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We report the development of a facile method for the preparation
of highly electrically conductive silver nanoparticle (AgNP) films
finely dispersed in novel organic/inorganic nanohybrid surfactants
consisting of an amphiphilic polymeric dispersant and graphene
oxide. The production of AgNPs with a narrow size distribution
and a 20 nm diameter was observed by transmission electron
microscopy. Moreover, a hybrid film exhibiting a low sheet
resistance of 5.2 x 107 Q/sq was prepared by controlling the heat
treatment of the AgNPs sample. The resulting highly electrically
conductive films have great potential for application in electrically
conducting devices.

Introduction

Graphene, a 2-D carbon-based material, is formed from
layered exfoliated graphite structures, which are composed of
a planar honeycomb arrangement containing sp2 hybridized
aromatic carbon atoms. Graphene was first discovered by
Andre Geim and Konstantin Novoselov in 2004.” It has been
reported that graphene possesses excellent physical properties
such as high electronic conductivity,}5 thermal conductivity,sf8
and mechanical properties.gf11 Recently, graphene has been
developed for use in a including
electronic devices,12 thermal solutions,13 chemical catalysts,14
biosensors,15 and hybrid composites.ls’17 Generally, graphene
is incompatible with organic polymers due to its inherent

range of applications,

tendency to agglomerate in polymer matrices and organic
8 approaches for preparing organically
modified graphene include the following methods: 1) Covalent

.1
media. Common

grafting to the graphene surface;19 and 2) Use of noncovalent
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bonding interactions such as m—m stacking, lone pair-it
interactions, hydrophobic effect, and hydrogen bonding.20 In
order to maintain a homogenous suspension, and in particular
a nanoscale dispersion, a suitable stabilizing agent is often
required.u'22

Silver nanoparticles (AgNPs) are widely used in a variety of
devices and applications.23 However, the majority of synthetic
methods do not impart long-term stability to AgNPs.24 In
general, common organic surfactants or amphiphilic polymers
are employed for stabilizing the resulting AgNPs. In addition to
their stabilizing effects, organic surfactants may act as
templates for tailoring AgNPs into a spherical structure.”
AgNPs have also been reported to exhibit unique properties,
allowing their application as conducting materials,?®
t:atalysts,27 and biosensors.”® More specifically, in terms of the
recent development of electronic devices, to decrease the
thickness of films along with the width of printed loops, the
synthesis of AgNPs in different forms (e.g., as a conductive
paste) is |'equired.29 The preparation of coated silver films with
a low sheet resistance of 10" Q/sq is difficult with the existing
technology due to unstable preparation processes.30‘31
Recently, the synthesis of AgNPs in the presence of inorganic
stabilizers such as Si02,32 Ti02,33 A|203,34 carbon black,*
CNTs,* graphene,37 and nanoclay38 has been demonstrated to
be advantageous for avoiding organic components. The use of
inorganic stabilizers to support surface interactions with both
Ag' and the generated Ago could result in solution stability for
fine particles. In the organic-free system, naked AgNPs are
unique in that they exhibited low-temperature melting.39 The
plate-like graphene oxide and, in particular, the exfoliated
nanosheets containing a high aspect ratio, may therefore
provide a high surface area for interaction with AgNPs.

We herein report the facile preparation of highly electrically
conductive AgNP films by anchoring novel organic/inorganic
nanohybrid surfactants with a polymeric dispersant and

graphene oxide (GO). The organic dispersant, a
polyisobutylene-b-poly(oxyethylene)-b-polyisobutylene  (PIB-
POE-PIB) triblock copolymer, was synthesized from
polyisobutylene-g-succinic anhydride (PIB-SA) and
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poly(oxyethylene)-diamine (POE) of 2000 g/mol molecular
weight (Mw) through continuous amidation and imidation
reactions. A high aspect ratio and surface area of GO are
expected to be achieved by the chemical exfoliation of a
layered graphite structure. Transmission electron microscopy
was used to determine the size distribution and diameter of
the synthesized AgNPs. We aim to prepare films exhibiting low
sheet resistance by increasing the continuous Ag network
structure through temperature control. It is expected that the
resulting nanohybrid films can be used in various electrically
conducting devices.

