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ABSTRACT: A suite of silver (Ag) nanocrystals have been synthesized
using a rapid water radiolysis approach via X-ray irradiation. Various shapes
including spheroidal, prism, rod, and multifaceted nanoparticles can be
produced by varying the initial concentration of polyvinylpyrrolidone (PVP)
relative to silver nitrate (AgNO;). UV—visible spectroscopy and transmission
electron microscopy (TEM) coupled with selected area electron diffraction
(SAED) have been used to characterize these Ag products. At an optimized
reagent ratio, a mixture of high-aspect-ratio rods (tunable to ~S0) and
spheroidal particles result. Such a mixture is proven to have highly beneficial
melting point and dispersive properties suited to inkjet printing of
conductive Ag lines. The resistivity of the printed lines decreases to 77.7

1€ and 33.1 pu€ after heating to 200 and 350 °C.
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1. INTRODUCTION

Controlling size and morphology of nanostructures is of both
fundamental and technological interest for providing effective
strategies to tune electronic and optical properties of
materials.'~* Nanostructures made of noble metal, such as
Ag,s’é gold,7_9 and platinum,lo’11 are of particular interest
because of their unique respective properties. Ag possesses the
highest electrical and thermal conductivity among all the
metals. Along with other properties, these promote extensive
use in catalysis,">"> electronics,"*"> photonics,'® photogra-
phy,"” biological labeling,'®'® optical sensing,’**' and anti-
microbials.**

Recently, using Ag nanoparticles to produce conductive
tracks with inkjet printing has attracted attention due to its high
conductivity and thermal stability.”>~>* Direct writing or drop-
on demand technology represents a new method in which
nanoparticles are directly printed on a substrate using inkjet
printing technology. A post-heating step is used to sinter or
melt the nanoparticles to impart continuity and conductivity to
the track. Methods for producing high quality, continuous
tracks which reflect the conductivity of bulk Ag and are formed
at low temperatures attracts abundant interest. Challenges arise
in achieving uniform deposition and continuity in conductivity
and lowering heat treatment temperatures to broaden the range
of viable substrates. With evaporation of the solvent from a
drop of dilute nanoparticle solution, the solid particles have an
energetic preference to accumulate at the droplet edge;
assembling into a ring or discontinuous track.”® Subsequently,
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a combination of small spheroidal and anisotropic Ag
nanocrystals are shown here to overcome this complication
and promote continuous conductive tracks with low melting
points. Demonstrated use of comixtures in inkjet printing is
currently limited. However, we present through the method
described here, chemical reactants can be used to tune synthesis
conditions to produce mixtures of both types of nanoparticles
simultaneously, rapidly and of size scale to promote low
temperature sintering. This dramatically simplifies production
of high-performance colloidal solutions that can be directly
applied to a variety of substrates for printing conductive tracks.
In the common synthesis of Ag nanocrystals by the polyol
method, PVP has proven to be convenient and often favorable.
Some important PVP-assisted methods for the synthesis of
shape-controlled Ag nanocrystals and their operating parame-
ters are summarized in Table S1 in the Supportin
Information.”” 3% These Ag nanoscale disks,*’ prisms,2
cubes,”® and wires®* > are mainly synthesized with input of
heat energy. Our method utilizes irradiation with X-rays, which
generates a redox environment due to radicalization of solvent
molecules,®® in this case, water. Upon X-ray irradiation, water
dissociates to form highly reactive radicals and can be used for
reduction of metal ions to form nanoparticles.>*~>* This has
alternatively been performed with ultrasonic reduction® and y-
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ray irradiation.** The resulting hydrogen radicals (H®) and
solvated electrons (e,,) are powerful reducing agents and
rapidly reduce Ag® ions to Ag atoms. This approach offers
several advantages including low temperature and rapid
synthesis, uniform reaction kinetics, and no need for addition
of a chemical reducing agent (subsequently improving
nanoparticle purity). These benefits provide flexibility and
control in synthesis and complete synthesis requires only a few
minutes. We show here that anisotropy assists in uniform
deposition of Ag into homogeneous tracks. The size and
dimensions of the nanoparticles further promote conductivity
by enabling low-temperature melting.

