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1. Introduction

One-pot synthesis of a stable and cost-effective
silver particle-free ink for inkjet-printed flexible
electronics¥

b

Wendong Yang, (2 *® Florian Mathies, (2¢ Eva L. Unger, (2 ° Felix Hermerschmidt

and Emil J. W. List-Kratochvil ()@

Silver particle-free inks display immense superiority and potential over silver nanoparticle-based inks in
the aspect of synthesis, flexibility and low-temperature processing, which has attracted considerable
research interest as an alternative for fabricating conductive structures in recent years. Although recent
research on silver particle-free inks has led to beneficial results, there are still some drawbacks: some of
the inks are chemically unstable and hence are not suitable for industrial inkjet printing process,
although they have good conductivity; while others are cheap in terms of raw material costs but are
complicated to make due to the complex synthetic route or using hazardous procedures, or are not
compatible with inkjet printing. Therefore, it will be advantageous to develop a stable, cheap and inkjet-
printable silver-particle free ink using a simple synthetic procedure. Alcohols are favorable solvents for
silver particle-free inks that can provide the ink with essential fluid properties for inkjet printing.
However, they have some negative effects on the ink performance due to their physicochemical
properties, which should be avoided. In this work, a simple do-it-yourself silver particle-free ink is
presented, which shows high chemical stability, low cost and good printability. The ink is formulated via
a simple silver oxalate precursor route in alcohols. The fluid property, thermal property, stability and
electrical performance of the inks based on different alcohols were investigated and optimized to obtain
the final ink for printing on glass and flexible polyimide substrates. The printed Ag features yielded a
resistivity of 15.46 pQ cm at a sintering temperature of 180 °C, which is equivalent to 10 times resistivity
of bulk silver. Based on a comprehensive assessment, we can offer a low-cost, easy-to-make, reliable
and highly competitive ink for flexible printed electronics.

higher performance alternatives in a simpler, faster, more cost-
effective and eco-friendly way.

Printed flexible electronics is one of the fastest-growing technologies
in the world, which is of great significance to industries as diverse as
healthcare, electronics, consumer goods and mobility. This
technology is a direct additive deposition process to print the
ink material onto various flexible substrates, which greatly
simplifies the fabrication process of electronic devices. Besides,
it offers a number of attractive new virtues to electronic products
such as being wearable, flexible, bendable, more lightweight and
even transparent.’ It is improving existing electronics by creating
products with new features or replacing existing components with
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Conductive inks play a central role for printed flexible
electronics since they find application in a wide range of
newly-emerged electronic and energy devices.>* Currently, a
number of inks based on silver,”™ copper,'®*° graphene,"” '
carbon**** and conductive polymers,**® have been explored
for printed flexible electronics. Among them, silver-based inks
have been the favored metal inks because they are more cost-
effective than Au-based metal inks, more stable than Cu-based
on inks and have better conductivity than polymer or carbon-
based inks. Different kinds of silver inks such as silver nanoparticle
inks,>’° silver nanowire inks*'™® and silver particle-free
inks®’ ™ have already been devoloped for inkjet printing of
conductive structures. Silver particle-free ink, composed of
silver precursor, complexing agent/ligand and volatile solvents,
displays immense superiority and potential in the aspect of
flexibility and low-temperature processing over silver nano
inks.** This type of ink exists in a solution form so that problems
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such as nozzle clogging occurred in the printing process are
avoided. In this regard, features with fine resolutions can be
printed.*> After post-treatment, desired conductivity can be
achieved on a wide range of flexible substrates.

