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Paper electronics based on ink-jet printing has become a promising technology for building
new concepts of flexible and three dimensional (3D) electronic circuits and devices in a simple,
cost-effective and untraditional way. In this paper, we focus on the development of massive silver
nanoink syntheses and room temperature post-processing methods to meet the particular technical
features of paper electronics. We firstly proposed a seed triggered synthesis method to achieve
uniform silver nanoparticles without the existence of large nanostructures. Such a silver nanoparticle
solution can be easily centrifuged to nanoink at a relatively low speed. Then we showed that the
electric conductivities of the printed silver tracks can be improved significantly by a multi-step room
(MRTP)
irradiation and electroless deposition in sequence. Conductivities of up to 17% of that of bulk silver

temperature post-processing method including organic solution washing, white LED

can be achieved which is nearly 2 times that of the printed silver tracks treated by a conventional
heating process at 120 °C for a long time. Moreover, by combining together with 3D paper folding art,
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Accepted 1st December 2016 we systematically investigated the electrical performances of the printed circuits associated with the
printing uniformity, mechanical flexibility and strain sensitivity. These overall characteristics of the

DOI: 10.1035/c6ra27163d room temperature treated printing technology show great potential for the development of innovative

Open Access Article. Published on 22 desember 2016. Downloaded on 31.10.2025 21:00:58.

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

(cc)

www.rsc.org/advances

Introduction

Ink-jet printing, as a drop-on-demand method, has gained
much attention as an alternative to conversional photolithog-
raphy for the fabrication of flexible electronic circuits and
devices. It has shown great potential applications in various
fields such as displays, solar cells, and sensing.'*® Paper, as one
of the flexible substrates used, has shown its popularity in
electronic circuit fabrication because of its inexpensive nature,
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3D electronic products in the future.

biodegradability, and light weight.”"> The concept of paper
electronics, as a complete subversion of traditional fabrication
techniques of electronic devices, may bring about a new tech-
nology revolution in the electronics industry in the near future.

Currently, there are two main challenges in the field of ink-
jet printing, especially for paper based electronic applications.
The first one is the development of highly reliable fabrication
methods of conductive inks. Among various conductive inks,
silver nanoink is the best candidate because of its high
conductivity, relatively low cost and oxidation resistance.**’
Different from conventional optical applications focusing on
the accurate control of their shape and optical characteristics,
the requirements of silver nanoparticle synthesis methods for
ink-jet printing can be categorized as two parts. (a) How to
obtain a large amount of nanoparticles without micrometer-
sized large crystals and aggregations.'®?° It is a critical factor
to enhance the cost control and promote the industrialization
of ink-jet printing, however, still difficult to realize. It is because
the mainstream strategy of silver nanoparticle synthesis is the
seed control at the initial reaction stage.**** Such methods are
effective to obtain nanostructures with well controlled shapes
and sizes in small batch. However, the particle yields of these
methods are easily declined by many factors such as the reac-
tion temperature fluctuation, ambient humidity and chemical

This journal is © The Royal Society of Chemistry 2017
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purity which may strongly influence the crystal types and the
amount of the seeds at the initial stage. Therefore, once the
reaction is extended to gram level, by-products such as various
large crystals and nanowires are usually difficult to eliminate.
(b) How to purify the original nanoparticle solution in the ink
preparation step using an easy way. Currently, since large crystal
and aggregations are difficult to avoid in the synthesis, most of
the as-synthesized solutions need to be filtered before using as
inks.'®'*?° Moreover, the silver nanoparticle solutions with high
amounts of capping agents and helpers used for shape and size
control are difficult to wash unless very high centrifugation
speeds, usually over 10 000 rpm are used. These complicated
treatment processes result in high time and money cost to
obtain silver ink with high solid content. Therefore, new
particle synthesis methods suitable for large-quantity produc-
tion and easy purified process are highly required.

Post-processing of the ink-jet printed silver tracks is another
focused critical technology for paper-based electronics.”® Most
commonly used method is thermal sintering which prompts the
coalescence of silver nanoparticles by high-temperature heat-
ing. It is because that the shells consisted of stabilizers and
capping agents between the adjacent nanoparticles can be
removed thermally.> However, such high-temperature treat-
ment could also cause massive damage to flexible substrates,
especially papers, because of their sensitivity to heat. Therefore,
low-temperature nanoparticle joining methods have been
invented to meet the requirements of paper electronics. These
technologies, mainly applied in electronic packaging,>>° are
aimed to remove the shells of nanoparticles by various methods
in a relative low temperature way. Obviously, innovative post-
processing methods of printed silver tracks at low tempera-
ture, or even at room temperature, are highly desirable tech-
nique*®***3* for the development of paper electronics.

