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Fabrication, Characterization, and Printing of Conductive
Ink Based on Multi Core—Shell Nanoparticles Synthesized

by RAPET

Evgeny Butovsky, llana Perelshtein, Ifat Nissan, and Aharon Gedanken*

In the current research, conductive patterns are deposited on different sub-
strates by direct inkjet printing of conductive inks based on metal@carbon
and bimetal @ carbon core—shell nanoparticles synthesized by the RAPET
(reaction under autogenic pressure at elevated temperatures) technique.
Various co-solvents and additives are examined for production of stable
conductive ink. The morphology of the deposited layers is characterized by
optical and scanning electron microscopy measurements. The stability of the
prepared inks is examined by dynamic light scattering measurements. The
electrical resistivity is measured by a four-point probe system and calculated
using the geometric dimensions. The results obtained are very promising
and indicate that the conductivity of the deposited layers is close to that of
bulk metals and higher than most results published so far. Moreover, the
importance and advantages of the protective carbon layer that prevents metal

oxidation is demonstrated.

1. Introduction

Conductive ink printing is an area of research that has attracted
great interest in recent years. In contrast to conventional methods
such as vacuum deposition and photolithography, inkjet
printing technology's main advantages are that it is fast, simple,
inexpensive, and even provides process capability at low tem-
peratures.’”] One of the most important components of inkjet
printing technology is the conductive material reference. Several
candidate conductive materials have been studied, namely,
molten metal, conductive polymers, and metallic nanoparticle
suspensions,® which are considered to be the most promising
candidate inkjet printing material. Using ink-jet printing to fab-
ricate conductive circuits has been found to have great potential
for the electronic industry.** The printed electronics can be
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produced by common printing equipment,
such as screen, flexography, offset lithog-
raphy, inkjet, and gravure.'>1% For fabrica-
tion of high resolution printed electronics
elements, ink is the most important factor
in the printing process. In general, the
ink is composed of filler, binder, solvent,
and additives. The materials mentioned
above—metallic  nanoparticle  suspen-
sions, carbon materials, and conductive
polymers—have been studied as potential
ink fillers. Because of their high conduc-
tivity, the metallic inks are mostly used
for manufacturing of printed electronics
at room temperature. On the other hand,
using metal nanoparticles is quite prob-
lematic due to their spontaneous oxidation
at ambient conditions which does not allow
receiving desirable results, particularly as
their size gets smaller.l'”-18]

One of the solutions to the oxidation problem lies in the pro-
tection of the outer layer of the ink material by ligands,!'% poly-
mers,2¥ silica,?22 or carbon,?¥l in other words creating nano-
particles with core—shell structure where one or two metals con-
stitute a core and the shell is a protective layer. There are many
advantages of a core-shell structure. For example, the replace-
ment of an expensive reactive metal in the center of the parti-
cles by another less expensive material makes it possible to sub-
stantially reduce the cost.?#?] There are various methods for
the formation of nanoparticles (NPs) with core—shell structures:
sonochemistry,?%’! electrochemistry,?® ammonia catalysis,?")
and laser-induced fusion,*”l amongst others. Several reports on
the formation of core—shell nanostructures of transition metals
have already been published.}1-¢] Recently, a new type of NP
composed of a core and a shell of two different metals has been
synthesized.3~*] Because of the nanometer-scale size of the
layers, such bimetallic materials may have better or different
chemical,B”) magnetic,38* optical,*>* and catalytici*l
properties compared to the pure metals. Various techniques
have been used to prepare binary particles containing Pd for
their strongly catalytic properties,*! Au-Ag bimetallic particles
for their unique optical behavior,”® and Ag-Cu particles for
their electrical properties. Recently, copper NPs have been pro-
posed as a low-cost replacement for silver and gold NPs which
are currently used as conductive interface materials. However,
the main obstacle in using copper NPs is their spontaneous
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oxidation under ambient conditions.!2 Thus, it is necessary
to protect the metal core by a shell that is resistant to relative
high temperatures and oxidation; carbon could be a good candi-
date for this purpose.

