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ABSTRACT: The relatively high temperatures (>200 °C) required
to sinter silver nanoparticle inks have limited the development of
printed electronic devices on low-cost, heat-sensitive paper and
plastic substrates. This article explores the change in morphology and
resistivity that occurs upon heating thick ﬁlms of silver nanowires (of
two diﬀerent lengths; Ag NWs), nanoparticles (Ag NPs), and
microﬂakes (Ag MFs) at temperatures between 70 and 400 °C. After
heating at 70 °C, ﬁlms of long Ag NWs exhibited a resistivity of 1.8 ×
10−5 Ω cm, 4000 times more conductive than ﬁlms made from Ag
NPs. This result indicates the resistivity of thick ﬁlms of silver
nanostructures is dominated by the contact resistance between
particles before sintering. After sintering at 300 °C, the resistivity of
short Ag NWs, long Ag NWs, and Ag NPs converge to a value of (2−3) × 10−5 Ω cm, while ﬁlms of Ag MFs remain ∼10× less
conductive (4.06 × 10−4 Ω cm). Thus, ﬁlms of long Ag NW ﬁlms heated at 70 °C are more conductive than Ag NP ﬁlms sintered
at 300 °C. Adding 10 wt % nanowires to a ﬁlm of nanoparticles results in a 400-fold improvement in resistivity.
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1. INTRODUCTION

conclusive understanding of the relationship between morphology, temperature, and resistivity.
The most dramatic outcome from this study is the
demonstration that ﬁlms of Ag NWs are up to 4000 times
more conductive than ﬁlms of Ag NPs after drying at 70 °C. In
fact, ﬁlms of long Ag NWs dried at 70 °C are more conductive
than ﬁlms of Ag NPs sintered at 300 °C. As commercially
available Ag NP inks have required high temperatures to make
conductive lines, circuits made with such inks have to be
printed on relatively costly polymer substrates that can
withstand such temperatures, such as polyimide. This work
demonstrates that the use of a Ag NW ink in place of a Ag NP
ink will enable the printing of highly conductive traces or
contacts on virtually any substrate.

Printed electronics manufactured through inkjet, aerosol, and
screen printing technologies oﬀer a low-cost alternative for
electronic device manufacturing compared to traditional
lithography, etching, vacuum, or electroless plating techniques.1
With the market for printed electronics expected to reach $300
billion over the next 20 years, research into better ways to print
electronic devices for applications such as energy storage,2
photovoltaics,3,4 ﬂexible electronics,5 transistors,6 and RFID
tags7 can provide information of considerable economic value.
Polymers,8 graphene,9 and carbon nanotubes10 have been
demonstrated in conductive inks, but silver-based conductive
inks continue to be one of the most widely used materials in
printed electronics due to their oxidation resistance, water
dispersibilty, and low resistivity.1,11
The questions that we have sought to address in this work
are, (1) what silver nanostructures result in the most
conductive inks when deposited to form a thick ﬁlm, and (2)
how does the morphology and resistivity of these ﬁlms depend
on sintering temperature? Although silver nanowires (Ag
NWs),12−15 silver nanoparticles (Ag NPs),16−24 and silver
microﬂakes (Ag MFs)25−27 have all been deposited from a
variety of solutions to create printed lines with high
conductivities, the solutions used to deposit these nanostructures and the temperatures used to sinter them vary from study
to study (see Table 1). By using only water to deposit these
various nanostructures, and by sintering them across a range of
temperatures, we sought to obtain a more complete and
© 2016 American Chemical Society

2. RESULTS AND DISCUSSION
All four of the morphologies studied here were synthesized with
previously reported literature methods. After synthesis, the
nanowires, nanoparticles, and microﬂakes (Supporting Information Figure S1 shows XRD spectra of each morphology)
were stored in distilled water and eventually deposited from
these aqueous solutions into wells of known dimensions on a
glass slide. Since the concentration of silver was known for each
shape, the same amount of silver by mass was deposited into
each well. The various shapes were then heated at 70 °C for 10
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Table 1. Summary of Literature Values for the Resistivity of Ag NW, Ag NP, and Ag MF Films (IPA = Isopropanol, EG =
Ethylene Glycol, HEC = Hydroxyethyl Cellulose, NF = Nanoﬂake, 2BE = 2-Butylethanol)a

a

shape

dimens (shortest, longest)

drying temp (°C)

resistivity (Ω cm)

