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Conducting Silver Networks Based on Electrospun Poly(Methyl
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ABSTRACT: Silver networks with high transmittance and low
resistance were prepared on transparent substrates via a
polymer-assisted electrospinning technique and post treatments.
Nonaqueous media containing poly(methyl methacrylate)
(PMMA) and silver trifluoroacetate (STA) were formulated
and electrospun as polymer/metal-precursor nanofibers with as-
spun fiber diameters ranging from 640 to 3000 nm. Nanofibers
randomly deposited on transparent substrates formed a plane
scaffold, which served as the raw material for the conducting
silver network. Post-thermal treatment at a moderate temper-
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ature of 100 °C reduced the STA precursors to silver nanoparticles (Ag NPs). Further heat treatment at elevated temperatures
thermally decomposed the organic polymer and triggered sintering of the Ag NPs into a connected one-dimensional (1D)
domain. Silver fibers with diameters ranging between 800 and 4500 nm formed continuous conducting networks on the substrate
surface. The sheet resistances of these conducting silver networks revealed strong correlations with the original STA/PMMA
ratios and with the silver network morphologies after the polymers were removed. The material fabrication was carefully
investigated, and the surface plasmon resonances (SPRs), fiber morphologies, and electrical and optical properties of the
products were examined. The optimized conducting silver networks exhibited sheet resistances as low as 15 €/sq and diffusive

optical transparencies of approximately 54%.
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1. INTRODUCTION

One-dimensional (1D) metallic nanostructures, including
nanofibers, nanowires, nanobelts, and nanorods, with unique
structural anisotropy and size-dependent characteristics have
recently attracted significant attention for microelectromechan-
ical systems (MEMS) and optoelectronic applications." Among
these 1D nanostructured materials, metallic silver has become a
promising candidate because of its high electrical conductiv-
ity,”® reasonable price, and good catalytic’® and surface
plasmon resonance (SPR)®’ performance.

These 1D silver nanomaterials are frequently prepared using
chemical reactions followed by reformulation as a suspension
solution for use in secondary processes such as imprinting,®
inkjet printing,” and rod coating.'’ Chemical syntheses enable
the mass production of the 1D nanomaterials with consistent
quality. However, the stabilities of the suspension formulas and
their suitability for use in secondary process may demand extra
considerations. Alternative approaches involve the fabrication
of nanomaterials directly on the final device, such as template
synthesis'' and vapor deposition."> These precise material
fabrication methods are usually limited by their involvement of
multiple procedures, high vacuum, high temperatures, and by
their low throughput. Over the past few decades, a polymer-
based electrospinning technique was developed for the mass
fabrication of nanofibers under ambient temperature and
atmosphere. This technique has also been recently adapted to
the production of inorganic nanofibers, where the desired
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precursor was preformulated within the polymer-based electro-
spinning solution. For example, metal oxide nanofibers have
been electrospun from sol—gel solutions,">'* and metal
nanofibers have been fabricated using a solution of metal-
lorganic precursors.ls’16 A post-heat-treatment was necessary to
complete the formation of the inorganic components, as well as
to remove the polymer via the thermal decomposition of
organic components. In these cases, one of the critical
parameters was the formulation of a homogeneous and stable
electrospinning solution, where the polymer and inorganic
precursor were well dissolved in a given solvent. In the post-
heat-treatment that disintegrates the polymer component, a
high loading of inorganic components is required to support
the original nanofiber scaffold and the robust 1D nanomaterials.

Several prior reports have demonstrated the electrospinning
of silver nanofibers using hydrophilic polymers as carriers and
silver salts as precursors.”” " Nevertheless, the electrical
conductivity properties of a single fiber or bulk fiber-deposited
networks have not been well characterized. Moreover, as a
promising candidate to the transparent conductive electrode,
the optical performances of these materials, including the
optical transparency and haze in the visible wavelength, also

need to be further addressed. In this work, a hydrophobic
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Table 1. Summary of Compositions, Viscosity, and Conductivity for All Electrospinning Solutions

polymer solution

amount of STA added

sample number PMMA(g) MEK (mL)/methanol (mL) STA (g)
STA-00 0.42 2/1 0
STA-15.3 0.42 2/1 0.43
STA-17.8 0.42 2/1 0.51
STA-20.0 0.42 2/1 0.58
STA-22.4 0.42 2/1 0.66
STA-24.5 0.42 2/1 0.73