In this work, PVP-coated and stabilized Ag seeds <10 nm in
diameter were formed in solution as nucleation sites by
irradiation for S s (see Figure S1 in the Supporting
Information). Subsequent growth was performed with attenu-
ation of the X-ray beam with a 1.6 mm thick aluminum plate for
10 min. Adjusting the relative concentration of PVP enabled
the synthesis of various colloidal structures (spherical, prism, or
rod/wire nanoparticles). Formation of an appropriate seed can
be used to form particle and wire mixtures.

2. EXPERIMENTAL SECTION

Silver nitrate (AgNO;, 99+%), polyvinylpyrrolidone (PVP, 99.5%,
molecular weight ~40000 g/mol), and methanol (99.8%) were
purchased from Aldrich (MO, USA). All chemicals were used without
further purification. Polished silicon (100) wafers were obtained from
Silicon Sense (NH, USA). Precleaned glass slides were purchased from
Corning Glass (NY, USA).

Ag nanostructures were synthesized in solution as follows. A 4 mL
solution containing 9 mM silver nitrate (AgNO;), poly vinyl-
pyrrolidone (PVP) of various concentrations (9 mM, 18 mM, 36
mM and 45 mM) and water was mixed in a glass vial. PVP
(monomeric unit ~111 g/mol) was added to provide PVP/AgNO;
molar ratios of 1, 2, 4, and 5. The whole reaction including nucleation
and growth stages were conducted in the same vial with no further
addition of reagents.

For nucleation, the aforementioned mixture was irradiated by
intense X-rays for S s at the ‘white light’ BLO1A beamline of the
National Synchrotron Radiation Research Center, Hsinchu, Taiwan,
with an electron storage ring current of 360 mA. The photon energy
distribution was centered at 10—15 keV and the dose rate was 5.1 +
0.9 kGy s as determined by a Fricke dosimeter with an estimated G-
value of 13.® The irradiated solution with Ag seeds showed a light
yellow color.

Subsequent growth was conducted by immediately placing 1.6 mm
thick aluminum sheet in front of the solution to attenuate the X-ray
beam. The attenuation varies radical concentrations and reaction rates.
In this case, high X-ray flux was found to be counterproductive for the
subsequent nanocrystal growth stage. During the crystal growth, the
solution was irradiated for up to 20 min at room temperature without
stirring.

After irradiation, the solution was centrifuged at 6000 rpm for 10
min and washed with methanol and resuspended 3 times to remove
residual PVP. The synthetic yield was ~1.5 wt %. The precipitate of Ag
nanostructures was collected and redispersed to form concentrated
(1S wt %) Ag inks. The inks were printed by an inkjet printer on
silicon and glass substrates. The substrates were cleaned with acetone
and deionized water to remove particulates and organic contaminates
from the surface. After cleaning, the substrates were treated with UV/
O; for 30 min for better surface contact (Figure S2 in the Supporting
Information). After printing, the patterned structures were heated at
different temperatures, from 100 to 350 °C with an interval of 50 °C
for 1 h.

The printer setup consisted of a drop-on demand piezoelectric
inkjet nozzle. A squeeze mode piezoelectric print head MJ-AT-01
manufactured by MicroFab Technologies Inc., was employed in this
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study. The diameter of the print head nozzle orifice is 20 ym and was
operated with a typical bipolar pulse waveform which can minimize
unwanted satellite droplets and asymmetric droplet formation. The
waveform was set to 2, 5, 2, 5, and 2 us for rise, dwell, fall, echo and
final times as illustrated in the diagram in Figure S3 of the Supporting
Information. A slow rising time is used to prevent air from being
sucked into the tube and sufficient interval time between droplet
formations was designed for meniscus oscillations to dissipate
completely. The driving voltage was set as +20 V, and the single
droplet volume is ~2 X 107'* m®. During the printing process, the gap
between print head and substrate on the planar moving stage was
adjusted to 5 mm, and the patterns were printed on a computer-
controlled gantry system capable of movement accurate to +5 pum.
The straight lines were constructed with the dot spacing of 40 and 60
um (Figure S4 of SI). All patterns were printed with the stage velocity
of 10 mm/s. The viscosity and surface tension of the concentrated Ag
ink were measured by a viscometer (model DV-II+Pro, Brookfield)
and tensiometer (K10ST, Kriiss Gmbh). The viscosity and surface
tension of the three types of Ag inks in this study were ~1.4 mPa s and
~37.1 mN m™". A squeeze-mode piezoelectric printhead MJ-AT-01 is
manufactured by MicroFab Technologies Inc.