NW
NW
NW
NW

60 nm, 15 μm
55 nm, 2.2 μm
100 nm, 5−10 μm
48 nm, 6.2 μm

NP
NP
NP
NP
NP
NP
NP
NP
NF
NF
MF

150 nm, 27 μm
≤50 nm, −
46 nm, −
40 nm, −
12.2 nm, −
400 nm, −
40 nm, −
12 nm, −
27 nm, −
−, 35 nm
30 nm, 517 nm
51 nm, 1.6 μm

50
110
250
70
400
70
320
250
180
250
200
180
250
400
200
200
250

2.6 × 10−5
1 × 10−3
2.1 × 10−5
5.7 × 10−5
9.8 × 10−6
1.8 × 10−5
1.1 × 10−4
2.4 × 10−5
5 × 10−6
4.5 × 10−6
4.34 × 10−6
3.7 × 10−6
3.8 × 10−6
2.4 × 10−5
9.4 × 10−6
7.4 × 10−6
9.3 × 10−5

ink soln

ref

water
IPA + stabilizers
EG
water

13
15
12
this work

water
water-based ink
water
organic-based ink
ethanol-based solvents
ethanol and HEC
water and EG
tetradecane
water
EG and 2BE
ethanol
water

this work
22
20
19
21
28
24
23
this work
25
27
this work

Entries in bold are from this work.

min to remove any moisture and then separately placed in a
tube furnace at 200, 250, 300, and 400 °C for 30 min. The
sheet resistance was measured after the samples cooled to room
temperature.
The mass of deposited silver and the measured sheet
resistance of the ﬁlms were used to calculate resistivity with the
following equation:
m
ρ = Rs
ρAg πr 2
where ρ is the resistivity of the ﬁlm, Rs is sheet resistance, m is
the mass of silver species, ρAg is the density of silver, and r is the
radius of the well. We note that some other publications
determine the resistivity of the ﬁlm with the following equation:
ρ = R st

where t is the ﬁlm thickness measured with a proﬁlomter or
SEM. We chose not to do it this way for three reasons. First,
given the natural roughness of the silver ﬁlms, the
determination of mass in a ﬁlm can be made to a greater
precision than the determination of the ﬁlm thickness. Second,
we are principally interested in the ﬁlm resistance as a function
of silver mass since we believe more people are interested in
minimizing the mass of silver used to achieve a given line
resistance and generally do not seek to minimize the thickness
of a printed line necessary to achieve a given resistance. Third,
diﬀerent nanostructures will lead to very diﬀerent ﬁlm
thicknesses given the same mass of silver. For example, the
thickness of the silver nanoparticle ﬁlms are less than half that
of the silver nanowire ﬁlms of the same mass, meaning that the
silver nanowire ﬁlms have roughly twice the porosity (Table S1
shows the experimental thicknesses and surface roughnesses of
the ﬁlms determined via proﬁlometer). Obviously, the Ag NW
ﬁlms do not have twice the amount of silver, so it does not
make sense to use the thicknesses of these two ﬁlms to
compare their resistivities. Thus, we used the mass of silver in
the ﬁlms discussed here to calculate an eﬀective thickness, and
used this thickness to determine the resistivity of the ﬁlms.
Figure 1 shows SEM images of short Ag NWs (length = 6.2
± 2.4 μm; diameter = 48 ± 10 nm) after heating at various

Figure 1. SEM images of short Ag NWs (length = 6.2 ± 2.4 μm;
diameter = 48 ± 10 nm) after (A) removal of water at 70 °C for 10
min and sintering at (B) 200, (C) 250, and (D) 300 °C for 30 min.