STA (wt %)  Ag+/PMMA (by weight)  viscosity (cP)  conductivity (4S/cm)
0 0/1 12.6 1.6
15.3 0.5/1 134 102.5
17.8 0.6/1 14.7 108.1
20.0 0.7/1 16.3 115.0
22.4 0.8/1 21.3 125.3
24.5 0.9/1 24.8 132.4
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Figure 1. SEM images of as-spun (a) STA-00, (b) STA-15.3, (c) STA-17.8, (d) STA-20.0, (e) STA-22.4, and (f) STA-24.5 fibers and (g) average

diameters of their corresponding fibers.

electrospinning solution was formulated by fully dissolving
poly(methyl methacrylate) (PMMA) and silver trifluoroacetate
(STA) in an organic cosolvent of methyl ethyl ketone (MEK)
and methanol. The hydrophobic PMMA, as the electrospinning
carrier, is less sensitive to moisture, which ensures consistent
nanofiber formation. In addition, the relatively low solution
conductivities compared with those of the aqueous formula-
tions also extend the electrospinning operation window in
terms of the applied voltages and desired as-spun nanofiber
diameters. And, these adjustable fiber diameters will further
manipulate the electrical conductivity of the post-treated
samples. The use of the STA precursor maximizes the inorganic
loading in the electrospinning solution and also ensures the
uniform distribution of metal ions in the as-spun nanofibers
even after the solidification. Additional investigations were
conducted on the thermal decomposition of these nanofiber
scaffolds, which finalizes the successful silver networks. The
electrical and optical properties of these silver nanofibers,
including the sheet resistance, the optical transparency and
haze, were carefully characterized to demonstrate their potential
applications in optoelectronic devices.

2. EXPERIMENTAL SECTION

STA and PMMA (M,, = 120 000) purchased from Sigma-Aldrich were
utilized as the silver precursor and electrospinning carrier, respectively.
The electrospinning solution was formulated with a mixture of 2 mL of
MEK and 1 mL of methanol, followed by the addition of 0.42 g of
PMMA. After the PMMA was fully dissolved in the MEK/methanol
cosolvent, various amounts of STA were added and the mixture was
stirred for 24 h. A Brookfield DV-II Pro viscometer and a SUNTEX
SC-170 conductivity meter were used to measure the viscosity and
conductivity respectively of the as-prepared solutions at room
temperature before electrospinning. The various STA loadings in the
polymer-based solutions as well as the solutions’ viscosities and
conductivities are summarized in Table 1.

The electrospinning setup consisted of a high-voltage power supply,
a syringe pump, a syringe and an aluminum target. The voltage source
of 10 kV was connected to the needle, and the solution flow rate of 10
uL/min was regulated by the syringe pump. Aluminum foil was used
as the grounded counter electrode, which was kept approximately 10
cm from the metal orifice. Accordingly, the effective fiber deposition
area on the aluminum foil was approximately within S cm in diameter
for all electrospinning trials. Subsequent as-spun fibers were deposited
on a glass substrate (1.5 cm X 1.5 cm), which was placed in front of
the aluminum foil for 120 s collection time. Controlled ejection flow
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rate and desired collection time ensured the consistent and repeatable
fiber deposition per unit area for the following optical and electrical
measurements. To complete the formation of silver networks, a 12 h
heat treatment at 100 °C under an air atmosphere was performed to
reduce the silver precursors to Ag NPs. Silver networks were
subsequently obtained by thermal decomposition of PMMA via a
further heat treatment at 500 °C for 3 h under an air or nitrogen
atmosphere.

The material morphologies and nanofiber diameters were examined
by scanning electron microscopy (SEM, Zeiss EVO-50, and JEOL
JSM-7001) and transmission electron microscopy (TEM, JEOL JEM-
1400). The evolution of the silver nanostructures during thermal
reduction and the specular and diffusive transmittance of the silver
webs were monitored using a UV—vis spectrophotometer (Scinco S-
3100). Thermogravimetric analysis (TGA) was performed (TA
Instruments 2050) at a heating rate of 5 °C min™' under a nitrogen
or air atmosphere. X-ray diffraction patterns of the silver networks
were characterized using grazing incident X-ray diffraction (GIXRD,
Bruker D8 DISCOVER) with an incident angle of 1° on an instrument
equipped with a Cu Ka radiation source. The scanning speed was 4°
min~" in the range from 20° to 80°. The sheet resistance of the silver
webs was measured using a four-point-probe surface resistivity meter
(NAPSON RT-7).

3. RESULTS AND DISCUSSION

Figure 1 presents SEM images of the as-spun PMMA/STA
nanofibers for samples STA-00, STA-15.3, STA-17.8, STA-20.0,

Figure 2. TEM images of STA-15.3 fibers (a) as-spun and after
thermal reduction for (b) 1, (c) 4, and (d) 12 h at 100 °C; (e) STA-
15.3 fibers after thermal reduction for 1 h at 60 °C.