Dispersing metallic NPs having a relatively high specific
gravity in a fluid base is challenging, and typically requires a
polymeric stabilizing ligand which will hinder interparticle con-
tact. Most direct-write technologies require stable, concentrated
dispersions of metal NPs in the conductive ink. Wet chemical
approaches for the synthesis of colloidal silver nanoparticles
have been used to generate such particles; however, producing
large quantities of metal nanoparticle using a simple synthesis
method is also a challenge. Many colloidal processes for the sur-
factant stabilized synthesis of silver NPs have been reported.l>>->%!
The choice of ligand is important in conductive ink formulation
because these ligands need to be removed after the printing in
order to form high purity metallic films. For example, ligands
with stronger affinity for silver such as alkanethiolates are less
desirable when compared to ligands such as alkyl amines or car-
boxylates which usually show weak affinity for silver.”14 The
most successful syntheses used for conductive ink formulation
are mainly based on the polyol method;P**% however, producing
NPs with easily removable capping agents is difficult using this
method. Weaker affinity of ligands may allow lower curing tem-
peratures for the ink which is attractive for printing electronic
devices on flexible substrates like paper or polymers.[61:62]

The present work demonstrates the use of metal@carbon
and bimetal@carbon core-shell nanoparticles for the formation
of stable conductive ink for inkjet printing. Samples of Ag@C,
Cu@C, Ag@Cu@C and Cu@Ag@C were fabricated by a rapid,
one-step, straightforward, solvent-, surfactant- and catalyst-free
technique called RAPET (reaction under autogenic pressure at
elevated temperatures).l?>*>7% RAPET has already been shown
to be an excellent method for the fabrication of spherical core-
shell structures. Different co-solvents (water, iso-propanol, pro-
panol, ethylene glycol mono butyl ether (EGBE) and ethylene
glycol mono methyl ether (EGME)), additives (Disperbyk-198,
Disperbyk-190, Bykjet-9132) in various quantities have been
examined for obtaining the appropriate results in terms of ink
stability and conductivity of the deposited layer. The characteri-
zation of the prepared inks has revealed high conductivity and
stability to oxidation at relative high temperatures of the prod-
ucts. In addition, physical properties of the newly formed inks
have been examined and shown to be in good agreement with
the required specifications for inks. To the best of our knowledge
there is no previously published data on using carbon coated
multilayer nanoparticles for ink production.

2. Results and Discussion
2.1. Structural Characterization

Core—shell (Ag@C and Cu@C) and bimetal
core—shell (Ag@Cu@C and Cu@Ag@C)
nanoparticles were synthesized by a RAPET
method.?>7% The detailed mechanism of the
multilayer particles’ formation was described
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in our previous publication”” and will only be mentioned
briefly here. One of the possible explanations for the formation
of bi-metallic@carbon structures is as follows: when Cu(Ac), is
added to Ag@C particles, no separate particles of Cu@C are
found, but rather the particles are composed of two metals in
the core and carbon in the shell. The formation of the Ag@
Cu@C structure is explained as follows. The copper layer which
is kinetically deposited first on the Ag@C composite dissolves
in the carbon layer and when it reaches its solubility limit, it is
deposited around the silver core. This mechanism is similar to
the explanation provided for the catalytic effect of Ni, Co, and Fe
in the formation mechanism of carbon nanotubes.”*~73 These
metals are also dissolved in the carbon until they reach their
solubility limit. A second possible interpretation is that during
the heating the Ag@C particles serve as nucleic centers for
the formation of the Cu layer, and this process is much faster
than the formation of individual copper particles. During the
cooling, the bi-metallic particles are coated by a carbon shell.
The original carbon shell of Ag@C is not removed and stays
intact and a possible structure of the obtained material is being
Ag@C@Cu@C. These two suggested mechanisms also apply
for Cu@C on the addition of AgAc.

The morphologic and structural characterizations of the
mono core@ shell materials are presented in Figure 1a,b. TEM
analysis clearly shows that the particles have a core—shell struc-
ture (Figure 1a). The shape of the core-shell NPs is spherical
and their size varies between 30 and 250 nm (Figure 1b). The
bi-metal@carbon nanoparticles were analyzed by HRTEM and
the existence of the multilayer structure was proved by using
the line-scan mode. For the Ag@Cu@C (Figure 1c), it is clearly
seen that the core layer of silver is covered by a 15 nm layer of
Cu. The shell layer of the particles consists of carbon.

The thermal gravimetric coupled with mass spectroscopy
analysis (TGA/MS) was carried out to examine the stability
to oxidation at high temperatures of all the synthesized mate-
rials. The results indicate that the core shell particles consist
of a carbon shell which is decomposed at around 300 °C. The
amount of C is estimated to be 1.5 wt% by elemental analysis.
It has been shown that carbon shell plays a very important role
in protecting the metal from oxidation.