Experimental

Materials

The graphene oxide (GO) used in this study was prepared
according to a modified Hummers method and was obtained
from Enerage Inc., Taiwan.””* The GO nanosheets were
decorated with various oxygen functional groups (e.g.,
hydroxyl, carboxylic, and epoxide moieties) and were
composed of a sheet carbon structure with variable oxygen
contents of 4%, 20%, and 50% (abbreviated as GO-4%, GO-
20%, and GO-50%, respectively). Silver nitrate (AgNOs, purity
99.9%) was obtained from Sigma-Aldrich Chemical Co. and
N,N-dimethylformamide (DMF) was obtained from TEDIA
Company Inc. Polyisobutylene-g-succinic anhydride (PIB-SA)
with a molecular weight (Mw) of 1335 was purchased from
Chevron Corp. Poly(oxyethylene)-diamine (POE-diamine), with
the designated trade name of Jeffamine® ED2003 (abbreviated
POE-2000), was obtained from Huntsman Chemical Co.
Synthesis of polyisobutylene-b-poly(oxyethylene)-b-
polyisobutylene (PIB-POE-PIB) triblock copolymers

The PIB-POE-PIB triblock dispersant was synthesized from
the reaction of PIB-SA and POE-2000 (2:1 molar ratio)
according to the following procedure. A solution of PIB-SA
(50.0g, 0.038 mol) in tetrahydrofuran (THF, 200.0g) was
added to a 1000 mL three-necked, round-bottomed flask
equipped with a machine stirrer and a thermocouple. A
solution of POE-2000 (38.0 g, 0.019 mol) in THF (152.0 g) was
then added dropwise. With continuous stirring, the mixture
was held at 25°C for 3 h. Then, the reaction mixture was
analyzed by Fourier transform infrared spectroscopy (FT-IR).
Characteristic absorption peaks at 1556 cm™ and 1644 cm™
were observed for the amido acid functionalities. When the
temperature was increased to 150 °C and maintained for 3 h,
major absorption peaks at 1713 em™ and 1770cm™ were
observed, corresponding to the cyclized imide functionality.
This indicated conversion of the linking functional group from
amido acid to imide. Finally, the product was recovered by
extraction with water to remove unreacted amines, followed
by the removal of the organic solvent by rotary evaporation
under vacuum.
Preparation of AgNP/PIB-POE-PIB/GO nanohybrids

A typical procedure for the preparation of stable AgNPs via
an in situ reduction of AgNO; in the presence of the PIB-POE-
PIB triblock copolymer and GO is described as follows. A

2| J. Name., 2012, 00, 1-3

suspension of GO (0.5 g GO-4% powder; 1 wt%) was dispersed
by agitation in deionized water/DMF = 1:1 (50 mL) at 25 °C for
10 min, followed by the addition of a solution of PIB-POE-PIB
(2.5g) and silver nitrate (2.5g, 0.015mol) dissolved in
deionized water/DMF = 1:1 (500 mL). To obtain the desired
weight ratios of AgNO;/PIB-POE-PIB/GO-4%, i.e., 5:5:1,
10:10:1, and 20:20:1, a homogenous suspension was obtained
by the simple mixing of AgNOs, PIB-POE-PIB, and GO-4%. These
mixtures were stirred continuously for 8 h at 80 °C, and the
color changes were monitored by UV-Visible (UV-Vis)
spectroscopy. A color change from black to dark-yellow
indicated a reduction of Ag’ ions to Ag particles. In addition,
GO with different oxygen contents was used in the AgNP
dispersion according to a similar procedure. The control
experiment using PIB-POE-PIB generated only a homogeneous
colloidal Ag solution. UV absorption was measured using 0.1 g
of solution in 3.0 g distilled water. Furthermore, all products
were analyzed by TEM and FE-SEM.

Preparation of AgNP/PIB-POE-PIB/GO nanohybrid films

The conductive films were easily prepared using a casting
solution method. The nanohybrid films were cast on either
polyimide (Pl) film (flexible substrate) or glass (rigid substrate),
depending on the field of the desired application. The resulting
film (2cm x 2 cm) was first washed with 1:1 ethanol/water
(x3), after which it became suitable for use as the substrate.
The nanohybrid suspension (0.5 g) was then cast on a piece of
film, and the film placed in a high-temperature oven and was
heated at 60 °C, 250 °C, 300 °C, or 350 °C for 30 min under air.
The resulting flexible and conductive films were obtained and
characterized as described below.
Characterization and instruments