In the present work, we firstly proposed a highly reliable
synthesis strategy to improve the yield of silver nanoparticles
and avoid the formation of large crystal structures. Different
from conventional synthesis strategies focusing on the initial
stage of seed control, we used hydrogen peroxide (H,0,) to etch
all the initial seeds and then trigger the crystal growth process
by adding new seeds. This synthesis strategy reduces the
requirements of the reaction condition and is suitable for
massive production of silver ink. Next we exhibited that the
conductivities of the printed silver tracks can be improved to
over 17% of that of bulk silver at room temperature. This
conductivity is near two times of that of the printed silver tracks
treated by conventional thermal sintering process. The
proposed multistep room-temperature post-processing (MRTP)
method integrated various techniques including organic
solvent washing, white light emitting diode (LED) based
photonic sintering and electroless deposition. This post-
processing method avoids the thermal damage of the
substrates, promotes the joining of nanoparticles and enhances
the compactness of the silver tracks. Finally, we demonstrated
the application of the paper based electronic circuits for new
concept three-dimensional (3D) flexible electronics and
systematically explored the uniformity of the printed circuits
and their mechanical flexibility during bending.
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Experimental section
Chemicals

Silver nitrate (AgNOj;, 99.9%), polyvinyl pyrrolidone (PVP,
molecular weight 29 000), sodium chloride (NaCl, 99.9%),
and sodium citrate (99.9%) were purchased from Sigma-
Aldrich. Hydrazine hydrate (99.5%) was purchased from
Hujiang Co., Ltd. Chloroauric acid (99%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. All materials were used
as received without further purification. In all experiments,
ultra-pure water (18.4 MQ cm) was used.

Silver nanoparticles synthesis and ink formulation

The synthesis process includes ethylene glycol (EG) reflux,
initial nucleus etching, seeds triggered nucleation and crystal
structure growth as illustrated in Fig. 1, the second line. In
the first stage, 4.5 g AgNO; was dissolved in 50 mL EG at room
temperature. Meanwhile, 1 g PVP and 0.012 g NaCl were dis-
solved in 450 mL EG and the solution was heated at 145 °C for
1.5 h with continuous stirring. In the second stage, the AgNO;
solution was added into resultant solution under drastic stir-
ring, and about 13 mL H,0, was added in sequence immedi-
ately. Then the solution was heated up to 170 °C. In the third
stage, 40 mL gold seed solution prepared using a reported
method®** was added. Finally, the solution was heated up to
200 °C for about 0.5 h, and then the temperature was decreased
to room temperature. Silver nanoparticle solution was obtained
as shown in Fig. 2. Note that as the reaction temperature
was high, and large amounts of chemicals were added in
a relative short time, condenser was needed in the reaction to
cool down the vapor rapidly, and the reaction flask should be
well ventilated to keep a safety pressure.

For the ink preparation, the as-synthesized silver nano-
particles were washed three times by centrifugation at 9000 rpm
for 20-30 min using ethanol. Then EG was added to adjust the
viscosity of ink. Volume ratio between ethanol and EG was 3 : 2
in the ink with a solid content of ~15%.

Steps of ink-jet printing and post-processing

Paper based silver patterns and tracks were printed using Epson
R270 ink-jet printer on photo papers. The printing process can
be repeated several times to increase the thickness of the tracks.
The relation between the thickness of the tracks and the
printing cycles is shown in Fig. S1, ESL.{ The printed samples
were then treated by MRTP as illustrated in Fig. 3. It contains
two steps:

Step 1. Acetone assisted photonic sintering. The printed
samples were immerged in acetone solvent for 10 min, and then
dried out. After that, they were illuminated by a white LED panel
light for 20 min. The solvent immersion and the following LED
irradiation processes, seen as one cycle, were repeated several
times until the conductivity of samples became stable.

Step 2. Electroless deposition of printed tracks using silver
atoms and clusters. The samples treated by Step 1 were
then immersed in 20 mL water. 50 uL hydrazine hydrate (0.5 M)
and 50 pL sodium citrate solution (0.4 M) solution were added

RSC Adv., 2017, 7, 8-19 | 9
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Fig.1 Schematically strategy comparison between (a) conventional seed control method and (b) the present seeds triggered synthesis method

of silver nanoparticles.

under stirring. 5 mL of AgNO; solution (0.57 mM) was
then added at a rate of 30 mL h™". After the silver deposition,
the samples were washed by water and acetone. This process
was repeated one more time to achieve the optimal
conductivity.