Up to now, although much research on silver particle-free
inks has been performed, there are still some drawbacks: (1) in
some cases, the obtained ink is less stable and decomposes to
silver particles over time such as silver carbonate ink*’ and
silver oxide ink.** This is mostly due to the utilization of volatile
solvents and ligands with weak reducibility. In other cases, the
obtained ink has a lower sintering temperature in the range of
70-90 °C.>*** These inks may not be suitable for a long-term
inkjet printing process because it may lead to the formation of
silver particles in the nozzle and clog it due to the quick
decomposition of the ink.*® Also, due to the fast evaporation
of the components in ink, the quality of silver films is usually
decreased; (2) some of the synthetic methods of these inks are
not economically feasible and not easy to make because of cost
and safety concerns. For instance, the silver precursors for
B-diketonate silver particle-free ink"” and silver(r) 2-{2-(2-methoxy-
ethoxy)ethoxylacetate ink®” are required a complex and time-
consuming process to synthesize, and the precursor for silver
hexafluoroacetylacetonate cyclooctadiene ink are expensive and
need to be formulated in glove box due to the usage of toxic
toluene.”® For silver acetate-based particle-free inks, formic acid
and ethylamine are usually adopted.*®*® Both chemicals are not
safe, especially the latter which has higher toxicity. Besides, a
12-aging time is required for such inks to avoid any particle
formation when using the ink. Although some of the developed
silver particle-free inks are cheap in terms of material cost, they
are not easy to print due to the stability issue and unmatched
fluid parameters required by a specific printer. (3) The influ-
ences of changes in fluid parameters on the printability of the
formulated ink and the performance of the resultant film are
rarely examined. Therefore, we see a certain need to develop a
stable, low-cost and printable silver-particle free ink using non-
toxic solvents and simple synthetic procedure.

Solvents make up the majority of the silver particle-free ink.
They have two functions; one is to increase the solubility of the
silver precursor and the other is to provide the ink with essential
fluid properties for printing. Selection of appropriate solvents,
therefore, is important to the ink formulation. Alcohols with low
boiling point and low molecular weight are by far the most popular
choice since they have lower toxicity and less organic residues
after post-treatment. Besides, some alcohols are reductive,
which is conducive to the film formation.*® However, alcohols
also have negative effects when using as the ink solvents.

Two phenomena often occur during the sintering/annealing/
drying of alcohol-based inks, the solvent shrinkage effect
(Marangoni effect)’® and the coffee ring effect.”’>* The former
will result in a film with a structure that has a thin edge and
thick center, while the latter will produce a film that has a thick
edge, thin center, or even no particulate at the center. Both
phenomena seriously affect the electrical and mechanical per-
formance of the sintered films or patterns, limiting the wide
device applications of the inks. However, the two effects coexist
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and which one dominates depends on the physical properties of
the solvent. Some solvents are dominated by the shrinkage
effect such as water.>* Some are dominated by coffee ring effect
such as ethanol, and for some solvents, the two phenomena are
not obvious.

On the other hand, in order to achieve good printing on
specific substrates, the ink should have certain fluid properties.
These properties are also determined by the type of solvents
selected. However, some alcohols, such as methanol, ethanol and
isopropanol, have very low viscosity and contact angle, which spread
rapidly on the glass and polymer substrates. Therefore, control of
spreading is an issue to be solved. Besides, the volatility of these
alcohols can cause printing issues such as causing the crystal
precipitation in ink and clog the printhead.>® Moreover, these
alcohols are prone to resulting in a non-uniform surface structure
on the substrate after post-treatment, which should also be avoided.
Therefore, it is necessary to study the solvent effects of the silver
particle-free inks before formulating an ink that can be printed.

Currently, most research towards silver particle-free inks
mainly concentrated on the enhancement of conductivity and
adhesion of the resultant metal silver films, the decomposition
mechanism of the metal-ligand complex and the effects of the
ligand’s type on the ink properties and the morphology of the
associated films. As for solvent effects on silver particle-free
ink, to our knowledge, no research reports.

In this work, a stable, transparent and printable silver particle-
free ink was developed using a facile alcohol-based synthesis route.
The fluid property, thermal property, stability and electrical per-
formance of the inks based on different alcohols were investigated
and characterized, where mixed alcohols with a proper ratio were
chosen to obtain the final ink for printing. Conductive silver
patterns with a flat surface and compact structure as well as high
resolutions were printed on both flexible polymer and glass
substrates successfully using industrial scale printerheads.
Additionally, we assessed the cost and performance of our ink.