The structure and diffraction pattern of the nanostructures were
characterized respectively using a transmission electron microscope
(TEM, JEM-2100F) with an accelerating voltage of 200 kV. The
morphology and size distribution were obtained using a scanning
electron microscope (SEM, Zeiss EVOS0) with an accelerating voltage
of 20 kV. An atomic force microscope (AFM, Seiko SPA300HV) with
a 1 Hz scan rate was used to examine the roughness of the patterned
structures. The melting points of the silver solutions were analyzed by
differential scanning calorimetry (DSC) at a heating rate of 10 °C/min
under ambient atmosphere. Before DSC experiments, all the samples
were heated at 100 °C for 1 h to evaporate methanol and subsequently
cooled to the ambient temperature. The current—voltage measure-
ments of the patterns were controlled by two nanomanipulators
(Klocke Nanotechnik) with tungsten tips and carried out using a
Keithley 236 source measurement unit.

3. RESULTS AND DISCUSSION

Figure 1a shows the evolution of UV—visible absorption spectra
with synthesis time taken from a solution containing a molar
ratio of PVP/AgNO; of 2. Corresponding TEM images are
given in Figure 1b-d. With X-ray irradiation for 1 min, the UV—
visible spectrum is dominated by a peak at ~410 nm indicating
formation of a Ag colloid.>* With further irradiation from $ to
10 min, distinct anisotropy occurs. The TEM image after 5 min
irradiation (Figure 1b) identifies multifaceted nanoparticles
(termed multiply twinned particles®”) with S-fold symmetry
(see Figure SS in the Supporting Information) and Ag
nanorods. The degree of anisotropy can be adjusted with
irradiation time. As shown after 10 min (Figure 1c), the
products can develop dramatically higher aspect ratio (~S0
with dimensions of S ym X 100 nm). Simultaneously, other
spheroidal Ag crystals approach a homogeneous size without
forming the wire-shaped crystals. Structural analysis of the Ag
nanowires was performed by selected area electron diffraction
(SAED) and high resolution TEM (HRTEM) analyses. Images
d and e in Figure 1 show a high-magnification TEM image of an
Ag nanowire and its SAED pattern, respectively. The SAED
pattern confirms that nanowire growth occurs along the [110]
direction. Most of the spots can be indexed to one of the two
zone axes of the Ag structure, the [110] zone axis (indexed
using bold characters) and [111] zone axis (italic characters).
These indicate that the nanowire is not a single domain crystal
but has a twinned structure, similar to that reported previously
and highlighted in Figure 1£.°7*> A clear twin boundary can be
seen, showing the existence of a twin plane inside the wire.
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Figure 1. Ag nanostructures formed with a PVP/AgNO; molar ratio of
2. (a) UV—visible absorption spectra after synthesis for 1, 5, and 10
min. Corresponding products are shown by TEM after (b) S and (c)
10 min. (d) High-magnification TEM image of the Ag nanowire and
(e) its SAED pattern. Most of the diffraction spots can be indexed to
one of the two sets: the [110] zone axis (indexed using bold
characters) and [111] zone axis (italic characters) of Ag, indicating the
nanowire is a twinned structure. (f) HRTEM image taken from the Ag
nanowire confirms a twinned structure.

By increasing the molar ratio of PVP/AgNO; to 4, triangular
nanoprisms become the major product (Figure 2). Figure 2a
shows the UV—visible absorption spectra of the nanoprisms.
After the first minute of irradiation, one significant peak
centered at 410 nm is present, corresponding to the dipole
resonance of Ag nanoparticles, whereas the out-of-plane (340
nm) quadrupole resonance is unapparent.”® With irradiation for
S and 10 min, the out-of-plane quadrupolar plasmon-resonance
band at 340 nm gradually appears and the sensitive in-plane
dipole plasmon-resonance undergoes a bathochromic shift from
~555 nm to ~645 nm. This corresponds with the edge length
of the prisms growing from 37 + 4 nm to 87 + 9 nm (Figure
2b and 2c). The broadened dipole in-plane plasmon-resonance
band can result from the increase of the size distribution and
the differences in shape (truncated or acute) of the nano-
prisms.”® Imaging the near edge of a single prism (Figure 2d)
with HRTEM is shown in Figure 2e. A corresponding SAED
pattern obtained from a single Ag nanoprism lying flat on the
support film with the incident electron beam perpendicular to
the triangular facets is shown in Figure 2f. The fringes are
separated by 2.5 A, which can be ascribed to the (1/3){422}
reflection that is generally forbidden for an fcc lattice. The 6-
fold rotational symmetry displayed by the diffraction spots
implies that the triangular faces are representing the {111}
planes.