Characterization

The absorbance and reflectivity spectra were characterized
by fiber optic spectrometer (NOVA, Ideaoptics Technology
Ltd. China). Morphologies of the samples are observed using
scanning electron microscope (SEM, Zeiss Ultra Plus) and
transmission electron microscope (TEM, JEOL JEM-2100).
Resistances of printed tracks were measured using either
a multimeter or a microohm meter by a two-probe method.

Results and discussion
Mechanism analysis of the seed triggered synthesis method

Fig. 1 shows the strategy comparison between the conventional
synthesis method and the present seed triggered synthesis
method. For conventional synthesis strategy (Fig. 1a), various
capping agents and ions with fine amounts are used in the
initial nucleation stage. The final shape and the size are mainly
dependent on the crystal type and the amount of seeds formed
in the nucleation stage.”>** However, the seeds formation in this
stage may be sometimes random and usually very sensitive to
many factors such as the purity and dropping speed of chem-
icals, the reaction temperature fluctuations as well as the
ambient humidity. Two problems could occur when such
strategies are used for the preparation of large amount of silver
nanoparticles (gram level) for ink production. (1) Once the
amount of seeds in the initial stage is not enough, the size of the
final grown crystal structures may be much larger than ex-
pected. (2) Randomly survived anisotropic seeds may grow
rapidly into long nanowires or big nanoplates with micrometer

10 | RSC Adv., 2017, 7, 8-19

size. These big crystal structures increase the probability of
nozzle clogging in the ink-jet printing process. To decrease the
yield of big crystal structures, we introduce a polyol synthesis
strategy as illustrated in Fig. 1b to improve the amount and
uniformity control of seeds in the nucleation stage. After the EG
reflux step, adequate amount of the obtained CH3;CHO as
shown in eqn (1) serves as reducer. Once AgNO; is added, the
reduction reaction for the formation of silver seeds at the initial
stage starts following eqn (2).

2HOCH,-CH,OH — 2CH;CHO + H,O (1)
2CH;CHO + 2AgNO; — CH;CO-COCHj; + 2Ag + 2HNO;
(2)

At this stage, we found that all the silver seeds can be etched
rapidly by adding appropriate amount of H,O, because the
color of the solution changed from yellow to nearly transparent
after the addition of H,O,. The role of H,0, in the etching
reaction has be mentioned before.** The etching of silver seeds
by H,0, follows eqn (3).

2Ag + H,0, + 2H" — 2Ag" + 2H,0 (3)

At this time, the generated Ag* are soon reduced to Ag° again
by CH3;CHO following eqn (1). However, oversaturated Ag’
maintain atomic free stage in the reaction solution as few nuclei
survived after H,0, etching. In this moment, the solution is
transparent and unstable. Growth reaction can be easily trig-
gered by adding new nuclei. Here we used uniform and
adequate gold crystalline grains (see ESI, Fig. S2t) as seeds to
trigger the silver crystal growth process rapidly. Once the gold
seeds were added, the free silver atoms grew soon and a large
amount of chemical energy released into the solution which
promoted the self-nucleation of silver nuclei soon. This nucle-
ation process induced to a rapid color change in the reaction

This journal is © The Royal Society of Chemistry 2017
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(a) SEM image of the synthesized silver nanoparticle. (b and c) High resolution TEM images of isolated silver nanoparticles. (d) UV-vis

absorbance spectrum of silver nanoparticles and the histograms of particle size distributions. (e) Optical photograph of the as-prepared silver

nanoparticles solution.

solution. In the following stage of silver nanoparticle growth,
both the gold added and silver nuclei newly generated serve
as the seeds for the following silver nanoparticle growth stage.
The TEM images in Fig. 2 further established our mechanism
explanation. The final obtained silver nanoparticles mainly
exhibit two different types of morphology, polycrystalline grown
from gold seeds (seen in Fig. 2b) and monocrystalline grown
from self-nucleated silver seeds (Fig. 2c). Another noticeable
point is that the polycrystalline particles are smaller than those
monocrystalline, corresponding to the statistic particle distri-
bution containing two main sizes at ~45 nm and ~65 nm. It is
mainly because the speed of anisotropic growth is relatively
slower than that of monocrystalline nuclei. The advantage
of this synthesis strategy is that we can control the amount and
the crystal type of the seeds easily by adding adequate amount