temperatures. After drying at 70 °C there was no visible
sintering between the nanowires (Figure 1A). After heating at
200 °C (Figure 2B), the nanowires began to sinter at
nanowire−nanowire contacts. When the sintering temperature
was increased to 250 °C, nanowires began to deform into
particles (Figure 1C).29 At 300 °C the short nanowires melted
into a porous ﬁlm of silver (Figure 1D).
Junction resistance between nanowires in a network has been
shown to dominate the overall resistance of a thin, nanowirebased transparent conducting ﬁlm.30−34 Limiting the number of
junctions in a ﬁlm of a given mass requires longer nanowires.35
To examine this phenomenon in dense ﬁlms of nanowires, we
made ﬁlms from Ag NWs with an average length = 27 ± 12 μm
(diameter = 150 ± 30 nm) for comparison with the ﬁlms made
from the shorter Ag NWs with an average length of 6.2 ± 2.4
μm (see Figure S2 for dark ﬁeld optical microscopy images of
the short and long Ag NWs). Figure 2 shows the morphology
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Figure 2. SEM images of long Ag NWs (length = 27 ± 12 μm;
diameter = 150 ± 30 nm) after (A) water removal at 70 °C for 10 min
and sintering at (B) 200, (C) 250, and (D) 300 °C for 30 min.

Figure 3. SEM images of Ag NPs (diameter = 27 ± 8 nm) after (A)
water removal at 70 °C for 10 min and sintering at (B) 200, (C) 250,
and (D) 300 °C for 30 min.

of the long Ag NWs before (Figure 2A) and after sintering. At
200 °C (Figure 2B) the long Ag NWs sintered at nanowire−
nanowire contacts, but to a lesser extent than for the short Ag
NWs. At 250 °C (Figure 2C) the long Ag NWs maintain their
cylindrical shape with some slight curvature along the length of
some nanowires. The diﬀerence between the long and short
nanowires was even more apparent at 300 °C (Figure 2D) as
the long Ag NWs clearly still resembled nanowires. In contrast,
the short Ag NWs melted under these conditions. This
diﬀerence was due to the larger diameter of the long Ag NWs;
the temperature required for spheroidization of nanowires due
to Rayleigh instability increases with nanowire diameter.29,36
This instability is dependent on surface diﬀusion, and because
there is a higher ratio of surface atoms on the smaller diameter
Ag NWs compared to the larger diameter long Ag NWs, the
former break apart into spheres at a lower temperature. For
example, Langley et al.29 showed that transparent ﬁlms of Ag
NWs with diameters of 25 nm lost conductivity (broke into
spheres) at 225 °C, but Ag NWs with diameters of 117 nm did
not do so below 275 °C. Similarly, the short Ag NWs in this
study (diameter = 48 nm) began to break apart around 250 °C,
but the long Ag NWs (diameter = 150 nm) did not exhibit this
instability until closer to 300 °C.
Figure 3 shows the eﬀects of sintering on dense ﬁlms of Ag
NPs (average particle size = 27 ± 8 nm). After drying at 70 °C
for 10 min (Figure 3A), no evidence of sintering between the
Ag NPs was observed. At 200 °C (Figure 3B) and 250 °C
(Figure 3C) the nanoparticles clearly started to melt toghether
to form an interconnected network of particles. At 300 °C the
Ag NPs merged further, resulting in enlarged contacts between
nanoparticles. The fact that the Ag NPs melt sooner than the
Ag NWs is expected considering their greater radius of
curvature, which results in a stronger driving force for particle
growth and diﬀusion of silver to contacts.
Finally, Ag MFs (length = 1.6 ± 0.3 μm; thickness = 51 ± 8
nm) underwent identical sintering treatments as the previous
silver shapes. Figure 4A shows the random orientation of the
ﬂakes in the ﬁlm after drying at 70 °C. At 200 °C (Figure 4B)
and 250 °C (Figure 4C) signiﬁcant necking began to occur
between nanoparticles and the smaller, sharper corners of the

Figure 4. SEM images of Ag MFs (length = 1.6 ± 0.3 μm; thickness =
51 ± 8 nm) after (A) water removal at 70 °C for 10 min and sintering
at (B) 200, (C) 250, and (D) 300 °C for 30 min.