Other molar ratios of PVP/AgNO; were also investigated.
Multifaceted or spherical nanoparticles were obtained for ratios
above or below those described above. Figure 3a shows UV—
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Figure 2. Ag nanostructures formed with a PVP/AgNO; molar ratio of
4. (a) UV—visible absorption spectra after synthesis for 1, S, and 10
min. Corresponding products are shown by TEM after (b) S and (c)
10 min. (d) High-magnification TEM image of Ag nanoprisms and (e)
a HRTEM image of an edge with (f) corresponding SAED pattern.
The strong spots (square) could be indexed to the allowed {220}
reflection, and the inner spots (circle) with a weak intensity
corresponding to the formally forbidden (1/3){422} reflection.

visible absorption spectra of Ag nanoparticles produced with a
PVP/AgNO; ratio of 1. The absorption peak broadened and
shifted to 456 nm after 10 min. The corresponding images
(Figure 3b, c) to the S and 10 min curves in Figure 3a indicate
the formation of different shapes of nanocrystals with a very
broad size distribution.*" For a ratio of 5 (Figure 3d—f), the
absorption peak grew and gradually shifted to 415 nm,
suggesting continuous population growth of Ag nanoparticles
with reasonably uniform size. Images e and f in Figure 3 show
TEM images of the Ag nanoparticles corresponding to the §
and 10 min curves in Figure 3d, respectively. The images show
a homogenization of the nanoparticles toward a narrower size
distribution.

Generally, fast reduction of the metal ions (e.g., reaction with
powerful reducing agents such as radicals) results in spherical
colloids in which the surfaces of the nanoparticles typically
exhibit a mixture of {111} and {100} planes.*” To minimize
their overall energy, the seeds undergo twinning, in which
stacking faults are formed within the crystal matrix. In the
present study, we propose that the degree of seed crystal
twinning is critical to the final morphology of the
nanostructures and is reliant on the relative PVP concentration.
With the molar ratio of PVP/AgNO; at 2, multifaceted Ag
seeds with a decahedral shape were found at the nucleation
stage. Once the multifaceted seeds have formed, reduced Ag
atoms will continuously deposit on the surface of the {111}
facet, and subsequently form a new {110} facet. Because of
Ostwald ripening, the nanoparticles will grow continuously to
form a one-dimensional nanostructure.>* In contrast, with
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Figure 3. Ag nanostructures formed with a PVP/AgNO; molar ratio of
(a=c) 1 and (d—f) S. (a, d) UV—visible absorption spectra after
synthesis for 1, 5, and 10 min. Corresponding TEM images of the Ag
nanostructures obtained by irradiating the solution for (b, e) 5 and (c,
f) 10 min.

increasing the molar ratio of PVP/AgNO; to 4, triangular
nanoprisms appear in solution instead. From previous reports,
it was believed that nanoprism crystal growth can only occur
when the initial seeds contain one or two twin planes parallel to
the major {111} facets.”> This atomic arrangement initially
results in {111} faceted reentrant grooves on the sides of the
crystal plates, providing nucleation sites for deposition of new
crystal layers and drives plate-like crystal growth.** We
therefore conclude that the seed structure is governing the
shape and crystal structure of the final nanostructures.
However, how the PVP concentration affects the degree of
crystal twinning is still under investigation. One possible
function of PVP is to influence the growth rates of the seeds.
PVP could also alter radical concentrations under irradiation
and affect the synthesis, or act to terminate preferential crystal
faces. If PVP contributes to the reaction, then a concentration
related effect could be expected. For example, at a relatively low
PVP concentration the nucleation of Ag seeds is such that $-
fold symmetric multifaceted particle growth is promoted; on
the other hand, a relatively high PVP concentration only allows
one or two twin planes because of the difference in nucleation
dynamics and kinetics.