2. Experimental section
2.1 Preparation of silver ink and film

Silver nitrate (AgNO3), oxalic acid (H,C,0,), sodium hydroxide
(NaOH), 1,2-diaminopropane (C3H;,N,, 1,2-DAP), ethanol (C,H¢O,
EA), 2-methoxyethanol (C3HgO,, 2-MEA), butanol (C,H;,0, BA) and
hexanol (CeH,4,0, HA) were purchased from Sigma-Aldrich.
Methanol (CH,0, MA), 2-propanol (C;HgO, IPA) and ethylene
glycol (C,0,Hg, EG) were purchased from Honeywell and Roth
respectively. All chemicals were used without further purification.
Polyimide films (PI, 127 um thick, obtained from DuPont) and
glass were used as substrates. Before application, 15 mm x
15 mm of PI films and 25 mm x 25 mm of glass sheets were
cleaned using deionized water and ethanol respectively and
then dried.

The silver particle-free inks used in this study were prepared
in alcohols using silver oxalate and 1,2-diaminopropane. The
silver oxalate was prepared using the method described in our
previous work.” For ink preparation, 0.152 g of silver oxalate

This journal is © The Royal Society of Chemistry 2020
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powder was first dispersed in 0.75 ml of alcohol and stirred for
5 minutes. Then, 0.172 ml of 1,2-diaminopropane amines was
added. The mixture was stirred for 60 minutes to form the ink. To
make a reasonable comparison, the weight of silver oxalate
(0.152 g) was the same in each ink and the Ag/amine molar ratios
were kept at a constant value of 1:2. The silver content in the ink
was about 10 wt%. Here, we tried to load more silver in the ink but
it has a solubility issue. This is because the silver oxalate is
sparingly soluble in alcohol and needs amine to increase its
solubility by forming a soluble silver-amine complex. If we want
to increase the silver content in the ink, we also need to use more
amines and solvents to ensure the solubility and printability.

The silver films or silver patterns on glass and PI substrates
were obtained separately by spin coating (1000 rpm, 30 s) and
drop-casting with a subsequent sintering process at selected
temperatures for up to 60 minutes. Printing of the ink was
conducted using a PixDro LP50 inkjet printer (SUSS MicroTec)
equipped with industrial-scale Fujifilm Dimatix Spectra SE128
piezoelectric printheads. The drops were generated by a single
bias pulse with a voltage of 100 V and a pulse width of 10 ps.
The jetting frequency was set to 1 kHz. Different resolutions in
the range of 300 dpi to 1050 dpi were adopted to print the
square films. The patterns and lines with different widths were
printed in 750 dpi. Before printing, the ink was filtered with a
PTFE filter (0.45 um).

2.2 Characterization

The UV/vis absorption spectra were obtained on a Lambda 950
UV-vis spectrophotometer. DI water was used as the solvent. The
surface tension and contact angle of each ink on the PI substrate
were measured using a drop-shape analyzer (Kriiss DSA100,
Germany). The viscosity of inks was measured by using a Haake
rotational viscometer. X-ray diffraction (XRD) analysis was conducted
on a Bruker D8 Advance X-ray diffractometer with a Cu Ko1 radiation
(4=0.15406 nm). The diffraction patterns were collected at 25 °C and
over a range of 20° to 90°. The thermal behaviors of the inks were
investigated with a differential scanning calorimeter (Netzsch DSC
204 F1) and a thermogravimetric analyzer (Netzsch TG 209 F1) at a
heating rate of 10 °C min~" under an argon atmosphere and a
nitrogen atmosphere, respectively. Aluminum pans with pierced lids
were used to load the inks. The gas outlet of the thermogravimetric
analyzer was directly coupled with a mass spectrometer (Netzsch
QMS 403C) to monitor the gaseous products evolved during heating.
The surface morphologies and chemical composition of the
obtained silver films were observed via a scanning electron micro-
scope (HITACHI S-4100) and a surface energy disperse spectrometer
(EDX). The sheet resistivity was measured using a 4 point probe
system (Jandel Engineering). The average thickness of the film was
measured by SEM to calculate its resistivity.

