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Abstract: A cost-effective, scalable and versatile method of preparing nano-ink without hazardous
chemical precursors is a prerequisite for widespread adoption of printed electronics. Precursor-free
synthesis by spark discharge is promising for this purpose. The synthesis of platinum nanoparticles
(PtNPs) using a spark discharge under Ar, N2, and air has been investigated to prepare highly
conductive nano-ink. The size, chemical composition, and mass production rate of PtNPs significantly
depended on the carrier gas. Pure metallic PtNPs with sizes of 5.5 ± 1.8 and 7.1 ± 2.4 nm were formed
under Ar and N2, respectively. PtNPs with sizes of 18.2 ± 9.0 nm produced using air consisted of
amorphous oxide PtO and metallic Pt. The mass production rates of PtNPs were 53 ± 6, 366 ± 59,
and 490 ± 36 mg/h using a spark discharge under Ar, N2, and air, respectively. It was found that the
energy dissipated in the spark gap is not a significant parameter that determines the mass production
rate. Stable Pt nano-ink (25 wt.%) was prepared only on the basis of PtNPs synthesized under air.
Narrow (about 30 µm) and conductive Pt lines were formed by the aerosol jet printing with prepared
nano-ink. The resistivity of the Pt lines sintered at 750 ◦C was (1.2 ± 0.1)·10−7 Ω·m, which is about
1.1 times higher than that of bulk Pt.

Keywords: spark discharge; platinum nanoparticles; Pt nano-ink; aerosol jet printing; resistivity

1. Introduction

Currently, methods of manufacturing electronic circuits using printed technologies
are actively developing for applications in antennas [1,2], transistors [3–5], sensors [6–8],
displays [9,10], solar cells [11–13] and others. Printing technologies are based on the
selective deposition of material in the form of nano-ink onto a substrate using printing
equipment such as inkjet [14–16], aerosol jet [17–20], screen [21,22] and other printers.
The use of printing technologies provides a significant reduction in the cost and time of
manufacturing electronic devices compared to traditional processes in electronics such
as lithography, etching and sputtering [23,24]. Moreover, printing technologies open
up new possibilities for the production of flexible and lightweight electronic devices on
substrates of polymers, paper or textiles [25–29]. Obviously, further progress in printing
technology will depend on the state of development in printing methods, substrate and
nano-ink properties.

Nowadays, chemical reduction is the most studied method for producing nano-ink
for printing technologies [30,31]. This method is effective for preparing nano-ink with

Nanomaterials 2021, 11, 234. https://doi.org/10.3390/nano11010234 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-3276-0277
https://orcid.org/0000-0001-9969-0598
https://orcid.org/0000-0002-2895-4696
https://doi.org/10.3390/nano11010234
https://doi.org/10.3390/nano11010234
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11010234
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/2079-4991/11/1/234?type=check_update&version=2


Nanomaterials 2021, 11, 234 2 of 18

monodisperse particles of the required size and shape under controlled conditions [32,33].
On the other hand, this method is a long multi-stage process with a large amount of
chemical waste and it requires the use of toxic and expensive precursors [33–35]. Moreover,
the nanoparticles produced by this method have surface contaminants that reduce the
conductivity of the nano-ink [36,37]. Due to these disadvantages, there is a challenge to
develop an environmentally friendly method for producing nano-ink without the use of
toxic and expensive precursors.

It is known that the synthesis of nanoparticles using a spark discharge does not require
the use of precursors, in contrast to the method of chemical reduction [38–40]. Spark
discharge synthesis is a simple and versatile method for producing nanoparticles, since it
requires only gas, electrodes, and electricity. Moreover, spark discharge synthesis is carried
out in a pure gas atmosphere that protects the nanoparticles from contamination [39,41]. In
this regard, the spark discharge synthesis can become an eco-friendly and simple method
of producing nanoparticles for nano-inks. Despite numerous studies of the method for the
synthesis of nanoparticles by spark discharge, not a single study is known for the use of
this method for the preparation of nano-ink. Thus, this work for the first time proposes
using a spark discharge as a source of chemically pure nanoparticles for the preparation of
conducting nano-ink.