STA-22.4, and STA-24.5 (a—f). As the STA loading was
increased to 15.3 wt %, the average fiber diameters of these
samples (also illustrated in Figure 1) slightly decreased from
703 to 637 nm, representing a decrease in diameter of
approximately 10%. This reduction was followed by a dramatic
increase in the diameter when the STA concentration was
increased to 24.5 wt %. Similar to most electrospun nanofibers,
the larger fiber diameters were accompanied by a magnified
diameter distribution,”® where the variation coefficient (CV) of
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Figure 3. UV—vis absorption spectra of STA-15.3 (a) as-spun fibers
and fibers after (b) 1, (c) 4, and (d) 12 h heat treatment.

Table 2. Summary of SPR Analysis Results of the STA-15.3
Sample

thermal treatment time (h) peak position (nm) fwhm (nm)

1 367 65

440 30

496 78

4 366 65

442 39

497 73

12 366 73

443 58

498 73

the fiber diameters of the six electrospun PMMA nanofibers
shown in Figure 1 were in the close range of 22—30%. Detailed
investigations revealed that the addition of polar STA
molecules simultaneously increased the conductivity and
viscosity of the electrospinning solutions (summarized in
Table 1). A greater solution conductivity resulted in an
increase of the current density during the electrospinning
process, which further encouraged the formation of thin fibers.
Conversely, the increase in viscosity intensified the solution
surface tension, which restricted the fiber splitting and led to
larger fiber diameters. The fiber diameter profile shown in
Figure 1 suggests that the as-spun fiber diameters were
dominated by the solution polarity at low STA concentrations
and by the solution viscosity at high STA concentrations.

Lin et al. have reported the direct synthesis of Ag NPs via
thermal reduction of the STA precursor in the absence of a
reducing agent.”' The post-treatment to the as-spun PMMA/
STA nanofibers was therefore performed via isothermal heating
at 100 °C for 12 h under air atmosphere. The glass-transition
temperature (T,) of the electrospun PMMA and PMMA/STA
nanofibers was determined to be approximately 122 °C by
differential scanning calorimetry (DSC) (data not shown).
Therefore, the 100 °C isothermal treatment also prohibited the
softening or deformation of the nanofibers, whereas the close-
to-T, thermal treatment facilitated diffusion of the silver
precursor in the PMMA matrix, a critical factor for nanoparticle
growth. Figure 2 presents TEM images of the STA-15.3
nanofibers before and after the samples were subjected to
isothermal heat treatments of 1, 4, and 12 h (b—d). Notably,
the TEM images in Figure 2 show selected nanofibers with
smaller fiber diameters; these images were used to obtain a
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Figure 4. (a) TGA results for sample STA-15.3 obtained using a 5 °C min™" heating rate under air or nitrogen atmosphere. (b) SEM images of silver
nanostructures after heat treatments under an N, atmosphere. (c) SEM images of silver nanostructures after heat treatments under an air

atmosphere.

clear nanoparticle distribution in the relatively thick PMMA
nanofibers. No trace of Ag NPs is evident in the TEM image of
the as-spun STA-15.3 sample (Figure 2a), indicating the
stability of the silver precursor dissolved in the PMMA
nanofibers. After a 1 h heat treatment at 100 °C, Ag NPs
with diameters of approximately 2—10 nm were recognizable in
the TEM image (Figure 2b). For the samples isothermally
treated for 4 and 12 h, the population and size of the Ag NPs
notably increased. The preferential sites of the Ag NPs in these
TEM images are near the surface of the nanofibers, indicating
effective precursor diffusion toward the high-surface-energy
interface at this temperature. In a separate experiment, a sample
of the as-spun STA-15.3 was treated at 60 °C for 1 h for
comparison with the sample heated at 100 °C (Figure 2b). At
the lower isothermal temperature of 60 °C, decomposition of
the STA precursor was moderate. However, the diffusion of the
precursor at temperatures below the DSC-determined T, of
122 °C of the electrospun PMMA nanofibers was considerably
restricted. The growth of individual Ag NPs can only
accumulate STA precursors within a limited diffusion radius
volume. Therefore, the Ag NPs shown in Figure 2e, which were
isothermally treated at 60 °C, were evenly distributed in the
entire polymer nanofibers instead of congregating close to the
fiber surface, as observed in the samples isothermally treated at
100 °C.