3. Results and discussion
3.1 Ink design, synthesis and characterization

The properties of the silver particle-free ink vary primarily with
the type of silver precursor, the ligand and the solvent used to

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

solubilize them. The key point in formulating an ideal ink,
therefore, lies in the careful selection of these components.

Silver oxalate was chosen as the core of our ink because it
has a high silver content (71 wt%), a simple synthetic process and
easily decomposes to silver without leaving organic residues. 1,2-
Diaminopropane, a bi-dentate aliphatic amine with a boiling point
of 119 °C was used as the ligand for silver oxalate. Five types of
alcohols with small molecular weight were selected as the ink
solvents respectively because they are less toxic and easily
available.

Silver particle-free inks were prepared by simply dissolving
the synthesized white silver oxalate powder into the different
alcohols using 1,2-diaminopropane (1,2-DAP) as the ligand
(Fig. 1a). The silver oxalate was produced through the reaction of
sodium oxalate and silver nitrate directly. As expected, sparingly
soluble silver oxalate powder gradually dissolved in each alcohol
containing 1,2-DAP, mainly via the complexing process
proposed in Fig. 1b, resulting in a transparent ink. Compared
to the synthetic methods of inks based on B-diketonate silver*”
or silver(1) 2-[2-(2-methoxyethoxy)ethoxylacetate®” or silver hexa-
fluoroacetylacetonate cyclooctadiene,*® our one-pot approach is
easy to handle and the process is facile, quick and cost-effective.
In comparison with inks based on silver acetate,*®*’ we don’t
require an overnight aging time of 12 hours to let the produced
particle settle and the utilization of pungent formic acid and
toxic ethylamine are avoided, which is relatively safe. In other
words, a facile synthesis route was developed by simply mixing
the selected chemicals together to make your own silver particle-
free conductive ink.

Here, it should be noted that the dissolution rate of silver
oxalate powder varies with the selected alcohols containing 1,2-
DAP. The powder dissolved within 5 minutes in methanol (MA),
2-methoxyethanol (2-ME) and ethylene glycol (EG) inks. How-
ever, in the solvent of ethanol and 2-propanol, the dissolvable
rate was slow and more time was necessary, especially for the
2-propanol. The dissolution behavior of the silver oxalate powder
in butanol and hexanol containing 1,2-DAP was also observed.
Both inks showed slow dissolution rate and precipitation occurs
over time (see Fig. S1 in ESI¥).

To realize the printing on specific substrates, the ink should
have certain fluid properties compatible with the utilized
printhead.>® These properties relate to viscosity, surface tension,
evaporation rate and wettability with the substrate, which are

(a)

Silver oxalate
1,2-DAP
+ Icohol
” 3¢ 5.
Ag. NH, HZN
Ag ~Ag-O
NH2
Fig. 1 (a) A one-pot procedure for the formulation of silver particle-free

ink and (b) proposed chemical reaction involved in the formulation of ink.