Moreover, regardless of the molar ratio of PVP to AgNO;
lower than 2 or higher than 4, no nanowires or nanoprisms are
formed even after prolonged irradiation for 20 min. With the
molar ratio of PVP to AgNO; lower than 2, the PVP
concentration is presumably too low for the surface area of
the nanoparticles and cannot interact sufficiently with all of the
Ag crystal facets. In the end, the Ag crystals develop in different
shapes with uncontrollable particle shape and size distribution.
When the molar ratio of PVP/AgNOs; is higher than 4, high
coverage of PVP appears to limit the growth rate on all planes
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of the Ag nanocrystals, leading to the gradual isotropic growth
mode and finally, spherical products.”” In the intermediate
scenario, a bicomponent seed mixture results in simultaneous
wire and spheroidal particle formation. Note that the
aforementioned 410 nm peak in the UV-—visible spectra
(similar to Patakfalvi et al.**) is present in all samples regardless
of their PVP/AgNO; precursor molar ratios and the X-ray
irradiation exposure. This result indicates that abundant small
Ag nanoparticles exist in the solution with other wire or prism
type particles. This morphology of mixed particles of different
size and shape is also confirmed with high magnification TEM
images (see Figure S6 in the Supporting Information).

Although various functionalities based on size and shape may
entail from these colloids, the mixture of wires and spherical
nanoparticles were explored for beneficial physical properties
for printing conductive Ag lines. The inclusion of wires was
expected to promote the formation of continuous, conductive
tracks. Lines of nanoparticles were printed on silicon wafer by
inkjet printing to compare the three different kinds of “inl
(i.e., the nanowire mixture, nanoprisms, and spheroidal colloid
solutions) to assess dependence on morphologies in assisting
conductivity.

Figure 4a shows a representative SEM image of a printed line
of nanoparticles after heating to 250 °C having a width of
~29.7 um and height of 150 nm measured by atomic force
microscopy (AFM). With 40 pm of interspacing distance
between dots on the silicon wafer, the line is well connected
(see Figure S4 in the Supporting Information). The AFM
measurement in Figure 4b confirms a smooth surface profile
thick in the middle and thin on the edges. The line width also
decreases with heating which could be attributed to the rapid
evaporation in the heating process. Current—voltage (I-V)
curves of the printed lines were measured for various distances
between two tungsten tips placed along the wire direction
(inset of Figure 4a). From this, the resistance (R)
corresponding to a given length (L) can be measured. The
corresponding I-V curve of Figure 4a is shown in Figure S7 in
the Supporting Information. Upon removal of the distance-
dependent resistance, the intrinsic resistivity (p) of the
nanowire mixture line was calculated as 41.3 uQ cm (based
on an integrated cross-sectional area of A = 4.1 ym? inset of
Figure 4b, and the value AR/AL = 755.1Q/75 pm, according
to the equation p = AR X A/AL). Figure 4c compares
resistivity as a function of heating temperature. Significant
reduction in resistivity to 77.7 4€Q cm occurred with heating at
200 °C and reached a minimum value of 33.1 € cm after
reaching ~350 °C (compared to that of the pure bulk Ag: 1.6
U cm).

The Ag mixture of wires and spherical nanoparticles were
analyzed using DSC in a temperature range of 30 to 350 °C
(Figure 4d). Two endothermic peaks at about 170 and 270 °C
could be attributed with different phase changes of different-
sized Ag nanoparticles with the PVP on the surfaces. Although
the decomposition temperature of PVP (>400 °C) and the
melting temperature of Ag (>900 °C) are all much higher than
this temperature range, we cannot rule out that the interface
modification in the PVP-Ag nanoparticle complex could induce
thermal properties different from that of the individual
components. For gold nanoparticles of 10 nm diameter,
features in a similar temperature range have been pr0fosed
to arise from pyrolysis of the stabilizing PVA polymer.”® We
also note that very small Ag nanoparticles (<2 nm) were
present in each solution (see Figure S6 in the Supporting
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Figure 4. Printing conductive tracks. (a) SEM image of a printed line
in contact with two tungsten electrodes (inset), and (b) corresponding
AFM determination of topography. (c) The resistivity decreases as a
function of heating temperature for sol containing nanowires. (d) The
DSC curve upon heating of the Ag nanowire dominated products used
in this study. (e) SEM images showing the microstructure of Ag
nanowire dominated products (top), nanoprisms (middle), and
nanoparticles (bottom) heated at 100, 200, and 300 °C for 1 h. All
scale bars = § pym.