Fourier transform infrared spectroscopy was carried out on
a Perkin-ElImer Spectrum One FT-IR Spectrometer between
4000 and 400 cm™. The 0.1 wt% PIB-POE-PIB dispersants were
prepared by dissolving them in THF, followed by evaporation
to obtain a thin film on a KBr plate. The AgNP solution was
characterized by UV-Vis spectroscopy using a Shimadzu UV-
2450 spectrophotometer. Transmission electron microscopy
was performed using Zeiss EM 902A, operated at 80 kV. The
sample solutions (1wt% in deionized water/DMF = 1:1
cosolvent) were deposited onto a carbon-coated copper grid.
Field emission scanning electronic microscopy was performed
using Zeiss EM 902A, operated at 80 kV. The samples were
prepared by dropping a small amount of the AgNP hybrids
onto a clean glass surface, followed by dehydration in an oven
at 80 °C for over 2 h. The samples were then fixed on an FE-
SEM holder using a conductive carbon paste and coated with a
thin layer of Au prior to measurement. Surface elemental
analysis was carried out using energy dispersive X-ray
spectroscopy (EDS, OXFORD INCA ENERGY 400). Sheet
resistance measurements for the film containing AgNP were
performed using a Mitsubishi MCP-T610 digital source meter
equipped with a four-point probe. A demonstration of LED
lamps (power dissipation = 100 mW, peak forward current =
100 mA) was designed to confirm the conductive ability of the
film.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Synthesis and characterization of polyisobutylene-b-poly(oxyethylene)-b-polyisobutylene (PIB-POE-PIB) triblock copolymers. (a)

Synthesis of PIB-POE-PIB triblock structures

(polymeric dispersants) from polyisobutylene-g-succinic anhydride (PIB-SA)

and

poly(oxyethylene)-diamine (POE) via amidation and imidation reactions. (b) FT-IR spectra of the PIB-SA, PIB-POE-PIB intermediate, and PIB-
POE-PIB triblock copolymer. (c) Solubilities of PIB-SA, POE-2000, and the PIB-POE-PIB triblock copolymer.

Results and discussion

Synthesis of the PIB-POE-PIB triblock copolymer for use as an
organic dispersant

Synthesis of the PIB-POE-PIB triblock copolymer involved
the reaction of a cyclic anhydride (—CCH,(CO),0) and an amine
group (—NH,) to produce the amido acid and imide linkage
groups, as shown in Fig. 1a. The mechanisms of the formation
of the PIB-POE-PIB intermediates and PIB-POE-PIB triblock
copolymer were confirmed by FT-IR absorption measurements
(Fig. 1b), which the presence of chemical
functionalities such as the polyisobutylene-block amide and

confirmed

imide linking groups. To prepare the block copolymer, the ring-
opening reaction of the anhydride group was first carried out
at 25 °C for over 3 h, leading to complete conversion. The
characteristic peaks at 1786 em™ and 1862 cm'll corresponding
to the starting anhydride, disappeared during the reaction,
while the peaks corresponding to the amide appeared at
1562 cm™ and 1642 cm™, indicating the successful ring
opening of the anhydride by the amine. The amido acid linkage
then underwent a ring-closing step to afford the imide-linked
PIB-imide-POE-imide-PIB at 150 °C after 3 h. The ring-closing
step and formation of the imide functionalities were confirmed
by the appearance of a strong imide absorption band at
1700 cm™ and a weaker absorption band at 1770 em™. In
addition, Fig. 1c demonstrates that the solubility of the

This journal is © The Royal Society of Chemistry 20xx

amphiphilic PIB-POE-PIB triblock copolymer in water and
organic solvents was dependent on the relative ratio of the
hydrophobic PIB block and the hydrophilic POE block. PIB-SA
was highly hydrophobic due to the abundance of long alkyl
chains. POE-2000 was hydrophilic, being
dispersible only in water and polar solvents and insoluble in

In comparison,

nonpolar organic solvents such as toluene and decane. We
found that the PIB-derived copolymer exhibited amphiphilic
properties, as it is dispersible in both water and organic media.
This was achieved by the addition of hydrophilic segments of
POE, which altered the solubility of the copolymer. Thus, the
amphiphilic or hydrophilic/hydrophobic solubility of each PIB-
POE-PIB triblock copolymer could be tailored by the
incorporation of different quantities of POE and PIB.