J. Mater. Chem. C, 2020, 8,16443-16451 | 16445


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc03864d

Open Access Article. Published on 16 October 2020. Downloaded on 12/5/2025 7:20:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry C

Table 1 Fluid properties of the silver oxalate inks prepared using different alcohol solvents

Methanol (MA) Ethanol (EA)

2-Methoxyethanol Ethylene

Fluid parameters ink ink 2-Propanol (IPA) ink (2-MEA) ink glycol (EG) ink
Surface tension (y, mN m™ ") 24.63 23.07 19.00 33.11 47.88

Density (p, g cm™?) 0.94 0.93 0.83 1.1 1.2

Viscosity (7, mPa s, 20 °C) 0.758 1.191 2.245 1.70 16.62

Contact angle (PI substrate) 15.72° 23.35° 31.09° 24.03° 40.33°

Z value 37.55 23.01 10.46 20.75 3.29

determined by the solvents used. Considering this, the fluid
parameters of the five silver inks were investigated to check the
printability of each ink; the results are listed in Table 1. The surface
tension and contact angle images are given in Fig. S2 in ESL}

As seen, the ink from ethylene glycol has higher surface
tension and viscosity in the five types of inks, with a value of
47.88 mN m ' and 16.62 mPa s, respectively. On the contrary,
the ink from methanol has a lower value, especially in the
viscosity (0.758 mPa s). For printing, an ink with high surface
tension helps to suppress the formation of satellite droplets
and increase the printing velocity, thereby resulting in a good
print quality.’” The typical values for industrial printheads are
in the range of 25-35 mN m ™. As for viscosity, a low value is
easier to print with an inkjet head. However, it should be
compatible with the printhead. For piezoelectric printheads,
the value should be in the range of 8-15 mPa s. From Table 1, it
can be seen that the viscosity values of the five inks are all out
of this range.

In terms of volatility, ethylene glycol has a high boiling point
of 197.6 °C, followed by 2-ME. The remaining three are all
volatile, which might lead to nozzle clogging which is one of the
most common failure modes of drop-on-demand inkjet prin-
ters. In the aspect of wettability, the methanol ink spreads
strongly on the PI substrate and a contact angle of 15.72° is
measured. For printing fine features on hydrophobic substrates
such as glass or polymer films, a large contact angle may be
beneficial to achieve patterns with high resolutions. Especially
ethylene glycol ink has a relatively large contact angle of 40.33°,
which would contribute to the well-defined printed structures
and reliable adhesion on the substrate.

The dimensionless number Z, the inverse of the Ohnesorge
number, is often used to predict whether a liquid can be
printed. It is defined as the ratio between the Reynolds number
and a square root of the Weber number, as shown below,

o NRe _ (“py)l/z

(N2

where y, p and 7 are the surface tension, the density and the
viscosity of the liquid, respectively, and « is the diameter of the
nozzle (in our case 35 pm). According to Jang et al., the liquid
with a Z value in the range from 4 to 14 can be used for inkjet
printing.”® Based on the measured fluid parameters, the Z
values of the five inks were calculated and listed in Table 1.
Only the ink from IPA may be suitable for printing.

Apart from the fluid properties, we also investigated the
stability, thermal property, and electrical performance of the as-
prepared five silver inks, see Section S1 in ESI,{ from Fig. S3-S7

16446 | J. Mater. Chem. C, 2020, 8,16443-1645]

(ESIT). The results show that the solvent type has little effect
on the thermal behaviour of the ink but mainly affects the
morphology and electrical performance of the associated films.
Each ink has its advantages and disadvantages either in the
fluid properties or in the stability and electrical performance.
To get a balance between these properties, we targeted a
mixture of solvents as the ideal choice for an optimal ink,
which can not only provide the essential fluid properties for the
inkjet printing but also can result in highly conductive films
with good quality at low temperature.

3.2 Film structure from inks based on mixed alcohol solvents

In Section 3.1, we investigated the structural and electrical
properties of the films produced from the five silver inks (see
ESI,T Fig. S5 and S6). Together with the stability and the fluid
properties of each ink, we found that the ink from methanol
(MA) has better stability and uniform surface structure as well
as lower resistivity but shows the obvious coffee-ring effect and
non-ideal fluid properties such as fast evaporation rate and
stronger wetting behavior; the ink from ethylene glycol (EG) has
a structure consisting of big silver crystals and good fluid
properties for print quality but the film has a higher resistivity.
After consideration, a mixture of these two solvents was selected
as the ink solvent. Inks with different MA/EG ratios that are
varied from 0:5 to 5:0 were formulated and characterized.