We have chosen platinum as a material for preparing nano-ink. Platinum is a noble
metal with excellent catalytic properties and high chemical stability [42,43]. In printed tech-
nologies, platinum is promising for the manufacture of corrosion-resistant current-carrying
contacts [44,45], elements of gas [46,47], temperature [48,49] and biological [50,51] sensors.
In our experiments, platinum nanoparticles (PtNPs) were synthesized by spark generator
during electrical erosion of platinum electrodes in an atmosphere of Ar, N2, and air. The
collection of nanoparticles for the preparation of Pt nano-ink was carried out on a fibrous
filter, followed by cleaning and dispersing the nanoparticles into a liquid. The real-time
measurement of the particle size distribution was performed using an aerosol spectrometer.
The size, morphology, and elemental composition of the synthesized nanoparticles were
studied using transmission and scanning electron microscopes and an X-ray photoelectron
spectrometer. The prepared Pt nano-ink was tested and applied to form the conductive
lines using an aerosol jet printer. The profile and resistivity of the formed lines were
determined using an optical profilometer, a current source and a multimeter, respectively.

2. Materials and Methods
2.1. Synthesis of PtNPs by Spark Discharge

In this work, we investigated the preparation of nano-ink based on PtNPs synthesized
by a spark discharge generator (SDG) in the atmosphere of three gases—Ar, N2 and air.
Figure 1a,b show a scheme of the preparation of nano-ink and the photograph of an SDG.

The SDG consisted of a T-shaped discharge chamber with a volume of 400 cm3 and two
holders for electrodes. The carrier gas entered the discharge chamber through the coaxial
channel of one of the electrode holders (Figure 1a,b). This gas supply configuration ensured
efficient removal of nanoparticles from the discharge zone. The second electrode holder
was equipped with a micrometer screw to control the gap distance between the electrodes
with a linear step of 0.05 mm. Hollow electrodes in the form of cylinders with a mass
content of platinum of about 99.97% were used as a starting material for the preparation of
nanoparticles. The length and outer and inner diameters of the electrodes were 20, 5.5, and
3.7 mm, respectively. The discharge chamber, tubes, and electrodes holders were made of
heat-resistant glass, stainless steel, and brass to ensure the gas path’s high chemical purity.
The carrier gas was supplied to the discharge chamber at a pressure of 2 bars and a flow
rate of 3.5 L/min, which was set using a flow meter (PFM2-SP, SMC Inc., Tokyo, Japan). Ar
and N2 gases were used with a purity of 99.9999%, and the air was pre-purified using a
HEPA filter.
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Figure 1. (a) Scheme of gas-phase synthesis of nanoparticles for the preparation of platinum nano-
ink, (b) photograph and (c) equivalent electrical circuit of the spark discharge generator (SDG). 
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inductance high-voltage pulse capacitors (KVI-3, ZVEK Progress, Ltd., Ukhta, Russia) 
connected in parallel. The total capacitance was C = 107 nF. The electrical circuit had some 
parasitic inductance and resistance, which were L = 1.13 μH and Rcircuit = 110 mΩ, 
respectively. The discharge voltage U0 and the repetition rate of discharge f were kept 
constant by maintaining a constant breakdown gap between the electrodes dgap and the 
capacitor charging current and were ~2.3 kV and 250 Hz, respectively. The breakdown 
gaps dgap between the electrodes were 3.0 mm for Ar, and 0.7 mm for N2 and air, 
respectively. The spark discharge voltage U(t) was measured with a capacitive-resistive 
voltage divider connected in parallel with the capacitor, see Figure 1c. The signal from the 
voltage divider was given to an oscilloscope (DPO 4102B-L, Tektronix, Inc., Beaverton, 

Figure 1. (a) Scheme of gas-phase synthesis of nanoparticles for the preparation of platinum nano-ink, (b) photograph and
(c) equivalent electrical circuit of the spark discharge generator (SDG).