Preparation of colloidal AgNP dispersed in PIB-POE-PIB/GO
nanohybrids as organic/inorganic dispersants

Due to the strong n-it stacking of the graphene surface, graphene
is generally unstable in and incompatible with organic media,
forming aggregates and large particles. Through ultrasonic
dispersion, the graphene sheets can be finely dispersed and
maintained in a homogenous state in suitable dispersants, thus
expanding their possible applications. GO sheets contain various
oxygen functional groups, containing oxidized edges with abundant
carbonyl functionalities, and graphene surfaces decorated with
epoxide and hydroxyl groups. These oxygen functional sites on the
GO surface provide versatile points for chemical functionalization or

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Synthesis and dispersion mechanisms of AgNP/PIB-POE- PIB/GO nanohybrids. (a) Schematic illustration of AgNP/PIB-POE- PIB/GO
hybrid suspensions finely dispersed through various noncovalent interactions. (b) UV-Vis absorption spectra of colloidal AgNPs in the hybrid
(weight ratio = 20:20:1) containing PIB-POE-PIB and GO (oxygen contents: (1) 4%, (2) 20%, and (3) 50%). (4) AgNO5/PIB-POE-PIB reduction
with a weight ratio of 1:1. Inset: Yellow-gold solutions confirming AgNP formation following treatment at 80 °C for 6-8 h. (c) FE-SEM
micrographs of pristine GO with oxygen contents of (1) 4%, (2) 20%, and (3) 50% (insets correspond to the raw materials of GO powder). (d)
TEM micrographs of a GO/PIB-PEO-PIB solution with a 1:1 weight ratio, and GO oxygen contents of (1) 4%, (2) 20%, and (3) 50%. (e) TEM
micrographs and particle size histograms based on the TEM images of colloidal AgNPs in a AgNP/PIB-POE-PIB/GO hybrid with GO oxygen

contents of (1) 4%, (2) 20%, and (3) 50%. (4) AgNO3/PIB-POE-PIB reduction using a 1:1 weight ratio.

noncovalent interactions, resulting in the improved compatibility of
GO with organic media and in polymer composites. It is therefore
necessary to design the dispersant structure for a range of
GO/surfactant hybrid dispersion mechanisms, using various
noncovalent approaches to fine-tune the interphase forces
between GO and the surfactant. The optimal balance and
dispersion performance of five types of noncovalent forces
(hydrophobic interactions, hydrogen bonding, ion-dipole
interactions, lone pair-n-stacking, and ionic charge interactions)
between the AgNPs, PIB-POE-PIB triblock copolymer, and GO are
illustrated in Fig. 2a. The PIB-POE-PIB dispersants have been
designed to contain polar functionalities that are noncovalently
tethered to GO and to the AgNPs. In addition, the GO-supporting
material bears carbonyl groups on the surface, which are capable of

4| J. Name., 2012, 00, 1-3

stabilizing the AgNPs in the in situ reduction of silver nitrate
through ionic interactions. The oxyethylene backbone lone pair of
the polymeric dispersant allowed interaction with the silver ions,
thus aiding in the homogeneous production of AgNPs. Through the
noncovalent van der Waals forces and ionic charge interactions,
AgNPs deposit on both the GO and the polymeric dispersant
surfaces. Thus, the geometric differences between the two
nanomaterials and the noncovalent interactions involved in the
functional site of the POE (—CH,CH,0-), block lead to a preparation
method for AgNP/PIB-POE-PIB/GO nanohybrids, while their mutual
interacting forces afford well-dispersed nanohybrid solutions.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. UV-Vis absorption, particle size, and sheet resistance of AgNP/PIB-POE-PIB/GO nanohybrids.

Sample Weight ratio UV-Vis absorption Average Ag particle size Sheet resistance
b
(w/w/w) (nm) by TEM (nm)’ (Q/sq)
2
AgNP/PIB-POE-PIB/GO-4% 5:5:1 421 - 1.2x 10
0
10:10:1 418 - 9.6 x10
-1
20:20:1 418 32.5 9.6 x 10
0
AgNP/PIB-POE-PIB/GO-20% 5:5:1 424 - 1.2x10
10:10:1 421 - 58x10"
E
20:20:1 415 19.7 1.8x 10
-1
AgNP/PIB-POE-PIB/GO-50% 5:5:1 442 - 3.4x10
-1
10:10:1 442 -- 1.5x10
2
20:20:1 415 16.6 5.2x10
-1
AgNP/PIB-POE-PIB 1:1 416 26.0 1.8x10

® Average particle sizes of silver were measured by TEM.