This journal is © The Royal Society of Chemistry 2017

of gold crystalline grains. The SEM image in Fig. 2a show the
final synthesized products were mainly poly-dispersed nano-
particles accompanied with small amounts of nanorods. The
absorbance spectrum of the solution and the particle size
distribution histogram taken from SEM image shown in Fig. 2d
further established the uniformity and the size distribution of
the synthesized nanoparticles. The importance of the H,0, is
obviously. Without the addition of H,0, in the initial stage
of the reaction, self-nucleation was difficult to control once
large amount of AgNO; was added rapidly. Randomly generated
seeds with different crystal types lead to complicated and
irregular products, such as thick nanowires and big nano-
spheres (shown in Fig. S3a, ESIf). This phenomenon consists
with the schematic illustration of the reaction process shown
in Fig. 1a.

RSC Adv., 2017, 7, 8-19 | 11
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(a) Schematic representation of MRTP. SEM images show the morphologies of the silver tracks at different steps. (b) Before sintering, (c)

treated by the Step 1 of MRTP and (d) treated by Step 2 of MRTP. The inset in (d) shows the high resolution image of small nanoparticles newly

deposited on to the silver track.

The synthesized silver nanoparticles have two advantages for
ink application. (1) Compared with mono-dispersed nano-
particles with big size, currently synthesized poly-dispersed
nanoparticles with different sizes are more suitable for the
formation of dense compacted silver tracks after solvent evap-
oration. It is because smaller particles easily fill in the gaps
between larger particles, leading to better levelling property and
more uniform printability. Such dense distribution of poly-
dispersed silver nanoparticles results in the so called silver
mirror effect.*® This silver mirror effect is also observed clearly
from the photograph of our synthesized silver nanoparticle
solution (Fig. 2e). Uniform light-reflecting film can be seen from
the lateral wall of the container clearly. (2) We also observed
there is a small quantity of short and thin nanorods distributed
in the solution seen from Fig. 2a. The existence of small amount
of nanorods in ink is also beneficial to improve the bending
resistance of the printed tracks. The role of the nanorods
embedded in silver track resembles the rebars embedded in
construction material which greatly enhance the mechanical
reinforcement of the building, as studied in ref. 37 and 38.

For the preparation of ink, the as-synthesized silver nano-
particles should be washed and concentrated. This step is
aimed at removing redundant capping agent and increasing the
solid content of ink. Note that in the present synthesis only PVP
with low molecular weight of 29 000 was used as capping agent.
Meantime, the weight ratio between PVP and AgNO; was as low

12 | RSC Adv., 2017, 7, 8-19

as 1:4.5. Therefore, the silver nanoparticles can be readily
precipitated by centrifugation with a relative low speed. In this
step, ethanol is used to improve the precipitation without
serious agglomeration of particles.

Details were discussed in the ESI, Fig. S4 and S5.1

The concept of multi-step room temperature post-processing
(MRTP) method

Post-processing of printed tracks is to decompose polymer
capping agents and promote coalescence of nanoparticles,
forming a percolation path in the tracks for electric current
transmission. However, there are still many voids and gaps in
the sintered tracks which seriously restrict further improvement
in conductivity. Based on these considerations above, we
designed a multistep method as illustrated in Fig. 3a to treat the
printed silver tracks. It contains two steps. Step 1 is acetone
assisted photonic sintering and Step 2 is electroless deposition
of silver. In Step 1, the stabilizer around particles is detached,
and particles become clean and active. Combined with photonic
sintering, the unprotected silver particles coalesce to each other
and form necks. In Step 2, the quality of conductive tracks is
improved by filling voids, leading to more conductive passways
and significantly increased conductivity. Fig. 4 shows the
resistivity change of the printed silver tracks during the MRTP,
and will be discussed here after.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Comparison of the resistivity of printed silver tracks treated
by the MRTP and hot plate heating at 120 °C. (b) Comparison of the
resistivity changes of the printed silver tracks treated by Step 1 of MRTP
using different organic solvents.