Figure 1c shows an equivalent electrical circuit of the SDG. A spark discharge was
initiated by applying a discharge voltage U0 to the electrodes through capacitor C, which
was charged from a high voltage source. The capacitor was composed of 4700 pF low-
inductance high-voltage pulse capacitors (KVI-3, ZVEK Progress, Ltd., Ukhta, Russia)
connected in parallel. The total capacitance was C = 107 nF. The electrical circuit had
some parasitic inductance and resistance, which were L = 1.13 µH and Rcircuit = 110 mΩ,
respectively. The discharge voltage U0 and the repetition rate of discharge f were kept
constant by maintaining a constant breakdown gap between the electrodes dgap and the
capacitor charging current and were ~2.3 kV and 250 Hz, respectively. The breakdown gaps
dgap between the electrodes were 3.0 mm for Ar, and 0.7 mm for N2 and air, respectively.
The spark discharge voltage U(t) was measured with a capacitive-resistive voltage divider
connected in parallel with the capacitor, see Figure 1c. The signal from the voltage divider
was given to an oscilloscope (DPO 4102B-L, Tektronix, Inc., Beaverton, OR, USA). The
energy stored in the capacitor E was determined according to the following Equation (1):

E =
C·U0

2

2
, (1)

where C—capacitance; U0—capacitor (discharge) voltage.
In experiments on the synthesis of Pt nanoparticles, the energy stored in the capacitor

was ~283 mJ. The collection of synthesized nanoparticles for the preparation of nano-
ink was carried out on an AFA-RMV-20 filter with a particle capture efficiency of more
than 99.995%.
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2.2. Preparation and Testing of Nano-Ink

In experiments on the preparation of platinum nano-ink, ethylene glycol (EG) with
polyvinylpyrrolidone (PVP) was used as a medium for dispersing nanoparticles. The chem-
ical reagents were of analytical purity without additional purification. Ultrasonic treatment
with a specific power of about 3 W/cm3 for 90 min was used to deagglomerate particles in
nano-ink. Moreover, the coarse fraction of particles was additionally removed from the
nano-ink using sedimentation in the gravitational field within 24 h. The required values
of surface tension and viscosity of nano-ink were achieved by changing the concentration
of nanoparticles and binder. The prepared Pt nano-ink was tested using a commercial
aerosol jet printer (AJ 15XE, Neotech AMT GmbH, Nuremberg, Germany) to form narrow
(30 µm) and highly conductive lines on a ceramic alumina substrate. In these experiments,
platinum nano-ink was sprayed with a pneumatic atomizer and deposited onto a moving
substrate through a coaxial micro-nozzle with a diameter of 150 µm. The speed of substrate
was 100 mm/min. The width of the printed line w was set by the aerosol (25 sccm) and
sheath (20 sccm) flow rates through the coaxial micro-nozzle. The spreading of nano-ink
was controlled by the substrate heating temperature Ts in the range from 25 to 150 ◦C.
Then, printed lines were sintered in air atmosphere in the muffle furnace at the temperature
range from 450 to 900 ◦C. The total sintering time was 120 min.

2.3. Characterization of Nanoparticles, Nano-Ink and Printed Lines

The morphology, size, and crystal structure of the synthesized nanoparticles were
investigated by transmission electron microscope (TEM) (JEM-2100, JEOL Ltd., Tokyo,
Japan). The elemental composition of nanoparticles was determined using energy disper-
sive X-ray spectroscopy (EDX) in a scanning electron microscope (SEM) (JSM-7001F, JEOL).
The particle size distribution at the outlet from the SDG was measured with an aerosol
spectrometer (SMPS 3936, TSI Inc., Shoreview, MN, USA) in real-time. X-ray photoelectron
spectroscopy (XPS) was used to determine the chemical composition and oxidation state of
nanoparticles by photoelectron spectrometer (Theta Probe, Thermo Scientific Inc., Waltham,
MA USA). The mass production rate of the synthesis of nanoparticles m in various gases
was estimated by the gravimetric method using an analytical balance (Secura 225D-1ORU,
Sartorius Inc., Goettingen, Germany). The surface tension and viscosity of the nano-ink
were analyzed by an optical tensiometer (DSA25S, Krüss GmbH, Hamburg, Germany) and
a viscometer (SV-10, A&D Company, Limited, Tokyo, Japan), respectively. The resistivity
of the sintered lines ρ was calculated using the following Equation (2):