Ag MFs. At 300 °C (Figure 4D) the Ag MFs themselves began
to melt and deform, but sintering between the stacked faces of
the ﬂakes was not observed. Instead, ﬂakes melted along their
edges, and this did not appear to increase the contact area
between particles.
The morphological changes of the silver nanostructures
associated with an increase in sintering temperature can be
directly correlated to the change in resistivity of the ﬁlms as a
function of temperature (Figure 5). After deposition from water
and drying at 70 °C for 10 min, all of the morphologies formed
conductive ﬁlms. However, ﬁlms of the Ag NWs were orders of
magnitude more conductive than nanoparticles or microﬂakes.
The resistivity of the Ag NW ﬁlms (1.76 × 10−5 Ω cm) was
only 10 times that of bulk silver (ρ = 1.6 × 10−6 Ω cm). This is
the lowest resistivity for Ag NWs deposited from water and
dried at low temperatures (<100 °C). The short Ag NWs were
also quite conductive prior to sintering (ρ = 5.71 × 10−5 Ω cm)
1872

DOI: 10.1021/acsami.6b12289
ACS Appl. Mater. Interfaces 2017, 9, 1870−1876

Research Article

ACS Applied Materials & Interfaces

between nanoparticles to be comparable to the diameter of the
nanowires, resulting in similar resistivities for ﬁlms of these
nanostructures. The resistivities of the short Ag NWs and Ag
NPs decrease slightly from their values at 250 °C due to almost
complete melting of the silver to form a porous conductive
sheet. The small increase in resistivity of the long Ag NWs was
most likely due to continued melting and destruction of the
nanowires, but their diameters are too large for the nanowires
to melt completely to form a continuous porous ﬁlm at 300 °C.
Similarly, the Ag MFs begin to melt and lose their shape at this
temperature, resulting in an apparent decrease in the number
and extent of contacts between particles, and a decrease in
conductivity (ρ = 4.06 × 10−4 Ω cm).
Although 400 °C is a higher temperature than would be used
in the majority of practical applications, it is instructive to
observe what further changes in morphology and resistivity
occurred. The short Ag NWs (Figure 6A) melted to form a

Figure 5. Resistivity versus sintering temperature for various silver
nanomorphologies. See Table S2 for tabulated values.

but slightly less so than the long Ag NWs. It is likely this
diﬀerence was due to the fact that electrons must traverse a
larger number of nanowire−nanowire contacts in ﬁlms of short
nanowires. The junction resistance has previously been shown
to dominate the resistivity of nanowire-based transparent
conductive ﬁlms.30−34 Here we are seeing that the junction
resistance dominates the resistivity of thick ﬁlms of nanowires
as well, at least prior to sintering.
After sintering at 200 °C the resistivities of each morphology
decreased by various amounts due to sintering of the contacts
between the nanostructures. Once again the long Ag NWs
exhibited the lowest resistivity (ρ = 1.42 × 10−5 Ω cm), but
now the short Ag NWs were only about half as conductive (ρ =
2.88 × 10−5 Ω cm). The relative degrees to which the Ag NWs
became more conductive after sintering are likely due to a
greater degree of sintering between the short nanowires. The
resistivity decrease for the Ag NPs (ρ = 6.07 × 10−5 Ω cm) and
Ag MFs (ρ = 1.4 × 10−5 Ω cm) is much more dramatic
compared to the nanowires. Examining Figures 3B and 4B, one
can attribute this drop to the melting of particles into larger
shapes and the necking between ﬂakes, both of which decrease
the resistivity of contact points throughout the ﬁlms.
The relative resistivities of the ﬁlms (ρlong Ag NWs < ρshort Ag NWs
< ρAg NPs < ρAg MFs) did not change when the sintering
temperature was increased to 250 °C. The Ag NPs and Ag MFs
both become slightly more conductive (3.58 × 10−5 and 9.28 ×
10−5 Ω cm, respectively) due to diﬀusion of silver to
interparticle contacts. The Ag MFs have a slightly higher
resistivity since contacts between ﬂakes are only being made at
the edges of ﬂakes, whereas the Ag NPs sintered into a porous
network. The resistivity of short Ag NW ﬁlms decreases slightly
from 200 to 250 °C (2.88 × 10−5 to 2.15 × 10−5 Ω cm) while
the long Ag NWs remain at roughly the same level (the
increase in resistivity from 1.42 × 10−5 to 1.56 × 10−5 Ω cm is
within error). In Figures 1C and 2C both sets of nanowires
look as if they are beginning to transform into nanoparticles
due to Rayleigh instability. The fact that this instability did not
increase the resistivity of the ﬁlms suggests that further
sintering at contacts oﬀsets any reduction in conductivity due
to nanowire deformation.
At 300 °C, the short Ag NWs, long Ag NWs, and Ag NPs all
exhibit resistivity values within error of one another: ρshort Ag NWs
= 2.0 × 10−5 Ω cm, ρlong Ag NWs = 2.74 × 10−5 Ω cm, and ρAg NPs
= 2.93 × 10−5 Ω cm. At this point, the surface diﬀusion of silver
to the contacts between Ag NPs has enlarged the contact area