In terms of fluid properties, the inks in 4:1 and 3:2 spread
easily on the glass substrates, showing good wettability and
flowability. The sintered films from these two inks are slightly
yellow, and the film from the ink in 4:1 shows a coffee-ring
effect. For the inks in 1:4 and 2:3, they flow and evaporate
slowly, and cannot cover the whole glass after sintering at
150 °C, and the resultant films are dark yellow. With a mixed
solvent in a proper MA/EG ratio, the fluid properties required
by a printer and the film morphology could be guaranteed.

XRD, SEM and four-probe analyses were employed to investigate
the physical phase, morphology and resistivity of the resultant films
to determine the optimal mixing ratio; the results are given in Fig. 2.
Clearly, the X-ray diffraction patterns of all the films exhibit a
crystalline silver structure (JCPDS card no. 04-0783, Fig. 2a), indicat-
ing that the silver-amine complex in each ink has been transformed
into metallic silver. Small peaks relative to the PI substrates were
also observed, which indicates that the films are thin. As the MA
concentration increases, the intensity of the (111) diffraction peak
reaches its maximum at 3:2, meaning an increased crystallization
of the silver particles in the film.

Fig. 2b shows the corresponding surface morphology of the
silver films on PI substrates (the SEM images on glass substrates

This journal is © The Royal Society of Chemistry 2020
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Fig. 2

(a) XRD patterns and (b) SEM images of silver films on PI substrate sintered at 150 °C for 60 min from silver oxalate inks prepared using a mixture of

MA and EG in different ratios (R and S represent the roughest and smoothest part of the film).

were given in Fig. S8a and b in ESIY). As seen, the film quality is
significantly improved with the increase of the MA concen-
tration, with a surface change from loose to dense. The surface
morphology of the film from inks with MA/EG in 1:4, 2:3 and
1:1 revealed a microstructure that was composed of silver
particles with big and small sizes, where the later was covered
on the top of the former. Meanwhile, these films all have varying
degrees of solvent shrinkage effect in appearance and the ink in
1:4 is most serious. By contrast, the film from the ink in 3:2
and 4:1 presented a microstructure that was composed of
hollow silver nanoparticles in a good connection. The film
produced from the 4:1 ink shows an obvious coffee-ring effect
in appearance with a smooth part and roughness part. These
microstructure differences are associated with the physical
characteristics of the MA and EG.

The resistivity data is given in Fig. 3. As the MA content
increases, the resistivity of the silver film decreases drastically.
This can be easily understood. When the MA/EG is 1:4, the MA
content is small, the viscosity of the ink is large, mass transfer
is hindered during the sintering, and silver ions cannot be
completely reduced and the EG cannot be completely volatile,

This journal is © The Royal Society of Chemistry 2020

thereby making the resistivity relatively high. On the contrary,
when the MA/EG is 4:1, the EG content is relatively small, the
reduction of silver ions is complete and there are fewer organic
residues left in the produced films, thereby resulting in a lower
resistivity. Here, considering that the fast evaporation of MA
will not be beneficial to the printing, we chose 3:2 as the
optimal ratio to formulate the ink for the later printing.

The surface tension, the contact angle and the density of the
optimal ink (MA/EG 3 : 2) were measured to be 31.09 mN m™ ", 27.9°
and 1.02 g cm ?, respectively. The viscosity is about 8-9 mPa s.
These values are within the range of fluid parameters required by a
piezoelectric printer, indicating that the ink can be printed.