ρ =
R·S

L
, (2)

where R—electrical resistance; S—cross-sectional area; L—length.
The electrical resistance of the line R was measured using a 4-point method using a

multimeter (U1253B, Agilent Technologies Inc., Santa Clara, CA, USA) and a precision
current source (SourceMeter 2401, Tektronix Inc., Beaverton, OR, USA). The cross-sectional
area S and the length L of the line were measured using an optical 3D profilometer (S neox,
Sensofar, Terrassa, Spain).

3. Results and Discussion
3.1. Results of Characterization of Synthesized Nanoparticles

It is known that during the synthesis of nanoparticles by spark discharge, the pa-
rameters of the gas environment can affect the kinetics of the nucleation and growth of
nanoparticles, which leads to the formation of nanoparticles with different morphology,
size, and crystal structure [39,41]. Figures 2 and 3 show TEM and SEM images of PtNPs
synthesized by spark discharge under Ar, N2 and air. From the analysis of the image data,
it was determined that, regardless of the carrier gas, the synthesized particles were primary
nanoparticles with a round shape (~10 nm in diameter), grouped in aggregates with an
average size of ~200 nm. The sizes of primary nanoparticles and aggregates were measured
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by TEM and aerosol spectrometer, respectively. The obtained platinum particles in the
form of aggregates are typical for the synthesis of nanoparticles by spark discharge [52].
Additionally, it was determined that regardless of the carrier gas, the synthesized material
also contains large individual spherical particles (up to 10–20 wt.%) with a diameter of
40 to 800 nm. These particles are observed in images from the transmission and scanning
electron microscopes, see Figures 2 and 3. Probably, large particles were formed as a result
of splashing the molten material of the electrodes [52,53]. Figure 4 shows particle size distri-
bution histograms for primary platinum nanoparticles, measured with a TEM. According
to the results of TEM analysis, it was determined that the average sizes of primary PtNPs µ
synthesized under Ar, N2, and air were 5.5 ± 1.8, 7.1 ± 2.4, and 18.2 ± 9.0 nm, respectively.
At the same time, aggregates of primary PtNPs had an average size Dp equal to 199–279
nm, according to measurements of an aerosol spectrometer, see Figure 5. Figures 4 and 5
show that the particle size distributions of primary and aggregates of primary PtNPs are
well approximated by a log-normal function. From the analysis of electron diffraction
patterns, it was found that the synthesized PtNPs contain a crystalline phase, regardless
of the carrier gas. Thus, circular reflections corresponding to interplanar distances of 2.25,
1.94, 1.36 and 1.17 Å are present in the electron diffraction patterns, see Figure 2b,d,f).
These reflections coincide with the interplanar distances of Pt with a cubic lattice of the
space group Fm3m from the planes (111), (200), (220), and (311), respectively.
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Despite the existing similarities in the parameters of PtNPs synthesized in various
gases, key differences in their physical and chemical characteristics have also been identi-
fied. For example, in Figure 2 it can be seen that “air” nanoparticles have more complex
rounded and rhombic shapes with a core-shell structure. At the same time, the aver-
age size of primary nanoparticles synthesized under air is 3 times larger than the size
of nanoparticles produced under Ar and N2, see Figure 2. The elemental composition
of synthesized PtNPs also differs according to the results of EDX, see Figure 3. So, the
oxygen concentration in the samples of PtNPs synthesized in an air atmosphere (4.7 wt.%)
is higher than in the nanoparticles synthesized under Ar (1.6 wt.%) and N2 (1.5 wt.%).
Additionally, it was determined from the results of XPS that the samples synthesized in an
air atmosphere contain platinum oxide PtO, see Figure 6. This is indicated by the presence
of two characteristic peaks with binding energies equal to 72.4 eV and 75.7 eV [54,55].
At the same time, the samples synthesized under Ar and N2 are metallic platinum with
zero-valence state and binding energies equal to 71.2 eV and 74.3 eV [56]. An EDX-TEM
scan shows a uniform increase in the concentration of oxygen and platinum when moving
from the edge to the center of the nanoparticle, see Figure 7. This result indirectly confirms
the presence of an amorphous oxide layer on PtNPs synthesized in an air atmosphere.