2.2. Preparation of Ink Solution

In the current research, the prepared nanoparticles of Ag@C,
Cu@C, Ag@Cu@C and Cu@Ag@C were used as filler for

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Length

Figure 1. a) TEM micrograph of Ag@C nanoparticles at high resolution; b) SEM micrograph
of Cu@C NPs; ¢) line scan profile of Ag@Cu@C particle.
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(- Table 1. Formulation of three selected ink solutions.

"

a Sample A Sample B Sample C

E Material Weight [g] Percentage [wt%)] Material Weight [g] Percentage [wt%)] Material Weight [g] Percentage [wt%)]

wl Cu@C 1 25 Ag@Cu@C 1 25 Cu@Ag@C 1 25

5 H,0 1 25 H,0 1 25 H,0 1 25

[ 5] iso-Propanol 1 25 n-Propanol 1 25 iso-Propanol 1 25
EGME 1 25 EGME 1 25 EGME 1 25
Disperbyk198 0.1 10 (on NPs) Disperbyk190 0.1 10(on NPs) Byk-Jet 9132 0.1 10 (on NPs)
Carbon Black 0.01 1 (on NPs) Carbon Black 0.01 1(on NPs) Carbon Black 0.01 1 (on NPs)
Conductivity, S cm™' 2.6x103 Conductivity, S cm™' 28x%103 Conductivity S cm™ 4.4x10°

c Size (d.n... % Volume  Width (d.n... One ()f the physical parameters that may
Z-Aversge (dnm):224.6 . o indicate the quality of the prepared ink is the
Intercept: 0.922 Paskz: 0000 00 oou0 viscosity of the dispersion. The ideal viscosity
Result quality: Good (oo ] of inkjet ink is known to be in the range 2 to

Size distribution by volume 8 cP. The viscosity of the Cu@Ag@C in Byk-

Jet 9132 was measured at room temperature

and the value of 2.9 cP was recorded and is in

the required range. An additional parameter

: : which may indicate the quality of interaction

o1 1 DT o o000 between the ink and the substr.ate is Fhe con-
tact angle. The Cu@Ag@C dispersion was

Figure 2. a) Cu@Ag@C nanoparticles dispersed in Byk-Jet 9132 after 2 weeks; b) TEM image dropped on various substrates such as glass,

of the particles after 2 weeks; c) DLS of the dispersion after 2 weeks. glass coated by kapton and impermeable

paper. In all cases the drop was almost com-

conductive ink. Various co-solvents and dispersing additives  pletely flat and a contact angle of less than 50 was measured

of different amounts were added to improve the stability and  (Figure 3). The result indicates a good interaction between the

physical properties of the inks, such as fluid jetting and layer  liquid phase and the substrate which is an important parameter

formation. However, obtaining a stable colloidal solution of  in printing process.

core—shell nanoparticles was extremely challenging and the

most appropriate combinations for preparing a conductive ink

are summarized in Table 1. Cu@Ag@C NPs form a stable col- 2.3, Conductivity Measurements and Printing

loidal solution and give the highest conductive values. There-

fore, all the following characterization and printing tests were  Tpe prepared ink solutions were printed on impermeable
carried out with Cu@Ag@C dispersion. paper. One of the results is presented in Figure 4a and relates

As mentioned above, the most stable dispersion was obtained 1, cy@ Ag@C nanoparticles dispersed in water, EGME, iso-
W.h.en Cu@Ag@(; NPs were di§persed in Byk-Jet 9132. The sta- Propanol and with Byk-jet 9132 as a dispersant agent. Very
bility of the solution was examined I?Y TFM and DLS Measure-  gimilar results in terms of conductivity were obtained when
ments and the results are presented in Figure 2. The dispersion  he core—shell nanoparticles of Ag@Cu@C were used. After
solution has a deep black color which remains stable for at least drying the samples their conductivity was measured. The layer
two weeks (Figure 2a). The DLS measurements of a solution resistivity was calculated from the measured resistance taking

that was stored for two weeks indicate that almost a monodis-  intg account the following geometric parameters of the layers:
persion solution was achieved with individual particle size of

around 50 nm (Figure 2b). Most of the nanoparticles (93%) in
the prepared solution are 50 nm in size and only small amount
(7%) is 245 nm in size. In order to confirm the DLS results,
TEM measurements were performed (Figure 2c). From the
image it can be seen that the average size of the dispersed par-
ticles is around 50 nm which is in a good agreement with DLS
results. In addition, it can be clearly seen from the TEM image
that the core—shell structure has been retained and that each
particle is covered by a carbon shell. The latter point indicates
that the structure of the particles was not destroyed during the  Figyre 3. Image of ink drop; a) before and b) after contact with the
preparation of the dispersion. substrate.