®Solution coating on a glass substrate with 60-um-thick hybrid film at 350 °C, and the resulting sheet resistance measured using a four-

point probe.

In the synthesis and dispersion of the AgNPs, DMF was commonly
used as the solvent, as it also played the role of a reducing agent.
Besides the good dispersion of AgNP/PIB-POE-PIB/GO hybrids in
DMF/H,0, DMF also converted Ag" ions into Ag particles, leading to
the in situ preparation of AgNPs. The redox mechanism involving
DMF is shown in Scheme S1. The AgNP/PIB-POE-PIB/GO mixtures
containing different component weight ratios were subjected to the
redox reaction at 80 °C, and they were then analyzed according to
the solution color and by UV-Vis spectroscopy. The results from
these analyses are summarized in Fig. 2b and Table 1. When the
weight ratio of the AgNP/PIB-POE-PIB/GO hybrid was 20:20:1, a
characteristic peak corresponding to AgNP absorbance was
observed, thus confirming the generation of homogenous AgNPs. In
addition, the gold-yellow color of the solution in the presence of
organic PIB-POE-PIB and GO suggests the formation of AgNPs
through the reduction of silver nitrate. The UV-Vis spectra indicated
the presence of nanometer-scale Ag0 particles through the
characteristic peak absorption at 410-420 nm with AgNO5/PIB-POE-
PIB/GO weight ratios of 5:5:1, 10:10, and 20:20:1, where GO with
4%, 20%, and 50% oxygen contents was used. In a control
experiment, a polymeric surfactant was used as the stabilizer
instead of the PIB-POE-PIB/GO hybrids. Maintaining the
AgNO3/POE-imide weight ratio at 1:1 gave absorbance due to the
AgNPs (ca. 416 nm), giving a dark-yellow solution. The characteristic
peak absorption indicated red shift of the AgNPs.

This journal is © The Royal Society of Chemistry 20xx

The micrographs of the powder form and the suspension of GO
nanosheets were then characterized by FE-SEM (Fig. 2c) and TEM
(Fig. 2d). The observations with the dispersant yielded GO particles
of 500-1000 nm in diameter. Good dispersion of the AgNPs on the
nano-GO surfaces and polymer chains was directly observed in TEM
micrographs, whilst the inset images show the size distribution
based on the TEM images (Fig. 2e and Fig. $1-S3). During AgNO;
reduction, the AgNPs were generated, growing in particle size while
adhering to the GO sheet surface or to the polymer chain. The
average size of the AgNPs decreased from 32.5 to 16.6 nm, while
the size distribution narrowed with an increase in the GO
nanosheet oxygen content, which provided additional interaction
sites. In the control experiment, the PIB-POE-PIB dispersant alone
was used as the stabilizer, giving larger AgNPs measuring
approximately 26.0 nm by TEM measurements. Therefore, the
differences in stability between the AgNP colloids in GO and PIB-
POE-PIB can be attributed to strong interactions between the
AgNPs, polymer, and sheet matrix.

Preparation of highly conductive films

After heating the nanohybrids, the thermal degradation of
the organic dispersant and the hybrid was examined by
thermogravimetric analysis (TGA) (Fig. 3a). During the
measurement of the thermal degradation of the hybrids, the
TGA curves indicated a two-step thermal degradation at 250 °C
and 350 °C. A homogeneous hybrid suspension of AgNP/PIB-
POE-PIB/GO was cast on the glass or polymer substrate and

J. Name., 2013, 00, 1-3 | 5
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60 °C, (2) 250 °C, (3) 300 °C, and (4) 350 °C for 30 min each. Insets: Photographic images of melting AgNPs on the surface of the glass
substrate, used to achieve the silver-metal white color. (c) FE-SEM micrographs of AgNP/PIB-POE-PIB/GO nanohybrids with a 20:20:1
weight fraction, and with GO oxygen contents of (1) 4%, (2) 20%, and (3) 50%. (4) A AgNO;/PIB-POE-PIB hybrid with a 1:1 weight fraction
following 350 °C heat treatment. (d) Demonstration of conductivity based on the FE-SEM micrographs by heating AgNP/PIB-POE-PIB/GO
films at 350 °C with a 20:20:1 weight fraction, and with GO oxygen contents of (1) 4%, (2) 20%, and (3) 50%. (4) A AgNP/PIB-POE-PIB hybrid

with a 1:1 weight fraction.