Figure 6. SEM images of (A) short Ag NWs, (B) long Ag NWs, (C)
Ag NPs, and (D) Ag MFs sintered at 400 °C.

continuous ﬁlm of silver resulting in a resistivity of 9.77 × 10−6
Ω cm which is ∼6 times the resistivity of bulk silver. The long
Ag NWs (Figure 6B) continue to degrade without melting
completely at this temperature, causing their resistivity to climb
to 4.56 × 10−4 Ω cm. The resistivity of the Ag NPs (ρ = 4.56 ×
10−4 Ω cm) falls slightly from its value at 300 °C but remains
within error as the nanoparticles melt and form an
interconnected, porous ﬁlm (Figure 6C). The ﬁlm of Ag MFs
becomes more conductive at 400 °C as the temperature was
high enough to induce complete melting of the microﬂakes to
form an interconnected network somewhat similar to, but more
porous than, the ﬁlm of Ag NPs.
Finally, we mixed Ag NPs with the long Ag NWs and
sintered at 200 °C to see to what degree ﬁlling pore space and/
or improving local sintering between nanowires with nanoparticles could improve the resistivity of this ﬁlm. Panels A and
B of Figure 7 show ﬁlms of 10:90 (mass ratio) Ag NPs:long Ag
NWs before and after sintering at 200 °C. At this concentration
the Ag NPs primarily cluster along the nanowires. While the
resistivity of the 10:90 Ag NP:Ag NW ﬁlm dried at 70 °C is
slightly higher than the ﬁlm of just long Ag NWs at the same
temperature (7.4 × 10−5 Ω cm versus 1.76 × 10−5 Ω cm,
respectively), it is orders of magnitude lower than a ﬁlm of
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the 90:10 mixture has a resistivity of 7 × 10−5 Ω cm, almost
identical to the pure Ag NP ﬁlms at this temperature (6.07 ×
10−5 Ω cm).
We note that none of the resistivies of the mixed ﬁlms are
lower than the resistivity of a ﬁlm of pure, long Ag NWs dried
from solution at 70 °C, which we presume did not undergo any
sintering. Thus, we again conclude that a pure ﬁlm of long
nanowires is the best morphology for eﬃcient electron
transport at low sintering temperatures due to the low number
of internanoparticle contacts. No degree of pore-ﬁlling or
additional sintering provided by nanoparticles oﬀsets the poor
electron transport through the partially sintered nanoparticle
networks.

3. CONCLUSION
In summary, we have shown that long Ag NWs have the lowest
resistivity compared to Ag NPs and Ag MFs when deposited
from water and dried at 70 °C. Films of Ag NWs dried at 70 °C
are up to 4000 times more conductive than ﬁlms of Ag NPs
after drying at 70 °C and are more conductive than ﬁlms of Ag
NPs sintered at 300 °C. When sintered at 400 °C, short Ag
NWs can reach resistivity values 6 times that of bulk silver.
Without using ﬁlm formers or organic additives we were able to
compare and contrast the eﬀect of morphology on the
resistivity of thick silver nanostructure ﬁlms. As with transparent conductors, the junction resistance of the conductive
material in a dense ﬁlm is crucial for determining the overall
resistance of the deposited network. These results should
beneﬁt those searching for enhanced conductivity from printed
electronics by optimizing the conductive ﬁller morphology
within the printable ink.

Figure 7. SEM images of 10:90 Ag NP:long Ag NW mixtures (A)
dried at 70 °C and (B) sintered at 200 °C; 50:50 Ag NP:long Ag NW
mixtures (C) dried at 70 °C and (D) sintered at 200 °C; and 90:10 Ag
NP:long Ag NW mixtures (E) dried at 70 °C and (F) sintered at 200
°C.