The first step is acetone assisted photonic sintering. Silver
nanoparticles is a typical plasmonic material which excites
strongly localized surface plasmon resonance (LSPR) when they
are illuminated by light.***® Especially when the particles are
closely packed together, the light intensity at local area such as
the gaps between aggregated particles is enhanced by several
orders of magnitude.*»** This phenomenon induces to selec-
tively heating of nanoscale area of silver nanoparticles to
remove the organic shells in a low-temperature way due to the
local photo-thermal effect. Therefore, photonic sintering has
been regarded as an effective low-temperature post-processing
approach for ink-jet printing.>** However, previous reported
works usually used light source containing wide spectral light-
waves extended to the infrared waveband, such as xenon lamp
and halogen lamp. The accumulated heating effect arising from
the infrared wavelength range may damage paper substrates

This journal is © The Royal Society of Chemistry 2017
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under long-time illumination which limits their scope of
application in paper electronics. Furthermore, previous re-
ported photon-sintering is still not sufficient enough to
promote a complete connection of nanoparticles at a room-
temperature condition. Hot plate heating is still needed when
the samples are illuminated by light.*®

To make the biggest use of photon-sintering and promote
joining efficiently, the surface activity of silver nanoparticles has
to be improved before light illumination.** Here we found that
organic solvents can partly dissolve the organic shells
surrounding the silver nanoparticles by simply immersion of
the as-prepared silver tracks. The dissolving ability comparison
experiment of different organic solvents including acetone,
ethanol, methylbenzene and dichloromethane is shown in
Fig. 4b. After two-cycle treatment by different solvent immer-
sion and light illumination, the resistances of the tracks
decreased to different levels. Among these organic solvents,
acetone is the best which can effectively dissolve the organic
shells and greatly improve the surface activity of the silver
particles. The strong dissolve ability of acetone was further
demonstrated by a comparison experiment shown in the ESI,
Fig. S4 and S5.1

After the acetone immersion, the silver tracks were then
illuminated by a white LED panel light (shown in Fig. 5). Using
this strategy, the nanoparticles can be well linked together
as shown in Fig. 6. It results in a significant decrease of the
resistivity as shown in Fig. 4. Different from the above
mentioned light source, the spectrum of the white light LED
mainly covers the range from 400 nm to 700 nm without large
proportion of near-infrared wavelength (shown in Fig. 5), which
totally covers the LSPR bands of silver nanoparticle aggrega-
tions with gaps of a few nanometers and avoids the heating
accumulation arising from infrared irradiation. To clarify the
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Fig. 5 Irradiance spectra of white light LED and reflectivity spectra of

the printed tracks. S1 to S3 represent the reflectivity spectra of the as-
prepared silver track, the ones treated by Step 1 of MRTP and by Step 2
of MRTP, respectively. The photographs in the insets show the silver
tracks of S1 to S3, and the LED light source.
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(a—d) Simulation results of electronic field distribution of silver nanoparticle aggregations at different illumination wavelengths. (e—-g) High

resolution SEM images of silver tracks after the treatment of Step 1 of MRTP. Arrows highlight the joining of adjacent nanoparticles. (h) and (i) SEM
images show the lateral profile and front side of the silver tracks. Circles highlight the obvious morphology changes of melted silver nanoparticles

at local areas.

validity of the white light LED sintering, we exhibited the
wavelength dependence of the hot spots effect inside the silver
nanoparticle aggregations by using a numerical simulation
based on 3D finite element method.*>* There are two layers of
closely packed silver spheres with a 5 nm separation between
each ones. Each layer contains six silver spheres with a similar
diameter of 50 nm. More details are described in the ESLf}
Fig. 6a-d show the simulation results of the electric field
distribution surrounding the silver nanosphere arrays viewed
from the lateral section at different wavelengths. It is seen that
the hot spots distribute at different locations when the wave-
length of the light varies. When A = 459 nm, light penetrates
deeply into the second layer of the spheres. When A = 467.5 nm,
light diffuses in both the top layer and the second layer. When 4
= 470.5 nm, light is mainly localized in the surface of the top
layer. However, the localization effect of light is no longer
obvious when the wavelength of light red shifts to 640 nm.
These simulation results established that both the surface and
the inside particles can be effectively sintered together by white
LED irradiation. Therefore, the relative concentrated distribu-
tion of wavelength ranging from 400 nm to 700 nm makes white
LED an effective and low energy consumption light source
covering the main LSPR bands of silver nanoparticle aggrega-
tions without heating damage of paper substrates.

