejection and the jet velocity of AuNPs inks of varying concentrations of [Au]
from the inkjet printer of nozzle diameter (dpozz1e) Of 21.5 pm.

S. No. [Au] of AuNPs ink dnozzte (um) = 21.5 ym
m
(bpm) V (min)drop (M/S) Vier (m/s)
1. 300 2.89 4.49
2. 600 3.03 4.42
3. 1200 3.00 4.23
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Table 5

represents the values of the dimensionless numbers (Re, Ca, We, and Z) of the
AuNPs ink of 300, 600 and 1200 ppm for different velocities of 3, 3.5, 4 and
4.5 m/s and nozzle diameters of 21.5 um.

AuNPs ink (ppm) Velocity dnozzte = 21.5 ym

(m/s) Re Ca We Z
No. No. No. No.

300 1.v; =3.00 25.83 0.17 4.30 12.45
2. v, =3.50 30.13 0.19 5.85
3.vs =4.00 34.43 0.22 7.64
4.v4=4.50 38.74 0.25 9.68

600 1.v; =3.00 16.09 0.24 3.93 8.11
2.v2=3.50 18.78 0.29 5.35
3.vs =4.00 21.46 0.33 6.99
4.v4=4.50 24.14 0.37 8.84

1200 1.v; =3.00 12.59 0.32 3.98 6.30
2. v, =3.50 14.69 0.37 5.42
3.v3=4.00 16.78 0.42 7.08
4.v4=4.50 18.88 0.48 8.96

Jettability Window of AuNPs ink
a) b) —&— [Au] = 300 ppm
1 10 " —s—[Au] = 600 ppm
—@—[Au] = 1200 ppm
4 1/,6 3
3~
12277 170 II
-~ Pl I ) !
© A2 TN
o ! /::»"/’i’ﬂ £ o
P |
1,‘:\,/’ Z=6.30\\4\. |
0.1 L==Z } 14 \n N :
1 We 10 1 10 4 100

Fig. 6. shows (a) Ca-We and (b) We-Z jettability window of the formulated
AuNPs ink of 300 (red line), 600 (black line) and 1200 ppm (blue line) deter-
mined at different velocities (1. 3 m/s, 2. 3.5 m/s, 3. 4 m/s and 4. 4.5 m/s) for
the nozzle diameter (dyozze) of 21.50 um.

=+ 0.0007-0.0042 £ 0.0024 Pa.s. The Z value is 8.11, falling in the
printability range of 1 < Z < 10. With the Au content of 600 ppm in ink,
the droplets shall be a bit stable. However, it could not persist long
enough to satisfy the jettability criterion. The viscosity of the AuNPs ink
of 1200 ppm further increases to 0.0058 + 0.0029 Pa. s, reducing the Z
value to 6.30. This value of the viscosity is high enough that it results in
the formation of a stable droplet and imparts good jettability. Although
the AuNPs ink of 1200 and 600 ppm are jettable, with 600 ppm, its
jettable condition lies near the maximum range of Z, i.e., near the
boundary of the jettability window.

The low value of Z (less than 10) of highly concentrated AuNPs ink
will result in a stable and single drop from the nozzle orifice. This
printability indicates the region where viscous forces increase and play
an essential role in droplet formation. While AuNPs ink with higher Z
values (greater than 10) shall form liquid columns that readily pinch off.
This ink will get leaked from the cartridge where the viscous forces lag
and become low. The ink flow will form a liquid jet, causing splashing on
the printing substrate.

In the reported literature by Liu and Derby [47] of the ink fluids with
similar rheological properties, the range of printability for We number is
2 < We < 25. WhenWe = 2, it is the minimum value needed to over-
come the minimum capillary forces for the ink droplet formation. While,
atWe = 10, the critical value above which the satellite formation of the
AuNPs ink droplets will occur. In the case of AuNPs ink of 300 ppm, We
number reached the value of 9.68 calculated at the velocity of 4.5 m/s,
which is very near to the critical value as shown in Fig. 5.12. It may
result in the satellite and multiple drop formation during printing. Thus,
this satellite drop formation may destabilize the fluid flow and reduce
printing quality. Thus, a larger volume of AuNPs ink will drop out from
the orifice of the nozzle causing the leakage on the substrate. The We of
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AuNPs ink of 600 and 1200 ppm ranges from 3.66 to 8.96, which falls in
the safe zone for stable drop formation, as represented in Fig. 6b.

As discussed above, for the jettability window framework for the
AuNPs inks of varying concentration, ink of 1200 ppm had shown the
most favourable properties that will be best suited for testing the ink
through IJP for determining the printability characteristics.