4. EXPERIMENTAL METHODS
4.1. Synthesis of Various Silver Nanomorphologies.
4.1.1. Short Nanowire Synthesis. Short Ag NWs (length = 6.2 ±
2.4 μm; diameter = 48 ± 10 nm) were synthesized according to the
polyol method.38 First, 158.4 mL of ethylene glycol (EG, J.T. Baker)
was added to a 500 mL round-bottom ﬂask which was subsequently
stoppered and heated to 130 °C in an oil bath for 1 h. The following
solutions were then prepared: (1) 0.257 g of NaCl (Fischer Scientiﬁc)
in 20 mL of EG, (2) 0.081 g of Fe(NO3)3 (Aldrich) in 10 mL of EG,
(3) 1.05 g of PVP (MW = 55,000; Aldrich) in 25 mL of EG, and (4)
1.05 g of AgNO3 (Fischer Scientiﬁc) in 25 mL of EG. Next, 0.2 mL of
solution 1, 0.1 mL of solution 2, 20.76 mL of solution 3, and 20.76 mL
of solution 4 were added to the preheated 500 mL ﬂask in that order
with about 30 s between each addition. The ﬂask was then stoppered,
and the reaction was allowed to stir at 250 rpm and 130 °C for 6 h.
Finally, the short Ag NWs were puriﬁed by washing twice with acetone
(VWR) and once with water and were stored in water.
4.1.2. Long Nanowire Synthesis. Long Ag NWs (L = 27 ± 12 μm;
D = 150 ± 30 nm) were synthesized via the same polyol method
described above except the solution of EG was preheated to 125 °C for
1 h and left at this temperature for 5 min after the four solutions had
been added. After these 5 min were over, the oil bath temperature was
raised to 130 °C and the contents were left stirring at 150 rpm for 6 h.
The washing and storage procedure was also the same as for the short
Ag NWs.
4.1.3. Silver Nanoparticle Synthesis. Ag NPs (average particle size
= 27 ± 8 nm) were synthesized following the procedure by Magdassi
et al.18 In a 50 mL round-bottom ﬂask, 4.5 g of AgC2H3O2 (Aldrich),
2.9 g of 20% poly(acrylic acid) (diluted from 40% poly(acrylic acid),
MW = 8000; Aldrich), and 28 mL of distilled water were combined
and heated to 95 °C for 15 min while stirring. Next, 3.4 g of 30 wt %
ascorbic acid (Aldrich) were added to the ﬂask and the mixture was
heated and stirred for 30 min. The Ag NPs were washed with and
stored in distilled water.