3.2. Results of Measurements of Mass Production Rate and Spark Energy Calculations

According to the results of gravimetric measurements, it was established that the mass
production rates of the synthesis of nanoparticles m under Ar, N2 and air were 53 ± 6,
366 ± 59, and 490 ± 36 mg/h, respectively. This difference in m values can be related to
the energy dissipated in the spark gap Espark. Indeed, the mass production rate depends
on the amount of evaporated material from the electrodes, and this, in turn, is related to
the energy dissipated in the spark gap. Under the assumption that the spark discharge
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is considered as a plasma with a constant resistance Rspark [57] to determine Espark, the
following Equation (3) can be used:

Espark =
CU2

0
2

(
Rspark

Rspark + Rcircuit

)
, (3)

where C—capacitance; U0—capacitor (discharge) voltage; Rspark and Rcircuit—plasma resis-
tance of the spark gap and resistance of electrical connections, respectively.
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Since in this approximation during the discharge Rspark is constant, the electric current
in the spark gap and the circuit is the same. Consequently, the energy in the spark gap

amounts to a certain fraction
Rspark

Rspark+Rcircuit
from total energy CU2

0
2 , stored in the capacitor.

Measuring Rspark is complicated, therefore, it is more practical to determine it by finding
the damping coefficient δ from the approximation of the voltage oscillogram U(t) [58].
Figure 8 shows U(t) measured during a spark discharge between platinum electrodes
under Ar, N2 and air.
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Assuming that the electrical scheme is an RLC circuit, Rspark was calculated according
to the following Equation (4):

Rspark = 2δL − Rcircuit, (4)

where δ—damping coefficient; L—inductance of electrical connections.
The main parameters of the circuit: resistance Rcircuit, inductance of electrical connec-

tions L, and capacitance C were 110 mΩ, 1.13 µH, and 107 nF, respectively. The following
equation was used as an approximating function for oscillograms (5):

U(t) = U0 cos
(

2πt
T

)
exp(−δt), (5)
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where t and T are the time and period of voltage oscillations, respectively.
From the presented oscillograms it can be seen that the discharge in the air atmosphere

has the longest duration of oscillations (τ = 23.5 µs), see Figure 8. Long-term oscillations
are the result of low values of Rspark, and, as a consequence, are characterized by low

values of energy fraction, dissipated in the spark gap
Rspark

Rspark+Rcircuit
. The values of the total

energy stored in the capacitor CU2
0

2 in accordance with the measured discharge voltages
U0 under argon (2273 V), nitrogen (2330 V), and air (2311 V) were 276, 290, and 286 mJ,
respectively. Thus, the calculated Espark values under Ar, N2 and air were 169, 163, and
147 mJ, respectively. In turn, low values of Espark should be characterized by low values
of m. However, according to the results of gravimetric measurements of m, an inverse
relationship was obtained, see Table 1.

Table 1. Mass production rate, time and energy parameters of the spark discharge depending on the
carrier gas.

Carrier
Gas

Mass
Production

Rate m
[mg/h]

Damping
Coefficient δ

[(µs)−1]

Plasma
Resistance

Rspark [mΩ]

Energy
Dissipated in
the Spark Gap

Espark [mJ]

Energy
Stored in the

Capacitor
CU2

0
2 [mJ]

Argon 53 ± 6 0.125 173 169 276

Nitrogen 366 ± 59 0.111 141 163 290

Air 490 ± 36 0.100 116 147 286

Thus, it can be assumed that the energy dissipated in the spark gap is not the main
parameter that determines the mass production rate. Recently [52,59,60] it was reported
that the mass production rate can be influenced by various gas parameters, such as heat
capacity, thermal conductivity, and others. At the same time, similar to the presented
results, other researchers also observed a higher mass production rate under air and
N2 [53,61].