Volume (%)

5796 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5794-5799



NCED
FUNCTIONAL
MATERIALS

M \IIW'§

www.MaterialsViews.com

Ag bulk .
Tk 6x10°S/cm
Magdassi’s ink| 9x10*S/cm
2009
e Gedankensink|  1.7x10?
2012 to 4.4x10°S/cm
Eiroma’s ink 3x10°
2011 to 1.2x10' S/cm
Carbon 102to 10! S/cm
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(up to three orders of magnitude) conduc-
tivity compared to that of ref. [75]. On the
other hand, we succeeded in overcoming the
problem of oxidation, mentioned in ref. [74]
by forming a stable carbon shell on the mul-
tilayer metal core.

3. Conclusions

We have demonstrated the use of bimetal@
carbon core—shell nanoparticles for the prep-
aration of conductive inks. The NPs were
synthesized by the RAPET method. Physico-
chemical characterization of the nanoparticles

mf_‘s‘h@eﬁgm,s have revealed the existence of the carbon shell
which prevents the metal core from oxidation

‘éﬁ%ﬁ even up to 300 °C. The formulation of a stable
Ag@Cu@C colloidal solution of Cu@Ag@C NPs was
cﬁ:%%g,s achieved by using Byk-Jet 9132 as a dispersant.
The prepared solution was further used for

cor:s':l?“cm,s printing on various substrates. The physical

properties of the obtained ink were measured
and found to be in good agreement with the

Figure 4. a) The printed template of Cu@Ag@C nanoparticles on impermeable paper; b) SEM

image of the printed layer; c) comparison of conductivities.

length (about 9 cm), width (about 0.1 cm) and thickness (about
1 um). The conductivity values range from 1.7 x 10? to 4.4 x 10
S cm™!. The high conductivity values could be explained by a
very dense deposited layer of core-shell NPs as presented in the
SEM micrograph (Figure 4b). The quality of inks is based on
the conductivity of the deposited pattern.

In order to confirm the stability of the carbon shell, the
conductivity measurement was carried out on the heated pat-
tern. The printed pattern was placed in an oven and heated at
150 °C for 1 h. The resistance was measured immediately after
the heating and similar values as before heating were obtained.
If the carbon layer was damaged, the exposure of the metals
might lead to the increase in the conductivity. However, the fact
that the conductivity was not changed after heating indicates
that the carbon was not removed from the surface even after
exposure to 150 °C and that it protects the metal from oxidation.

Numerous works have been published on the current topic
show different levels of achievements. Grouchko et al.’* suc-
ceeded in synthesizing and printing by inkjet a core-shell
nanocomposite of Cu@Ag. However, they noted that Ag which
was used as the outer shell undergoes destruction at high
temperatures, which is followed by oxidation of the copper.
Undoubtedly, this can dramatically change the conductivity.
Eiroma et al.”®! reported the synthesis and use of Cu@C NPs
for printing conductive patterns, but high conductivity was not
achieved. Figure 4c presents comparison of conductivity values
of different materials—bulk of the relevant metals (Ag and Cu),
carbon and various core—shell materials that were examined in
previous works."#7’] The results obtained by our group have
two main advantages. On the one hand, we obtained higher
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specification for inks. The advantages of using
carbon coated bimetal nanoparticles for pro-
duction of conductive inks lies in their ability
to provide high conductivity levels and with-
stand oxidation even at high temperatures.

4. Experimental Section

Synthesis of Core—Shell Metal@ Carbon Nanoparticles: The synthesis
of metal@carbon core—shell nanoparticles is described in our previous
work.[23l Briefly, a few grams of acetate of Ag (Cu) were inserted into a
Swagelok Union at room temperature under nitrogen in a glove box. The
filled cell was placed inside the furnace and kept at 850 °C for 3 h. At the
end of reaction, the Swagelok was cooled to room temperature, opened
and a black powder of Ag@C (Cu@C) was obtained. All the products
were characterized by various techniques and analyzed to examine their
morphological and crystal structure, elemental content, stability at high
temperature and other properties.[?’]