was subjected to a series of thermal treatments. Through the
heat treatment process, the AgNP/PIB-POE-PIB/GO-50% hybrid
films (20:20:1 weight ratio) were prepared by using the TGA
traces at a range of temperatures (60 °C, 250 °C, 300 °C, and
350 °C) over 30 min. During the solution casting preparation
method, a color change from black to metal white was
observed because of stepwise heating and Ag migration onto
the surface of the hybrid film (Fig. 3b). The FE-SEM
morphologies indicated the movement of AgNPs onto the GO
film surface; the subsequent aggregation of silver particles into

6 | J. Name., 2012, 00, 1-3

larger species forms an interconnected network structure at
350 °C. Fig. 3c shows the results of the heat treatment, leading
to the melting of the AgNPs into larger aggregates or
In this case, the AgNP/PIB-POE-PIB/GO
nanohybrids with a 20:20:1 weight ratio and GO containing
4%, 20%, and 50% oxygen were used. The AgNPs on the GO
nanosheets were homogeneous in size distribution. They also
energy exhibited the
interconnected network morphology of the melted AgNPs. In
addition, elemental analyses on a AgNP/PIB-POE-PIB/GO-50%
hybrid with a 20:20:1 weight ratio heated at 300 °C was carried

interconnections.

possessed low surface and

This journal is © The Royal Society of Chemistry 20xx
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out using EDS (Supporting Information Fig. S4). A denser
melted Ag was found on the top layer of the film formed
through complete degradation of the organic component in
the heat treatment. Furthermore, it was demonstrated that
the difference in sheet resistance could be used to illuminate
light-emitting diodes (LED), as shown in Fig. 3d, Fig. S5, and
Movie S1. When the AgNP/PIB-POE-PIB/GO-50% hybrid with a
weight ratio of 20:20:1 was heated at 350 °C, the surface
resistance was found to be sufficiently low to illuminate the
LED lamps. In contrast, the surface resistance of the
AgNP/POE-imide hybrid film was higher, and was thus less
effective in illuminating the LED bulbs.

The electrical conductivity of the nanohybrid films was
examined as a function of AgNP content and heat treatment,
as shown in Tables 1, S1, and S2. When the hybrid materials
were subjected to heat treatment at 350 °C, the sheet
resistance of the AgNP/PIB-POE-PIB/GO-4% hybrid with a
20:20:1 weight ratio was more than three orders of magnitude
higher than that of the hybrids with 5:5:1 and 10:10:1 weight
ratios (varying from 1.2 x 10% to 9.6 x 10™ Q/sq). A hybrid film
with sheet resistance as low as 5.2 x 107 Q/sq could be
prepared by controlling the heat-treated at 350 °C and by
using AgNP/PIB-POE-PIB/GO-50% in a weight ratio of 20:20:1.
The degree of difference depended on the AgNP content and
dispersion of AgNPs with different GO oxygen contents. In
contrast to the AgNP/PIB-POE-PIB/GO hybrids, the hybrid film
containing no GO support (i.e., AgNP/PIB-POE-PIB, weight ratio
= 1:1) afforded a sheet resistance of 1.8x 10" Q/sq. This
variation illustrates the advantage of using melted AgNPs for
effective conducting fillers to improve the conductivity of
these hybrid materials. Overall, excellent conductivity was
achieved due to the effects of the melting behavior of silver.

Conclusions

We successfully developed novel nanohybrid surfactants to
improve the dispersion of silver nanoparticles (AgNPs) and
prepared highly conductive hybrid films. These novel
organic/inorganic nanohybrid dispersants supported AgNPs in
the in situ reduction of silver nitrate, employing DMF as a
reducing agent in a water/DMF cosolvent system. Through a
simple coating and heating process at 300°C, silver
aggregation and the formation of melting silver connections
with silver-coated glass films were observed. On further
increasing the temperature to 350 °C, the surface resistance
decreased to 5.2 x 10” Q/sq through the interconnected silver
melt network structures. The resulting films were then
employed to demonstrate their potential for use as
nanoconductors in electronic devices.
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