Our previous work demonstrated that when the adjacent
silver nanoparticles are separated, the LSPR peak is mainly at
short wavelength range, near the LSPR peak of single ones.
Once the particles are linked together thoroughly, the LSPR
peak red shifts to the long wavelength range obviously.*

14 | RSC Aadv., 2017, 7, 8-19

Following this principle we measured the reflectivity spectra of
three silver tracks including the as-prepared track and the ones
treated by different steps of MRTP (Fig. 5). It is a direct evidence
to reflect the macroscopic joining effect of the nanoparticles in
the tracks. For the as-prepared track S1, there is an absorption
band at about 430 nm corresponding to the LSPR band of
a single silver nanoparticle.* It indicates that most of the
particles are separated in the tracks. The track S2 is treated by
acetone assisted photonic sintering. It can be seen from the
reflectivity spectrum that the main absorption band red shifted
obviously. Meantime, the reflectivity at long wavelength range
decreased obviously. It indicated that the adjacent particles
have been joined together and therefore established the validity
of the post-processing.

Fig. 6e-i show the SEM images of the silver tracks treated by
the acetone assisted photonic sintering taken from different
section views. It is clearly observed that most of the particles
linked together. Seen from the lateral section view of the silver
track (Fig. 6h), particles inside the silver track are densely
packed and sintered together. The areas of agglomerations are
easily observed in Fig. 6i. It shows clearly that some particles
completely lost their original morphology and melted into bulk
silver after the treatment of Step 1 of MRTP.

The electrical resistivity p of the printed tracks at different
steps were measured by a two-probe method and calculated
using a formula: p = R x W x H/L, when R, W, H and L represent
the resistance, width, height and length of the tracks, respec-
tively.” A typical resistivity value after the acetone assisted
photonic sintering is 1.2 x 1077 Q m (shown in Fig. 4a),

This journal is © The Royal Society of Chemistry 2017
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corresponding to a conductivity up to 13.4% of that of bulk
silver. To exhibit the high efficiency of the proposed acetone
assisted photonic sintering process, we also investigated the
conductivities of silver tracks treated either by photonic sin-
tering or acetone immersion, seperately. After 3 hours irradia-
tion of LED without acetone immersion, the conductivity of
silver tracks increased to 1.7% of that of bulk silver. Similarly,
the final conductivity of silver tracks increased to 1.05% of that
of bulk silver after the tracks were immersed in acetone for
a long time without the LED irradiation. These two values are
much lower than the result obtained from the acetone assisted
photonic sintering process above.

The second step is electroless deposition of printed tracks.
Because of the intrinsic nanostructure aggregation property,
even for the well sintered silver tracks, there are still many voids
and defects on the surface and inside the tracks treated by Step
1 of MRTP. Here we showed that the conductivity of the tracks
after the sintering process can be further improved by using the
concept of material increasing manufacturing.

Electroless deposition is a chemical method to provide silver
atoms and small clusters in solution.*** The silver tracks were
immerged into the electroless deposition solution after sinter-
ing process as illustrated in Fig. 3a. As the organic shells
surrounding the silver nanoparticles had been removed by the
photon-sintering process, the silver nanoparticles became
active and easily absorbed newly reduced atoms. During the
electroless deposition, the reduced silver atoms grew rapidly
along the surface of the particles and fill in the gaps between
these particles. By carefully treatment, the compactness of the
silver track was improved obviously as shown in Fig. 3d. The
high resolution SEM image in the inset of Fig. 3d shows the
newly formed small silver nanoparticles (~20 nm) which
effectively fill into the gaps between the large nanoparticles.
Meantime, the size of the elemental nanoparticles did not
increase obviously. That means the thickness of the silver track
will not change obviously after the treatment of the electroless
deposition process. The comparison of the reflectivity spectra of
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S2 and S3 shown in Fig. 5 provided a direct evidence to show the
remarkable effect on the morphology improvement using the
electroless deposition process. (1) The absorption in long
wavelength range decreases obviously. It reflects that the
amount of well linked nanoparticles increases significantly as
discussed above. (2) Compared with the reflectivity spectrum of
S2, the main absorption band of S3 at ~430 nm blue-shifted
obviously. It established that many small nanoparticles were
absorbed onto the surface of the silver tracks. From the
photograph of S3 shown in the inset of Fig. 5, we also observed
a color change of the paper substrate from white to yellow. It is
because the newly reduced silver clusters also penetrated into
the paper substrate. However, these areas are non-conductive at
all and therefore will not affect the functionality of the as-
designed electronic circuits. More details exhibiting the effec-
tiveness of the electroless deposition process using nanowire
based ink is shown in the ESI, Fig. S3.7