3.2. IJP of AuNPs ink

The formulated AuNPs ink of 1200 ppm has shown the most
favourable flow, rheological and jettable behaviour. The next frame-
work measures the printability characteristics on the photo paper sub-
strate, such as the morphology and the density of the printed AuNPs
achieved through the DMP 2831 printer. Before using this ink for
printing, the theoretical simulation study is done to observe the ink
droplet formation behaviour at different ink droplet velocities through a
DoD inkjet printer using ANSYS Fluent software. The morphology of
AuNPs in the printed patterns are characterized by the SEM technique
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for various repetitions in the printing process.The process parameter,
such as pulse actuation voltage, is controlled and optimized to improve
printing characteristics.

Before the printing process, the physical characterization of the
AuNPs ink of 1200 ppm is carried out with the help of the following
techniques: HRTEM-EDS, SEM-EDS, DLS and FTIR techniques. The
morphology of the AuNPs in the concentrated ink is shown in Fig. 7(a-
b). Mostly, the shape of these AuNPs can be depicted as ellipsoidal,
while some are also spherical. The ellipsoidal AuNPs are multi-twinned
and poly-dispersed, as shown in Fig. 7(a-c). The poly-dispersity nature
of these AuNPs is due to coalescence and coagulation. This coalescence
occurs due to the increased degree of mobility caused by the centrifugal
forces applied during the purification and concentration process of the
AuNPs from USP into inks. The index planes of these AuNPs in the ink
are identified in the diffraction pattern (Fig. 7d) marked in yellow
colour. It describes the Fm-3 m space group corresponding to the FCC
lattice structure. A spacing of 2.3 A in Fig. 6(c-d) of the coalesced AuNPs
from the concentrated ink is visible, corresponding to the (1, 1, 1) of the

AuNPs
Ink of
1200 ppm

Spectrum

+ Spectrum1

ectrum 2

b ‘“ pectrum 3
Max.

AuNPs Diameter (nm)

f) 30 T Mean Diameter: 36.4 £ 22.1 nm 9)
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Fig. 7. (a, b) TEM characterization of the AuNPs ink of 1200 ppm, (c¢) TEM image of the single AuNP showing the spacing of 2.3 A corresponding to the (1, 1, 1) Au
plane, (d) ED pattern of AuNPs displaying several spots matching the lattice distances of Au and indicating the polycrystalline nature, e) EDX spectra showing the
elemental composition, f) DLS size distribution of the AuNPs present in the ink, g) FTIR spectra of synthesized PVP40 stabilized AuNPs (black dotted curve) and pure
PVP40 (red solid line curve) synthesized from the precursor of Au(CH3COO)3 through USP.
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Au plane. The EDX spectrum of the AuNPs in the ink (Fig. 7e) detects the
elemental composition as Au - (97.7 + 1.1) wt% and CI - (2.31 + 0.53)
wt%. With the help of DLS measurement (Fig. 7f), the peak size distri-
bution of the AuNPs obtained through USP is 28% of the nanoparticles
were present in the size range of 28.21 + 5.2 nm while the average size
distribution is 36.4 + 22.1 nm. FTIR analysis confirms the PVP40-
capping on the surface of AuNPs, as shown in Fig. 7g. The PVP40
spectrum shows its presence in C=O (1660 cm ') and C-N
(1290 em ™). The FTIR spectrum of PVP40-coated AuNPs is similar to
that of the original PVP40, although the differences were observed in the
slight shift of wavenumber that confirms the PVP40 capping of AuNPs.
The spectra of AuNPs from Au(CH3COO)3 are in good agreement with
that reported by Dhumale et al. [48].

3.2.1. Modeling of AuNPs ink droplet formation through DoD regime

In the analysis, a single nozzle is modelled to eject the droplets of the
ink into the stationary air at standard ambient conditions. This model
comprises symmetrical features; therefore, only one side of the sym-
metrical geometry is modelled. The movement of the piezoelectric
element above the nozzle causes the ejection of the ink droplet in the x-
direction. The volume of fluid method is used for two immiscible fluid
phases. The considered primary and secondary phases are air and AuNPs
ink, respectively. The calculated Re number value lies well in the
laminar flow range; thus, turbulence is not considered. As it is very
challenging to emulate the action of the piezo element, time-dependent
inlet velocity is defined. The simulations are run at two different ink
droplet velocities of 3 and 4.5 m/s, as shown in Fig. 8. The values of the
AuNPs ink properties are taken according to Table 2. The lower and
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higher velocity values of 3 and 4.5 m/s are taken based on the calcu-
lations for the minimum velocity needed for the ejection of the ink
droplet (V(min)drop) for 1200 ppm, as mentioned in Table 4.