3.3. Results on Preparation and Printing with Nano-Ink

It is obvious that the found differences in the physical and chemical characteristics
of nanoparticles can affect the possibility and technique of preparing nano-ink for aerosol
jet printing (AJP). In this paper, nano-ink was prepared on the basis of synthesized PtNPs
using identical solvent and a binder of ethylene glycol (EG) and polyvinylpyrrolidone
(PVP), respectively. Platinum nanoparticles synthesized by spark discharge under Ar, N2
and air were used as a starting material for the preparation of nano-ink. It was found
experimentally that stable Pt nano-ink was obtained only on the basis of nanoparticles
synthesized under air atmosphere. Figure 9 shows a photo of suspensions (nano-inks) with
various Pt nanoparticles dispersed in EG with PVP.

Figure 9 shows that metallic PtNPs synthesized under Ar and N2 turned out to be
aggregatively and sedimentary unstable. These nanoparticles aggregated and precipitated
as a result of their dispersion in EG solvent. On the other hand, oxidized nanoparticles
synthesized in the air were efficiently dispersed in EG solvent and, as a consequence,
formed stable platinum nano-ink [62,63], see Figure 9. This difference in the stabilization
of nanoparticles is probably due to the fact that platinum metal nanoparticles have a lower
affinity for the polar solvent used in comparison with oxidized nanoparticles. [64,65]. For
this reason, other solvents and stabilization approaches must be used to disperse platinum
metal nanoparticles synthesized under Ar and N2 [66].
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In view of this, further experiments to optimize the composition of nano-ink for AJP
were carried out only using oxidized PtNPs synthesized in an air atmosphere. Based on the
results of optimization studies using nanoparticles synthesized under air, it was determined
that the concentrations of nanoparticles and binder in nano-ink for the implementation of
the AJP process should be 25 wt.% and 4 wt.%, respectively. In this case, the surface tension
and viscosity of the optimized nano-ink were 43.9 mN/m and 11.4 cP, respectively. The
optimized composition and parameters of Pt nano-ink based on nanoparticles synthesized
by spark discharge under air are presented in Table 2.

Table 2. Platinum nano-ink parameters optimized for aerosol jet printing (AJP) process.

Composition

Ethylene glycol (EG), wt.% 71

Polyvinylpyrrolidone (PVP), wt.% 4

Pt nanoparticles, wt.% 25

Parameters

Surface tension, mN/m 43.9

Viscosity, cP 11.4

Experiments on the formation of narrow (about 30 µm) and conductive Pt lines
were performed in order to optimize the parameters of nano-ink for AJP process [67,68].
Such lines are in demand as high-temperature and corrosion-resistant elements of various
printed sensors [47,48,69]. The formation of Pt lines was carried out using the technology
of AJP on a heat-resistant alumina substrate. The spreading and evaporation of nano-ink
were controlled by heating the substrate temperature Ts in the range from 25 to 150 ◦C [70].
At the same time, the electrical resistance of the lines R was changed by controlling the
number of printing layers in the range of 4–10 layers. In addition, in order to remove the
solvent and form electrical contacts between the particles, they were thermally sintered in a
muffle furnace. Sintering was carried out in an air at the temperatures range Tsint from 450
to 900 ◦C for 120 min. Figure 10 shows the 2D profiles and optical images of Pt lines formed
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by AJP onto a heated substrate at Ts from 25 ◦C to 150 ◦C. Figure 10 shows that the printed
line width w decreases significantly from 73 to 22 µm with an increase in the heating of Ts
from 25 to 150 ◦C, respectively. It is also seen that the aspect ratio AR (thickness/width) of
the lines increases 16.5 times with an increase in the substrate temperature. This decrease in
w and an increase in the aspect ratio is probably associated with an increase in the contact
angle θ as a result of a change in the composition of the nano-ink due to the evaporation of
the solvent during the deposition of the nano-ink on a heated substrate. Recently [71,72] it
was found that the contact angle can vary over a wide range from 30◦ to >90◦ depending
on Ts and thus largely determine the geometry of the lines being formed. Thus, from the
analysis of the optical images of the lines, it was found that the optimal values of Ts during
the printing process should be about 50–100 ◦C. In this temperature range, printed lines
are formed with high AR values and without significant defects and breaks.
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Figure 11 shows the dependence of the resistivity of platinum lines on the sintering
temperature Tsint. The minimum value of ρ on an alumina substrate was (1.2 ± 0.1)·10−7 Ω·m
after sintering at 750 ◦C. The achieved value of ρ is about 1.1 times higher than the resistivity
of bulk platinum 1.06·10−7 Ω·m. In comparison with other studies [73–76], the developed
platinum nano-ink shows lower values of resistivity after thermal sintering, see Table 3.
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Table 3. Comparison of parameters of platinum nano-ink.