−2

pure, dried Ag NPs (ρ = 7.51 × 10 Ω cm) since there are less
nanoparticle−nanoparticle contacts to lower the conductivity.
Although sintering the ﬁlms at 200 °C improves the resistivity
slightly (ρ = 3.1 × 10−5 Ω cm), the melted Ag NPs do not assist
in sintering at nanowire−nanowire contacts enough to lower
the ﬁlm resistivity below that of pure long Ag NWs. A similar
result is seen when the Ag NP fraction is increased to 50% in
that the resistivity of the 50:50 ﬁlms before (4.2 × 10−5 Ω cm)
sintering (Figure 7C) is not below that of the pure long Ag NW
ﬁlms, but a large decrease in resistivity is seen when compared
to the dried Ag NPs. After sintering at 200 °C (ρ = 2.9 × 10−5
Ω cm, Figure 7D) the resistivity is double the value for the pure
long Ag NW ﬁlms, but again lower than the pure Ag NP ﬁlms.
In this case the Ag NPs are still mostly clustering along the
nanowires but ﬁll the void areas between the nanowires to a
greater degree than the 10:90 Ag NP:long Ag NW ﬁlms.
Finally, ﬁlms of 90:10 Ag NPs:long Ag NWs were dried at 70
°C (Figure 7E) and sintered at 200 °C (Figure 7F). After
drying, these ﬁlms had a resistivity of 1.9 × 10−4 Ω cm, the
highest of any of the mixtures due to the signiﬁcant Ag NP
portion. However, it is interesting to note that the addition of
only 10% weight by mass of Ag NWs improved the
conductivity of Ag NP ﬁlms by almost 3 orders of magnitude,
again highlighting the signiﬁcance of the incorporation of a
small fraction of high aspect ratio conductive material into a
percolative network. This result is similar to previously
observed eﬀects of adding long nanowires to short nanowires
in transparent conductive ﬁlms.33,37 When sintered at 200 °C,
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4.1.4. Silver Microﬂake Synthesis. A scaled up version of the seeded
synthesis by Audoit et al.26 was used to synthesize Ag MFs (length =
1.6 ± 0.3 μm; thickness = 51 ± 8 nm). First, silver seeds were
synthesized by mixing 24 mL of sodium citrate dihydrate (0.2 mM,
Aldrich), 0.06 mL of AgNO3 (0.025 M, Aldrich), 0.06 mL of iced
H2O2 (2.418 M, Acros Organics), and 0.08 mL of distilled water
followed by the dropwise addition of fresh, cold 0.8 mL of NaBH4
(0.05 M, Alfa Aesar) under vigorous stirring. The mixture was allowed
to stir for an additional 3 min, and the resulting yellow solution was
collected without puriﬁcation. These silver seeds (2 mL) were added
to 8 mL of distilled water, 0.5 mL of sodium citrate dihydrate, and 1
mL of ascorbic acid (0.1 M, Aldrich) while stirring. To synthesize
silver nanoplates, 0.3 mL of AgNO3 (0.01 M) was added to this
mixture via syringe pump at a rate of 3.0 mL h−1. The resulting blue
solution of silver nanoplates was used in the next step without
puriﬁcation. To a 500 mL ﬂask, 10 mL of silver nanoplates, 90 mL of
distilled water, and 100 mL of ascorbic acid (0.008 M) and sodium
citrate dihydrate (0.00267 M) were combined under moderate stirring.
Then 100 mL of AgNO3 (0.004 M) were injected into the ﬂask via
syringe pump at a rate of 55 mL h−1. Once the addition of AgNO3 was
complete, 100 mL of the gray colored product were added to a clean
round-bottom ﬂask (without puriﬁcation) with 100 mL of ascorbic
acid (0.008 M) and sodium citrate dihydrate (0.00267 M) while
stirring. Again, 100 mL of AgNO3 (0.004 M) was injected into this
ﬂask via syringe pump at a rate of 67 mL h−1 while stirring. This
process was completed once more with a AgNO3 addition rate of 100
mL h−1. Finally, 30 mL of NaOH (0.5 M Acros Organics) was added
to the microﬂakes, and they were collected by washing three times
with distilled water.
4.2. Film Fabrication and Sintering Experiments. Wells were
constructed from 0.12 mm thick double sided tape by using a 7 mm
diameter hole punch and adhering the tape to glass slides. For both
nanowire shapes and the microﬂakes, the glass slides were pretreated
by sonicating in acetone then IPA; this was not necessary for the
nanoparticles. The short nanowires, particles, and microﬂakes were
concentrated to 20 mg mL−1 and deposited from water into separate
wells (0.05 mL of solution). These wells were then placed in an oven
at 70 °C to remove the water and ﬁnally placed in a tube furnace at the
desired temperature (200−400 °C). Since the long nanowires would
aggregate at higher concentrations, 0.05 mL of 2 mg mL−1 were
deposited into the wells and then dried at 70 °C. This was repeated for
a total of 10 times in order for the mass of silver deposited to match
the other morphologies (1 mg).
4.3. Instrumentation and Characterization. Dark ﬁeld optical
microscopy (DFOM) images were taken with an Olympus BX51
microscope. SEM (FEI XL30 SEM-FEG) images and XRD
(Panalytical X’Pert PRO MRD HR XRD) spectra were taken at the
Shared Materials Instrumentation Facility at Duke University. Metal
concentration measurements were completed using a PerkinElmer
3100 atomic absorption spectrophotometer (AAS). For all ﬁlms sheet
resistance values were measured using a four-point probe (Signatone
SP4-50045TBS) and thicknesses were calculated from the mass of
silver deposited.
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