When the AuNPs ink droplet velocity is 3 m/s, a single and stable
droplet is formed at 40 ps. While at a higher velocity of 4.5 m/s, the ink
droplet is formed with a long tail at just 20 ps (i.e., half of the above
case). Due to this long tail formation, the ink droplet is fragmented into
smaller fractions, leading to the multiple droplet formation. It could
become a constraint for achieving a high resolution and accuracy in the
printing process at a higher velocity. The lower velocity of 3 m/s will
result in the precise deposition of the AuNPs ink of 1200 ppm with such
a range of diameter nozzle printer. Therefore, the simulated single and
stable droplet formation behaviour needs to be achieved by optimizing
the design of the actuation pulse of the printhead of the inkjet printers.
The actuation pulse voltage can be varied to control the velocity and
ejected volume of the formulated ink droplet during the IJP process, as
per agreement with [49].

3.2.2. 1JP of AuNPs ink of 1200 ppm using different DoD technology

The DMP-2831 printer uses the FUJIFILM Dimatix’s proprietary
Silicon MEMS technology-based DMC-11610 cartridge having 16 nozzle
jets. Before starting the printing process, the drop generator is actuated
using a specific waveform having a peak voltage ranging from 10 to
40 V. The secondary waveform of the small amplitude is programmed,
which cannot be avoided while printing the patterns using AuNPs ink.
Initially, the pulse voltage (V) is set to a value of 15 V. With this value of
actuation voltage, there is no ejection of droplets, and thus, no deposi-
tion of AuNPs ink is observed on the photo paper substrate. The pulse

Time AuNPs Ink Droplet velocity
Duration V=3mls V=45mls
t=5us
t=10 us
t=15ps
t=20 ps
t=25pus
t=30pus
t=35us
t=40 pus
t=45ps
t=150 us
t=255ps
t=60 us

Fig. 8. Simulation of AuNPs ink droplet formation at droplet velocity of 3 m/s and 4.5 m/s respectively.
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Effect of Pulse Voltage on the Inkjet printing of AuNPs based ink
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Fig. 9. represents the effect of the pulse voltage (V,) of the nozzle on the IJP of AuNPs ink using DMP 2831 printer at a) 18 V, b) 19 V and c) 20 V.

voltage is increased by 1 V in each step, raising it to 17 V. With the pulse
voltage of 17 V, similar observations are made, resulting in the unsuc-
cessful printing of the AuNPs ink. As the pulse voltage is further
increased to 18 V, the drop ejection from the nozzle head starts, and the
printing is evident on the photo paper substrate in Fig. 9a). During the
printing of the rectangular planar pattern, the printer prints in three
cycles. At the start of each cycle, the first few lines are visible on the
paper and disappear, leaving it blank. Therefore, it can be observed that
the 18 V is not enough to have continuous droplet formation and
printing of the selected rectangular pattern.

The pulse voltage is increased to 19V to see its influence on the
continuity of the pattern. Fig. 9b) shows more deposition of the AuNPs
ink on the paper substrate by increasing the pulse voltage to 19 V. It can
be depicted that the volume of the ejected drop increases as compared to
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the volume dispensed by the lower values. In this case, the unprinted
portion is decreased.

Finally, the pulse voltage is increased to the maximum value of 20 V.
The continuous deposition of AuNPs ink achieved on the paper sub-
strate, as shown in Fig. 9¢). There are no discontinuities present on the
pattern. This voltage value indicates the maximum volume of droplets
achieved to print the continuous rectangular pattern. Therefore, the
minimum voltage needed to eject the AuNPs ink droplet is 18 V; below
this voltage, there is no AuNPs droplet formation and nozzle ejection,
while the optimum voltage required to discharge the maximum volume
of the droplet is 20 V. The following observation can be concluded that a
higher pulse voltage of 20 V was required to continuously eject the
concentrated AuNPs ink. With higher pulse voltage, the piezoelectric
element in the nozzle will result in more contraction and expansion,

stabilized
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Photo paper substrate

‘ AuNPs ink droplet
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MR Fhoto
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o Printed AuNPs on Photo Paper

AuNPs ink dried droplet

Fig. 10. Surface chemistry and interaction of AuNPs ink on inkjet-based photo paper.
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resulting in the large-sized and continuous droplet formation and ejec-
tion for these types of AuNPs ink.

The surface chemistry and interaction of AuNPs ink on inkjet-based
photo paper are complex and involve wetting, absorption and adhesion
processes (Fig. 10). The photopaper used in the study have the charac-
teristic pore size in the range of 40-400 nm which is small enough to
allow the printed film of AuNPs with an average diameter of approxi-
mately 50 nm. The paper has a weak negative charge due to the presence
of the hydroxyl groups of cellulose [50]. The AuNPs are well adsorbed
on the paper substrate even though, both the materials were negatively
charged. The high adsorption of AuNPs on the cellulose fibres as evident
in Fig. were achieved by the van der Waals binding without any reten-
tion aid. The attachment of the AuNPs on paper is controlled by the 3D
network of paper, which consists of a large volume fraction of pores
providing strong capillary forces for the diffusion of AuNPs from solu-
tion[51]. The contact angle represents surface tension and surface en-
ergy difference between the AuNPs ink droplet and photo paper
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substrate. It is measured as 53.8° signifying the hydrophilic behavior of
the ink. The wetting behaviour has shown a good combination of ink
spreading and penetration providing a good ink setting (Fig. 10) It is due
to the presence of lower water content that resulted in the uniform
drying of the ink droplet.