3.3 Stability and conductivity of the optimal silver ink

Stability is always an important concern for ink performance.
For silver particle-free ink, there’s a possibility that its components
could react with each other over time, leading to the formation of
silver particles, precipitation and phase separation, which is not
good for long shelf-life and printing. This is especially true when
the inks contain reductive components such as reducible alcohols
or amines or formic acid. In our case, the inks with different

J. Mater. Chem. C, 2020, 8,16443-16451 | 16447
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Fig. 3 Resistivity of silver films obtained at 150 °C for 60 min from silver
oxalate inks prepared using a mixture of MA and EG in different ratios.

MA/EG ratios were found to be visually and chemically stable
over time. After storing in a fridge at 5 °C for 60 days, all of them are
still transparent without color change and particle precipitation
(Fig. 4a), indicating good shelf life.

The electrical performance of the optimal silver ink as a
function of sintering time and the temperature was studied and
the results are given in Fig. 4b. It can be seen that the resistivity
is largely independent of sintering temperature above 180 °C
and the sintering time is more than 30 minutes, with a value
(15.46 nQ cm) equivalent to 10 times of bulk silver (1.59 pQ cm).
Although this value is higher than that of bulk silver, it can
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Fig. 4 (a) Photographs of the inks with different MA/EG ratios stored in a

fridge at 5 °C for 60 days show no color change, (b) the resistivity of the
silver film from the optimal ink as the function of sintering temperature and
time, (c—e) the cross-section images of the films sintered at 150 °C, 180 °C
and 200 °C for 30 minutes.
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meet the electrical requirements of most electronic products.
As for the reason, it might be associated with the low content of
silver in the ink and the sintering parameters as well as the
degree of organic residues from EG. We tried to sinter the ink at
100 °C for 2 to 3 hours. However, due to the inadequate
evaporation and decomposition of EG (bp = 197 °C), a resistivity
close to 15.46 pQ cm cannot be achieved.

The cross-section images show that the thickness of the
film decreases with the increase of the sintering temperature
(Fig. 4c-e), indicating that more solvents have evaporated. After
sintering at a temperature in the range of 180-200 °C for 5 or
30 minutes, the average thickness of the silver film shows a
stable 370-380 nm.

Here, we also performed the printing experiment with an ink
stored at 5 °C for more than 90 days to check its stability. The
printing process is still smooth without any crystal precipitation or
particle formation issues, further confirming the good stability of
the ink. We also investigated the resistivity of the films from the
ink stored at 5 °C for 90 days, which is about 15.72 nQ cm, a slight
change, indicating the stability of the printed film.

3.4 Printability of the optimal silver ink

The printing of the optimal ink was conducted using a PixDro
LP50 inkjet printer, using Spectra S-class printheads. The drop
images of the ink at different times after the ejection from the
printhead are given in Fig. 5a. After 60 ps, the drop is still
connected with the nozzle via a filament. At a time of 80 ps, the
drop detaches from the nozzle, and the filament flows into the
main drop. After 120 ps, a spherical drop is obtained, which is free
from a satellite drop or a filament, meaning good printability.
As expected, squares in 20 mm x 20 mm were printed
smoothly on glass substrates. Based on the results of Section
3.3, we chose 200 °C to sinter the square films printed with
different resolutions in the range of 300 dpi to 1050 dpi. SEM
and four-probe analyses were used to investigate the effect of
resolution on the film morphology, thickness and resistivity,
see Fig. 5b and Fig. S10 (in ESIt). The films printed with 300 dpi
and 450 dpi have a discontinuous morphology, where the
number of silver particles is small and the interconnections
between them are poor. The films printed using a resolution of
600 dpi and 750 dpi show good quality with uniform morphology.
When higher resolution such as 900 or 1050 dpi was used, the
morphology of the film is less uniform. The cross-section images
of the printed square films show that the film thickness increases
with the increase of the printing resolution, and there is a drastic
increase when the resolution is 1050 dpi. The film achieved in
750 dpi shows the best quality and the lowest resistivity of
15.28 pQ cm. As for the reason, it is associated with the particle
numbers generated in the film and the amount of the organic
residues. The higher the resolution, the more ink dots per inch
that the printer deposits. Therefore, to the squares with the same
size, a higher resolution will bring more organic residues in the
films and the silver ions cannot be transformed to silver in full
amount under the same sintering time, resulting in a high
resistivity. However, there is an optimal value, where the numbers
of particles are just right which can produce a continuous film