Information) and that could contribute to the low temperature
features in DSC data as some references suggested.*’~*’ Data
from DSC can give indications of many processes including
melting, sintering, phase transitions and degradation, thus
interpretation of the DSC curve is confounded by many factors.
Theoretical models predict that metal nanoparticle melting
points can be signiﬁcantlg altered and confounded by many
factors including shape® and substrate material (contact
angle)®' and increase in uncertainty with decreasing nano-
particle size. Kim et al, have experimentally shown silver
nanoparticle melting points range from 112 to 193 °C for the
size range of 3.5—6.6 nm diameter.>* In our case, the SEM
images given in Figure 4e and Figure S8a of the Supporting
Information clearly show that fusion of the nanoparticles occurs
below 300 °C. It is tempting to associate the two features in the
DSC curve to melting of two different size distributions of
nanoparticles. However, we remain unable to conclusively
discern the exact contributions to this curve and there may be
contribution from the stabilizing polymer such as a glass
transition.>® Collectively, these observations indicate complex-
ity for small nanoparticles exhibiting intricacies in physical
properties that provide challenges theoretically and instrumen-
tally to elucidate specific processes. These points raise
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questions worthy of further investigation in regards to
modeling, polymer, and metal nanoparticle behavior in this
size and temperature regime.

Because the PVP capping is too stable to decompose below
350 °C, it is unlikely to exhibit purely sintering behavior. SEM
images reveal that the nanowire colloids produce conductive
tracks compared to the other samples (Figure 4e).

The importance of the particle and wire mix is particularly
evident when comparing printed lines as a function of
temperature with SEM (Figure 4e). Although the Ag
nanoparticles start melting slightly above 160 °C for each
morphology, the formation of long-range conductive tracks
does not occur without incorporating wires. Instead, the Ag
nanoprisms and nanoparticles in the patterned line are likely to
be isolated dots. High magnification SEM images of these three
kinds of Ag solution heated at 300 °C clearly show that with the
inclusion of Ag nanowires, the fused nanoparticles are bridged
by the nanowires. On the other hand, at the same temperature,
Ag nanoprisms and nanoparticles solution form short-range
conductive tracks but highly discontinuous (see Figure S8 in
the Supporting Information). The corresponding I-V curve of
these lines further show a Schottky barrier effect of tungsten—
silicon-tungsten contact (see Figure S9 in the Supporting
Information), which suggests electron flow is via a silicon path
rather than Ag.

We have also tested printing inks on a glass substrate to
compare data from a more economical substrate. The printed
lines are of lower quality (see Figure S10 in the Supporting
Information) than on silicon surface and this result indicates
the importance of optimizing condition between ink and
substrates as well as the alignment of the inkjet printer. The
annealing temperature of 200 °C can enable printing on some
polymer surfaces. However, for versatility and provision of
using a broader range of polymer substrates this temperature
still needs to be further reduced. We have found that adding
AgNO; to Ag nanowire mixture solutions can produce denser
Ag patterns and better conductive performance after heating at
200 °C. Further optimization is underway.

4. CONCLUSION

In summary, we have developed an X-ray irradiation technique
to rapidly synthesize Ag nanostructures at room temperature. It
was found that the molar ratio between AgNO; and PVP plays
a critical role in the structure of seeds which consequently
relate to formation of different products (nanowires mixture,
nanoprisms, or spherical nanoparticles). Inkjet printing of Ag
nanowire mixture solutions exhibited low resistivity, ranging
from 77.7 uQ cm to 33.1 u€2 cm when heated at 200—350 °C.
Existence of Ag nanowires in the colloidal solution was critical
for fusing particles to form long-range conductive tracks.
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Additional images and the I—V curves of printed line made of
Ag nanocrystals. This material is available free of charge via the
Internet at http://pubs.acs.org.
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