The UV—vis spectra in Figure 3 show the signatures of the
SPR for the as-spun STA-15.3 nanofibers and those of samples
isothermally treated for 1, 4, and 12 h. As demonstrated in
Figure 3, the as-spun PMMA/STA nanofibers (spectrum a)
were transparent in the visible region (350—700 nm), which is
consistent with the TEM results, where no Ag NPs were
observed in the PMMA matrix before the heat treatment. After
1 h of isothermal heating at 100 °C, the STA-15.3 nanofibers
exhibited three distinguishable SPR bands centered, according
to the results of curve-fitting analysis, at approximately 367,
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440, and 496 nm. The middle extinction band at 440 nm was
assigned to the primary SPR for the isolated Ag NPs.** In
addition, the red-shifted 496 nm band represents typical
plasmon coupling between adjacent Ag NPs**** that have
achieved a high population density and degree of aggregation.
The crowded Ag NPs that accumulated on the fiber curvature
surfaces (see TEM images in Figure 2) also revealed their
partial contact directly with air, which changed the local
refractive index (n) near the Ag NP surface from approximately
n = 1.49—1.00. This phenomenon caused the band in the
extinction spectrum to shift to a shorter wavelength of
approximately 367 nm.>® On the basis of curve-fitting results,
the wavelengths at the absorption maximum (4,,,,) for these
three SPR bands, as well as their corresponding projected areas
and full-widths at half-maxima (FWHMs) are listed in Table 2.
The A, for the primary SPR bands remained unchanged with
respect to the isothermal treatment durations. However, their
FWHMs exhibited significant expansions from approximately
30 nm for the samples heated for 1 h to 58 nm for sample
heated for 12 h, indicating broadening of the particle size
distribution via the sample isothermal treatment process.

The sheet resistance of sample STA-15.3 after the 12 h, 100
°C isothermal heat treatment was observed to be as high as 2 X
10® Q/sq, suggesting that the Ag NP population did not reach
the so-called percolation threshold, that is, the operative
conductive pathway, as observed in Figure 2d.>**” Hence, the
insulated polymer was removed by another heat treatment at a
higher temperature, whereas the residual Ag NPs and their
clusters were densely sintered. Figure 4a presents TGA
thermograms for sample STA-15.3 heated under air and
nitrogen atmospheres. The initial weight loss between 200 and
275 °C represents the decomposition of the head-to-head
linkages and the PMMA chain ends. In addition, the second
weight loss between 275 and 400 °C was due to the random
scission of the PMMA main chains.”® Because the PMMA used

DOI: 10.1021/acsami.5b00428
ACS Appl. Mater. Interfaces 2015, 7, 9479—9485


http://dx.doi.org/10.1021/acsami.5b00428

ACS Applied Materials & Interfaces

Research Article

(111) Ag JCPDS file 00-004-0783 (f)

(200) (220)
1200+ A

STA-24.5
soo-——JnL-——J‘* A

STA-224

” .
STA-20.0

4004
,,_,.J L I A

STA-17.8

Intensity (a.u.)

STA-15.3

50 60 70
20 (degree)

Figure S. SEM images of silver webs prepared by decomposition of (a) STA-15.3, (b) STA-17.8, (c) STA-20.0, (d) STA-22.4, and (e) STA-24.5

fibers. (f) Corresponding XRD spectra of these samples.

Table 3. Summary of Sheet Resistance, Specular
Transmittance, Diffusive Transmittance, and Optical Haze
for Five STA Samples

sheet specular diftusive optical

sample  resistance (€2/  transmittance at transmittance at haze

number sq) 550 nm (%) 550 nm (%) (%)

STA- 42 x 107 65 71 7.9
15.3

STA- 1.4 x 107 52 65 202
17.8

STA- 1000 NU 63 20.6
20.0

STA- 15 33 54 38.9
22.4

STA- 15 31 52 404
24.5

in this work has a relatively low molecular weight (M, =
120 000), the first weight loss was greater than the second. The
thermal decomposition of STA also began at approximately 275
°C.* When heated at temperatures above 400 °C, sample STA-

15.3 had a 23.4 wt % residue, which is consistent with the silver
mass fraction of 244 wt % in the original PMMA/STA
formulation. The TGA thermogram under air atmosphere in
Figure 4 also revealed a delay of the initial weight loss due to
the stabilizing effect of oxygen on the PMMA decomposition.>’
In the presence of oxygen (under air), PMMA decomposition
began at approximately 237 °C (the onset temperature) and
was completed at approximately 350 °C. When nitrogen was
used as the carrier gas, the weight loss occurred between 200
and 410 °C, which was a wider range compared to that
observed under an air atmosphere (237—350 °C). This result
suggests that the inert nitrogen environment resulted in
moderate thermal decomposition for PMMA nanofibers,
whereas the air atmosphere delayed decomposition of the
polymer and accelerated the decomposition within a relatively
short temperature window.