As shown in Fig. 4a, one can see that the reflectivity of silver
track decreased rapidly after two cycles of electroless deposi-
tion. The final resistivity reached 0.97 x 1077 Q m which
corresponds to a conductivity up to 17% of that of bulk silver.
We also compared the effects between the MRTP and the
conventional thermal sintering process. For comparison, silver
tracks printed with the same ink were heated by a hot plate to
promote the sintering. Considering the poor heat tolerance of
paper, the heating temperature was set to 120 °C. As shown
from the curve, the conductivity of the silver track increased to 2
x 1077 Q m which is only ~8% of that of bulk silver after
a heating process of 160 min. The comparison experimental
result directly shows the high efficiency of the MRTP method.
The overall technology features of the described approach are
compared in Table S1, ESL.t

Application in paper electronics

We printed various structures and patterns to investigate the
potential applications of the synthesized silver inks and relative
techniques for paper electronics. Fig. 7 shows the silver patterns

Resistance ()

0.0 225 45.0 67.5 90.0 112.5 135.0 157.5 180.0

(")
Fig. 7

(@) Comparison of resistances along different directions of ink-jet printed pattern on paper. The printed pattern for the measurement is

shown in the inset. The line-width of the tracks is 1 mm. (b) and (c) show the photographs of the printed silver patterns. (d) and (e) show the SEM

images of a printed track and a single silver ink dot, respectively.
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with different line-widths printed by a commercial ink-jet
printer. The SEM image in Fig. 7d shows the printed silver
track is uniform in large scale. A single ink dot with a diameter
of ~50 pm is observed at the edge of the track. It indicates the
most fine line-width printed using current printer and ink can
reach as thin as several tens of micrometers. These results show
the convenience and flexibility of the ink-jet printing technique.

For practical application in electronic circuits and devices,
the printing uniformity and mechanical flexibility of the printed
tracks are also needed to evaluate. We designed and printed
a silver pattern containing eight intersected silver tracks with an
equal cross-angle (shown in the inset of Fig. 7a). The resistances
between the two terminals of each track treated after Step 1 and
Step 2 of MRTP were recorded in Fig. 7a, respectively. The
maximum value of the resistance differences among eight
directions is less than 4% for Step 1 of MRTP, and 6.8% for
Step 2 of MRTP. It indicates the uniformity of the printed tracks
along different directions is excellent.

To investigate the mechanical flexibility of the silver tracks
when they are bended and folded, we measured the resistance
change of the tracks under different bending radius. A mold
with various bending radius served as an assistant tool to
control the bending of the silver track. The insets in Fig. 8
show the details of the measurement. We folded the track to
a certain curvature assisted by inserting it into different
channels of the mold, recorded the resistance, and then
unfolded the track. This process was repeated several times,
and the resistance of each time was recorded in Fig. 8 to
evaluate the reliability of the silver tracks for flexible elec-
tronics application. The curvature k = 1/r, where r represents
the bending radius of the track. As recorded in Fig. 8, when the
curvature was set to a small value, the resistance values
recorded from the repeated measurements were stable with

Resistance (2)