Synthesis of Multilayer Bimetallic Core—Shell Nanoparticles: The
synthesis of multilayer bimetallic core-shell nanoparticles was
performed as follows: the products of the previous syntheses (Ag@C
or Cu@C) constitute the precursors for the fabrication of Ag@Cu@C
and Cu@Ag@C core—shell multilayer structures. Acetates of Ag (Cu)
were added to as-prepared Cu@C and Ag@C NPs and introduced
into a Swagelok cell at room temperature in a nitrogen-filled glove box.
The filled reactors were closed, placed in the tube furnace and kept
at 850 °C for 3 h. At the end of process, the Swagelok was cooled to
room temperature, opened and a black powder of Ag@Cu@C (Cu@
Ag@C) was collected. All the products were characterized by structural,
morphological and compositional measurements./””!

Preparation of Ink: The conductive inks were prepared as follows:
1 g of the synthesized material (Ag@C, Cu@C, Ag@Cu@C and
Cu@Ag@C) was mixed with 0.1 g of dispersing additive and 1 g
of co-solvent. Three co-solvents were used for preparation: double
distilled water DDW (18.2 Q cm); iso-propanol (Gadot, 299.8%) or
n-propanol (Sigma-Aldrich, ACS reagent, 299.5%); ethylene glycol
butyl ether (EGBE, Sigma-Aldrich, 299.0%) or ethylene glycol methyl
ether (EGME, Sigma-Aldrich, anhydrous, 99.8%). All the dispersants
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were purchased from BYK Chemie Gmbh and have pigment affinic
groups: Disperbyk-190, Disperbyk-198, Disperbyk-2012 and Bykjet-9132.
Formulations of a few selected samples are shown in the Results section.
All the co-solvents were added for improving the fluid jetting of the ink
and the layer forming properties. 0.01 g of carbon black pigment was
added in order to emphasize the black color. The prepared suspension
was sonicated for 5 min in an ice-water ultrasonic bath at 60% intensity
(MRC, CLEAN-01). Before printing, the ink was filtered through a 0.5 um
syringe filter.

Printing: Inkjet printing of the prepared fluids was carried out with
the Dimatix DMP-2800 laboratory-scale piezoelectric drop-on-demand
printer (Fujifilm Dimatix). The printer uses single-use cartridge has 16
nozzles linearly spaced at 254 um with typical drop sizes of 1 and 10
pL. Cartridges producing a nominal drop volume of 10 pL were used.
Printing was performed at a jetting frequency of 1 kHz and the substrate
was heated to 60 °C during the printing. Layers were deposited on
impermeable paper, microscopic glass slides (Thermo Scientific) and
the glass slides coated by kapton. Polyimide film (Kapton) was obtained
from Du Pont Co. The glass slides were cleaned by immersion in acetone
under ultra-sonication for 5 min followed by immersion in isopropanol
under ultra-sonication for 5 min and drying under nitrogen flow. A single
layer for inkjet printing was applied.

Characterization: Various analytical techniques have been used for the
characterization of the as-prepared inks and the deposited layers. The
morphologies and nanostructures of the NPs dispersed in the ink were
characterized with a transmission electron microscope (TEM) Model
JEM-1200EX, working at an acceleration voltage of 120 keV. Samples
for TEM analyses were prepared by placing a drop of the ink on a gold
grid coated with an amorphous carbon film, and then drying in air. The
contact angle between the ink and the substrates was measured with
KRUSS GmbH Germany device model FM40Mk2. The topography of the
printed layers was characterized by optical microscopy (LEXT OLS4000,
Olympus). The overall morphology of the printed layers was investigated
by high-resolution scanning electron microscopy (HR-SEM, JSM, 7000
F). The particle size of the prepared colloidal solution was measured
by dynamic light scattering (DLS), model Zetasizer Nano SZ (Malvern
Instruments). The viscosity of the prepared inks was measured by
Viscolite VL7-100B-d15 with a measuring range 1 to 5000 cP. Electrical
characterization of the deposited layers was performed by home-made
four-point probe resistance measurement device. Layer conductivity was
calculated using measured values for resistance, electrode gap length
and width and layer thickness.
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