Reference Particle Size,
nm

Concentration,
wt.%

Substrate
Material

Sintering
Temperature

Tsint, ◦C

Resistivity ρ,
10−7 Ω·m

Vasiliev et al.,
2018 [73] 3–8 10–20 Alumina 800 30

Pandhi et al.,
2020 [74] 5–8 20 Kapton 425 13

Kassem et al.,
2019 [75] 6 5 Polyimide 350 3.5

Kirbus et al.,
2018 [76] 3 10 Silica 300 3.0

This work 18 25 Alumina 750 1.2

This is probably achieved due to the low residual porosity and high chemical purity
of the sintered material at Tsint > 600 ◦C. Indeed, the inset to Figure 11 shows that the
Pt lines sintered at 750–900 ◦C have a high degree of sintering and low residual porosity.
Additionally, it can be seen from comparative Table 3 that the developed nano-ink has a
high concentration of particles (25 wt.%) in comparison with other studies [73–76], see
Table 3. The use of concentrated nano-ink is an additional advantage since it allows
reducing the time for printing lines with a given resistance. Thus, the low resistivity and
high concentration of Pt nano-ink confirm the reasonableness of the developed method
for preparing nano-ink using the synthesis of nanoparticles by spark discharge. Prepared
platinum nano-ink can be promising for printing current-carrying contacts, elements of
gas, temperature and biological sensors. In order to demonstrate the possibility of using
nano-ink in addition to single lines, we formed curved Pt-microheaters, see Figure 12.



Nanomaterials 2021, 11, 234 14 of 18

Nanomaterials 2021, 11, x FOR PEER REVIEW 14 of 18 
 

 

Table 3. Comparison of parameters of platinum nano-ink. 

Reference Particle 
Size, nm 

Concentration, 
wt.% 

Substrate 
Material 

Sintering 
Temperature 
Tsint, °C  

Resistivity 
ρ, 

10−7 Ω·m 
Vasiliev et al., 

2018 [73] 
3–8 10–20 Alumina 800 30 

Pandhi et al., 
2020 [74] 

5–8 20 Kapton 425 13 

Kassem et al., 
2019 [75] 6 5 Polyimide 350 3.5 

Kirbus et al., 
2018 [76] 3 10 Silica 300 3.0 

This work 18 25 Alumina 750 1.2 

This is probably achieved due to the low residual porosity and high chemical purity 
of the sintered material at Tsint > 600 °C. Indeed, the inset to Figure 11 shows that the Pt 
lines sintered at 750–900 °C have a high degree of sintering and low residual porosity. 
Additionally, it can be seen from comparative Table 3 that the developed nano-ink has a 
high concentration of particles (25 wt.%) in comparison with other studies [73–76], see 
Table 3. The use of concentrated nano-ink is an additional advantage since it allows 
reducing the time for printing lines with a given resistance. Thus, the low resistivity and 
high concentration of Pt nano-ink confirm the reasonableness of the developed method 
for preparing nano-ink using the synthesis of nanoparticles by spark discharge. Prepared 
platinum nano-ink can be promising for printing current-carrying contacts, elements of 
gas, temperature and biological sensors. In order to demonstrate the possibility of using 
nano-ink in addition to single lines, we formed curved Pt-microheaters, see Figure 12. 