Direct observation of these sintered PMMA/STA nanofibers
also revealed the effect of the decomposition atmosphere.
Figure 4b and 4c presents SEM images of sample STA-15.3
sintered at 500 °C for 3 h under nitrogen and air atmospheres,
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respectively. Under inert nitrogen and with moderate polymer
decomposition, the remaining silver content not only retained
its electrospun fibrous structure but also established the
continuous conducting network (Figure 4b). In contrast, the
presence of oxygen facilitated fast polymer degradation and
possiblg wild degassing, destroying the network morphol-
ogy'”'® and disconnecting the conducting domains with
scattered silver clusters, as illustrated in Figure 4c. As a result,
the sheet resistance of sample STA-15.3 after the sintering
process under nitrogen was 4.8 X 107 Q/sq, which is much
lower than that of the sample thermally treated in air.

Further conducting network reinforcement and conductivity
improvements were achieved by the addition of more silver
precursor to the electrospinning formulation (see Table 1 for
formulation details). Figures Sa-Se present SEM images of
samples STA-15.3, STA-17.8, STA-20.0, STA-22.4, and STA-
24.5 sintered at 500 °C for 3 h under a nitrogen atmosphere. In
the previous discussion, the as-spun fiber diameters increased
dramatically with increasing STA loadings (see Figure 1).
Similar to sample STA-15.3, all of the samples exhibited only
slight diameter shrinkage after the sintering treatment. Sintered
sample STA-24.5 exhibited an average diameter of 3 ym, which
was approximately four times larger than that of sample STA-
15.3. Furthermore, the elevated STA loadings also densified the
silver domains, which significantly reduced the sheet resistance
from the original 4.8 X 107 Q/sq (sample STA-15.3) to the
lowest value of 15 Q/sq (sample STA-24.5). The XRD spectra
in Figure 5f show diffraction peaks at 26 values of 38.1°, 44.3°,
and 64.4°, corresponding to the (111), (200), and (220) crystal
planes,” respectively, and indicating the formation of crystalline
metal silver.

The increase of silver deposition that successfully improved
the conductivity was unfortunately also accompanied by greater
silver coverage on the substrates, which reduced the optical
transparence and transmittance. As summarized in Table 3,
sample STA-24.5, which exhibited the lowest sheet resistance
among the investigated samples, exhibited a specular trans-
mittance (T,) as low as 31% (at S50 nm). The diffusive
transmittance (T;) of sample STA-24.5 was determined to be
52% (at S50 nm) using an integrated sphere; this transmittance
is much higher than the 31% specular transmittance. The
difference between T4 and T, also known as the forward
scattering T; (= Ty — T,) and denoted as the scattering effect, is
commonly observed in electrospun fiber materials.”® The
forward light scattering T; was further utilized for the
calculation of the optical haze,*" which is defined as

haze = (T;/T;) X 100% (1)

Table 3 also summarizes the optical haze value for all five
samples. Sample STA-15.3, which contained thin silver
nanofibers and exhibited high sheet resistance, exhibited an
optical haze of 7.9%. In addition, the thick silver nanofiber
sample (STA-24.5) with the lowest sheet resistance exhibited a
high 40.4% optical haze. As a practical compromise between
electrical conductivity and optical transmittance, sample STA-
20.0, which exhibited a sheet resistance of 1000 €/sq and a
total diffusive transmittance of 63%, shows potential for use in
conductive substrates for certain optoelectronic applications.

4. CONCLUSION

Conducting silver networks were fabricated via a polymer-
assisted electrospinning of solutions containing nonaqueous
PMMA and STA media. Evenly distributed Ag NPs were
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initially reduced at a moderate temperature of 100 °C, followed
by the subsequent heat treatment at elevated temperature that
decomposed PMMA and sintered the Ag NPs into a connected
1D domain. The sheet resistance of the silver networks was
strongly dependent on the hydrophobic PMMA and STA
formulations and on the heat-treatment atmosphere. Increased
STA loading in the electrospun solution ensured and densified
the connections between the silver nanostructures. In addition,
the thermal decomposition of PMMA, which was affected by
the atmosphere during the thermal decomposition process,
played an important role in forming well-connected silver
networks. The silver networks prepared in this work exhibited
sheet resistances as low as 15 €/sq and total diffusive
transmittances of 54%. The optical haze was found close to
40% because of the scattering effect of fiber scaffolds, which
could have great potential for applications in transparent
conductive films of photovoltaic materials.
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