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Drop images of the silver ink taken at different time after the
gjection from piezo-head, (b) surface morphologies and cross-section
images of the silver films printed with different resolution and sintered at
200 °C for 60 minutes (on glass), (c) printed silver patterns on glass and Pl
substrates sintered at 200 °C for 60 minutes.

structure with a uniform thickness and few organic residues. In
our case, it is at 750 dpi.

Olympus laser confocal microscope was used to analyze
the surface roughness of the films printed with 750 dpi and
900 dpi; the results are given in Fig. S11a and b (ESIY). As the
resolution increases, the roughness of the printed films
increases from 0.142 pm (Sq) to 0.165 um (Sq). This can be
easily understood because more silver particles were generated,
resulting in an increase in roughness. Fig. S11c (ESIt) shows
the images of the silver lines printed with different widths,
where the smallest width is about 150 pm.

Fig. 5c shows some printed circuit patterns on glass and
flexible PI substrates, indicating the good printability of our
ink. The silver patterns on the PI substrate look rougher than it
on the glass substrate.

The adhesion strength of the printed films on glass and PI
substrates was assessed by a tape test according to the ASTM
D3924 procedure, in which ASTM 5B and 0B represent
the highest level of adhesion and the worst adhesion grade,
respectively. The results are given in Fig. S12 (ESIt). The film on
the PI substrate exhibited an adhesion of grade 2B. An improved
adhesion can be achieved by modifying the PI substrates with a
solution of sodium hydroxide.>

This journal is © The Royal Society of Chemistry 2020
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3.5 Cost and performance assessment

Apart from the excellent electrical performance and favorable
processability, cost is also a key factor to be considered
for optimal inks, which should be as low as possible to serve
low-cost printed electronics. We made a comparison of the
developed silver particle-free inks in terms of type, cost (materials
consumption), advantages and disadvantages respectively, see
Table S1 in ESLY

As shown in Table S1 (ESIt), the reported silver particle-free
inks are not expensive and have a silver loading in the range of
10-25%. A temperature around 150 °C is usually required to
achieve a low resistivity in the order of 10~® Q cm. These inks
are compatible with most of the temperature-sensitive flexible
substrates, which is a key advantage over nanoparticle silver
inks. Even so, some of these inks are less stable and have
sediment over time, while others decompose quickly and are
not be suitable for a long-term inkjet printing process, despite
these inks possessed the best conductivity. Besides, an ink with
multiple ingredients could decrease the quality of the silver
film due to the decomposition and evaporation of these com-
ponents. Moreover, in most cases, the detailed printing information
such as printing parameters, printing quality and the smallest line
width are not provided. From Table S1 (ESIt), it can be seen that our
ink has a simple synthetic route, low cost, excellent printability and
favorable conductivity. Further study will be focused on the con-
ductivity and adhesion improvement on flexible substrates.

4. Conclusions

In summary, a stable, cheap and printable silver-particle free
ink was formulated and characterized by using selected alcohols as
the solvents. It was found that the alcohol type mainly affects the
fluid properties of the ink, the morphology and electrical perfor-
mance of the associated films. A mixture of solvents was a good
choice, which not only provides the essential fluid properties for
the inkjet printing but also results in highly conductive films with
good quality. The obtained ink showed long-lasting stability with-
out the occurrence of turbidity at lower temperatures (5 °C). It also
exhibited compatibility with the inkjet printing technique. The
printed Ag features yielded favorable conductivities (15.46 uQ cm),
about 10 times of bulk silver after annealing at 180 °C. The
research offers a low-cost, reliable and highly demanding material
for flexible printed electronics, which can be made easily following
a simple recipe.
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