4 I I
10 100 1000
Curvature (m™)

10000

Fig. 8 Resistance of the silver tracks as a function of the bending
curvature. All the data for each experimental condition were collected
for several-times repetitions. The average values and standard devia-
tion (error bar) were labeled. Photographs of the bending track sample
and the measurement details are shown in the insets.
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small fluctuations. As shown in Fig. 8, the average value of the
resistance increased gradually with the increase of the curva-
ture. Meantime, the multiple measured values were still stable
and fluctuated in a small range. Even when the curvature is as
large as 167 m ™" (corresponding to r = 6 mm), the fluctuation
of the resistance is still in the range of 2.5%. To further verify
the reliability of the tracks for flexible applications, we moni-
tored the resistance change when the track were bended to
a certain curvature (r = 0.06 m) assisted by the mold for
200 times. The recorded fluctuation of the resistance is within
an acceptable level. Compared with its initial value, the resis-
tance of the silver track only increased ~2.89% after 200 times
bending test. It exhibited the possibility of realizing various 3D
architecture electronic devices with stable performance using
the ink-jet printed technique on papers. Moreover, it can be
easily found that the strain sensitive of resistance of the silver
tracks is excellent. It meets the technique requirement of high
performance resistive strain sensors well.*” However, we also
observed when the curvature continued to increase from 500
m" to 4000 m " (corresponding to r = 2 mm and 0.25 mm,
respectively), both the values of the resistance and their fluc-
tuation range increased obviously corresponding to a serious
electrical performance deterioration. It means the current
printed silver tracks are not suitable to be frequently folded in-
half when they are applied to the fabrication of electronic
devices requiring high stability and accuracy. The reasons why
the conductivity of silver tracks is affected by the substrate
bending can be explained as follows. Unlike conductive tracks
constituted by bulk silver, the printed silver tracks are mainly
constituted by densely compacted nanoparticles. Although
these particles are joined together after post processing treat-
ment, the mechanical strength of such tracks is still weaker
compared with bulk silver, as discussed before.'***** Fortu-
nately, as indicated by our experimental result, this resistance
change is recoverable when the bending curvature is small.
This gradual increase of resistance in according with the
change of bending curvature and recoverable property make
such printed tracks useful in sensing application. However,
once the curvature is too large, unrecoverable cracks and
breaks inside the tracks, as well as the deformation of paper
substrate will result in a serious and unrecoverable increase-
ment of resistance. We believe such bending stability can be
further improved by increasing the thickness of the tracks or
optimizing the ratio between the silver nanospheres and the
nanowires in the ink as discussed above and investigated by
the literatures.*?”%

Finally, we exhibit that by combining with the 3D paper
folding and color printing technologies, the paper based ink-jet
printing technique can be used to realize imaginative 3D flex-
ible electronic devices with complicated architectures and
colored profiles which are difficult to fabricate by conventional
techniques. We designed various 3D electronic devices dressed
with colored profiles containing LEDs and printed silver tracks
(Fig. 9) to introduce this concept. Three unique advantages of
this technology are observed. (1) The flexibility of the paper
based electronic devices is evident. Silver tracks can be bent,
curled and folded easily when the devices are working.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Photographs of various 3D colored architectures containing
LEDs and printed silver tracks.

(2) Silver inks and conventional color inks can be used
together by ink-jet printing conveniently. The silver tracks can
serve not only as electronic pathway, but also decorative lines
with unique light reflection. (3) As a low-cost and easy pro-
cessing raw material, the paper substrates can also be painted,
bent, folded and cut into complicated sculptures and architec-
tures easily. Such distinguishing technological advantages
make the paper based ink-jet printing a highly desirable tech-
nology for future innovative electronic product fabrication. In
the experiment, we found that the photo paper being used here
is a type of paper very suitable for realizing such 3D paper based
electronic circuits and devices. Firstly, as studied in literature*®
as well as in our experiment, it is found the silver tracks printed
on this type of paper has a better conductivity, mainly owing to
its smooth surface. Meantime, the hardness and the machin-
ability of such type of paper are both excellent, suitable for
constructing complicated 3D architectures.

Conclusions

In this paper, we present a systematical study on paper based
ink-jet printing technology from the aspects of the massive
nanoparticle synthesis, high efficiency post-processing and
innovative application on paper electronics. (1) We proposed
a seeds triggered synthesis strategy which is robustly repeatable
for the fabrication of massive silver nanoparticles. H,O, was
found a key point for the successfully etching of the initial seeds
of which the amount and crystal type are difficult to control.
With the seeds triggering strategy, since the chemical purity and
reaction condition dependence of the synthesis is decreased
significantly, massive silver nanoparticles with uniform size
were achieved in a facial and repeatable method. (2) We
explored the possibility of room-temperature post-processing of
the printed silver tracks by incorporating different techniques.
With a serial of comparison experiments and theoretical
simulations, we exhibited the important role of acetone to
trigger the room-temperature sintering and established the
high efficiency of photonic sintering using white light LEDs.

This journal is © The Royal Society of Chemistry 2017
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After the sintering process, electroless deposition was proved an
effective method to further improve the conductivity of the
tracks by the condensing of the tracks having defects and voids.
The MRTP method is superior because the conductivity of the
silver tracks treated by current method is two-fold higher than
that of the samples treated by conventional thermal sintering at
120 °C. (3) Finally, the electrical performance investigation on
the uniformity and the mechanical flexibility shows numerous
advantages of the paper based ink-jet printing technology. Such
flexible, paintable and tailorable paper electric circuits and
devices open the possibility to realize innovative electronic
products in future, and have great potential applications in
sensing, display and disposable electronic chips.
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