The morphology of the NPs in the ink formulation affects the droplet
impact behavior and droplet velocity in IJP process. In case of spherical
and nanoplatelets shaped particles, the ink droplet velocity increases
with an increase in pulse driving voltage. In the printing of nanoplatelets
composed ink, it is difficult to control the ejection of the droplets
because of the formation of satellite droplets as the change in the drop
direction starting from the first printings. In case of spherical particles,
satellite droplet formation occurs but reabsorbed with the main drop
during jetting as evident in the simulation also (Fig. 8) [52,53].

Particle size dominates the droplet behavior in respect to the contact
angle and diameter. As the particle size increases, the wetting diameter
also increases. It indicates that the printing of large particle will result in

SEM Characterization of Printed Rectanqular Patterns
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Fig. 11. represents the unprinted and printed rectangular patterns on photo paper obtained through the IJP of AuNPs ink using DMP 2831 printer with different
repetitions and its SEM characterization. 9.1(a) and 9.1(b-d) showed the image and its SEM characterization of the unprinted photo paper substrate respectively. 9.2
(a), 9.3(a), 9.4(a) showed the images and 9.2(b-d), 9.3(b-d), 9.4(b-d) its SEM characterization of the printed photo paper with 5 x , 10 x and 25 x repetitions

respectively.
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the larger dot or wider line width. While the small particles possess extra
mobility to flow tending for coffee ring effects and vice versa. Large
particle tends to settle down with coffee ring effects. Ink with smaller
sized particles have greater number of particles dispersed in the droplet
that provides larger total surface area compare to large sized particle
formulated ink. The total charge on the smaller particles would be greater
than the charge on larger particles. This excess charge provide an increase
in surface energy, therefore the larger contact angle. It also influences the
initial velocity of the ink droplet. The large charge provides the large
electronic force that has the high electric field acceleration force. It results
in the high impact velocity of ink droplet that can cause splashing of the
droplet impacting the resolution of the print [54,55].

Fig. 11 shows the unprinted and printed rectangular patterns using
the DMP 2831 printer of 5 x, 10 x, and 25 x , respectively. The
morphological characterization is performed on these printed patterns
by SEM to visualize the density of AuNPs distribution after printing in
different magnification scales. Firstly, the unprinted paper is charac-
terized, and the cracks that appeared on the unprinted paper can be
identified in Fig. 11.1(a-d). The AuNPs ink is printed for 5 x repetitions
on the substrate, as shown in Fig. 11.2(a), followed by the character-
ization in Fig. 11.2(b-d). The density of the AuNPs distribution is low as
the clusters of these particles are significantly apart. The AuNPs are
absorbed by the fibres and the cracks, which are present in low quantity.

In the printed pattern of AuNPs ink on the paper substrate with
10 x repetitions in Fig. 11.3(a-d), the density of AuNPs clusters in-
creases, and the particles are placed nearer. The discontinuities are
observed in the patterns between the clusters of AuNPs on the substrate
surface. The AuNPs printed patterns of 25 x repetition on paper sub-
strate are present in high density without discontinuities, as shown in
Fig. 11.4(a-d). The clusters of AuNPs were placed near each other
without any presence of discontinuities. Among the 5 x , 10 x , and
25 x repetitions with DMP-2831 printer, the maximum repetitions of
25 x repetitions resulted in continuous distribution of the AuNPs clus-
ters on paper substrate.

4. Conclusions

This research provides the jettability window definition framework
of Ca-We and We-Z calculated for different velocities of AuNPs inks
starting from the droplet formation (3 m/s) to the fluid jet (4.5 m/s).
The most important findings are the following:

The formulated AuNPs ink with a concentration of 1200 ppm be-
longs to the printability range 1 <Z < 10 and enables the formation of
stable droplets and imparts good jettability at lower droplet velocity
(8 m/s). On the contrary, higher velocity (4.5 m/s) caused the multiple
drop formation, making AuNPs ink jet unstable.

The AuNPs ink of 1200 ppm has shown the most favourable prop-
erties, as confirmed by the IJP use of Dimatix DMP-2831 printer with
various repetitions performed on the paper substrate. It was experi-
mentally confirmed that high uniformity and continuity of AuNPs were
achieved by varying the pulse activation voltage from 18 V to 20 V.

AuNPs inks with concentrations of 600 and 300 ppm had unstable
jettable behaviour, which may result in splashing.
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