 
Figure 12. (a) Photo and (b) thermogram of curved Pt-microheater printed on a 20 μm thick low-
temperature co-fired ceramic (LTCC) membrane. 

Figure 12a shows a photo of curved Pt-microheater printed on a 20-μm-thick low-
temperature co-fired ceramic (LTTC) membrane and sintered at 750 °C in a muffle 
furnace. The stencil of Pt-microheater was developed and presented in previous work 
[77]. This microheater had a curved shape and a heating line width of about 30 μm in the 
narrow part. The electrodes pads were applied to the wide lateral parts of the microheater 
to fed by power supply SourceMeter 2401 (Tektronix, Inc., Beaverton, OR, USA). Figure 
12b shows a thermogram of an operating microheater, measured by Thermograph IRTIS-
2000 (IRTIS, Ltd., Moscow, Russia). The heating area of the microheater has a maximum 
temperature of 225 °C at a power consumption of 50 mW (2.1 V). However, the operating 
temperature of the microheater can be easily increased up to 400–500 °C by increasing the 
power consumption, which is required for its use in resistive sensors [75,78]. Similar 
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ceramic (LTCC) membrane.

Figure 12a shows a photo of curved Pt-microheater printed on a 20-µm-thick low-
temperature co-fired ceramic (LTTC) membrane and sintered at 750 ◦C in a muffle furnace.
The stencil of Pt-microheater was developed and presented in previous work [77]. This
microheater had a curved shape and a heating line width of about 30 µm in the narrow
part. The electrodes pads were applied to the wide lateral parts of the microheater to
fed by power supply SourceMeter 2401 (Tektronix, Inc., Beaverton, OR, USA). Figure 12b
shows a thermogram of an operating microheater, measured by Thermograph IRTIS-
2000 (IRTIS, Ltd., Moscow, Russia). The heating area of the microheater has a maximum
temperature of 225 ◦C at a power consumption of 50 mW (2.1 V). However, the operating
temperature of the microheater can be easily increased up to 400–500 ◦C by increasing
the power consumption, which is required for its use in resistive sensors [75,78]. Similar
microstructures can be used as low-cost printed sensors (temperature, gas and others) for
various electronic and non-electronic devices with a facile manufacturing process.

4. Conclusions

The synthesis of PtNPs by spark discharge can be used to prepare highly conductive
nano-ink for printed electronics. Synthesis of nanoparticles by spark discharge is a cost-
effective, environmentally friendly and scalable method that does not require chemically
hazardous precursors. Depending on the type of carrier gas (Ar, N2 and air) and the spark
discharge parameters, the mass production rate of PtNPs can be equal to 53–490 mg/h.
However, the mass production rate depends more on the type of carrier gas rather than
on the energy dissipated in the spark gap. The synthesized materials, regardless of the
carrier gas, are near-spherical primary nanoparticles (10 nm in diameter) grouped into
submicron aggregates. Furthermore, crystal metallic Pt nanoparticles can be generally
synthesized under Ar and N2, whereas amorphous PtO nanoparticles can be formed under
air atmosphere. Sedimentation and aggregation stability of platinum oxide nanoparticles
in ethylene glycol has been observed. Thus, PtNPs synthesized under air are suitable for
preparing platinum nano-ink. The prepared Pt nano-ink is tested to form narrow (up to
30 µm) and highly conductive platinum lines using aerosol jet printing. The resistivity of
the sintered Pt lines is (1.2 ± 0.1)·10−7 Ω·m, which is about 1.1 times higher than that of bulk
Pt. Thus, the prepared platinum nano-ink can be promising for printing corrosion-resistant
current-carrying contacts, elements of gas, temperature and biological sensors.
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