
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 
10.1039/x0xx00000x 

Received 00th January 2012, 
Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Highly Flexible and Conductive Composite Films of 
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Abstract: Silver nanowire-coated silk fibroin (SF) was used to create composite films with high 
flexibility, good electrical conductivity and excellent mechanical properties. SF was coated with a layer of 
entangled silver nanowires (AgNWs) that were sputtered with a platinum layer. The SF-AgNWs 
composite films exhibited excellent performance with a conductivity of ~15.0 Ω/sq and transmittance of 
~80% in the visible light range. The films also retained conductivity even after being bent hundreds of 
times; this recovery was attributed to the structure of the embedded AgNWs in SF, and metallic contacts 
among the AgNWs induced by the ion sputtering. The SF-AgNWs composite films also showed promise 
in practical applications, including as a conduit to light emitting diodes (LEDs). These novel composite 
films could be used to fabricate wearable electronics and implantable devices. 
 

 

Introduction 

Substrates play a key role in the fabrication of optoelectronic 
devices. Glass, plastic (PET, PVP, PVA, PEN), paper, and textiles 
are usually chosen as substrates [1-6]. Plastic is a commercially 
popular substrate made from non-renewable resources, but its 
limitations have become increasingly problematic. Further research 
is required to find a viable alternative to plastic. Silk fibroin (SF) is a 
natural macromolecular fibrous protein derived from silkworm 
(bombyx mori) cocoons. SF displays excellent mechanical and 
optical properties, as well as biocompatibility, biodegradability and 
implantability [7]; it can be processed into various forms such as 
gels, strands, sponges, blocks, foams and films. Natural SF can be 
more easily acquired and controlled than plastic. SF can be formed 
into flexible and transparent films (with over 90 % transmission in 
visible light range); the processes to form such films are simple and 
unique [8]. The strength of SF is far superior to the other substrate 
materials, and its special structural characteristics and outstanding 
physical properties make SF advantageous in optoelectronics 
applications. 

SF-based transparent conducting electrodes have not yet been 
heavily explored in research, and there is a lack of literature on this 
topic. Jia et al [9] previously reported producing flexible transparent 
conducting thin films composed of reduced graphene oxide (RGO) 
and SF. The measured surface resistance of these composite films is 
approximately 1000 Ω/sq, which is much higher than the surface 
resistance of commercial indium tin oxide (ITO)-glass substrates.  

Highly flexible transparent electrodes are especially desirable for 
use in flexible optoelectronic devices. Although ITO-based 

optoelectronic devices are common due to ITO’s high optical 
transparency and low sheet resistance, the brittleness of ITO films 
and scarcity of indium resources limit the sustainability of its use. 
Therefore, some researchers have focused on developing candidates 
to replace ITO, including carbon nanotubes (CNTs) [10], graphene 
[11-14], and metal nanowires [15-17]. Silver nanowires (AgNWs) 
are particularly advantageous due to its ability to produce a 
nanotrough network. This nanotrough network can form a foldable, 
conductive, reliable and transparent conducting electrode layer that 
can adsorb on or be buried into the surfaces of various substrate 
materials [18, 19].  

In this research, SF films were used as substrates in place of glass, 
synthetic polymers and flexible bases. AgNWs were sputtered with 
platinum to form the better conductive network, then subsequently 
embedded into SF to build composite films. The interfacial structure, 
tensile mechanical property and thermogravimetric property of such 
composite films were characterized and compared with various 
existing substrates. Most importantly, the composite films exhibited 
the desired  conductivity and excellent transparency in the visible 
light range; the conductivity and transparency was comparable to 
commercial ITO substrates. The composite films retained 
conductivity after being bent and unbent 100 times, presenting  
much better flexibility than other polymeric substrates. To 
demonstrate future possibilities in flexible electrodes, conducting 
materials, and implantable devices, LED chips were fabricated on 
the AgNWs and SF thin film [20, 22]. 

Results and discussion 
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Each step in the preparation of SF-AgNWs composite films is shown 
in Fig.1. The AgNWs were spin-coated onto the surface of a silicon 
plate (Fig. 1(a)), and the plate was sputtered with Pt film (Fig. 1(b)), 
then immersed in SF solution (Fig. 1(c)). SF-AgNWs composite 

films formed after water evaporation (Fig. 1(d)), and were stripped 
from the silicon plate (Fig. 1(e)). This process insured that the 
AgNWs nanotrough network had good adhesion and bonding with 
the SF films.  

 
Fig. 1. (a) AgNWs solution was spin-coated onto the silicon wafer, (b) The plate was sputtered with Pt film, (c) SF aqueous solution 

dropped onto the AgNWs-coated wafer substrate, (d) SF-AgNWs composite film formed after water evaporation , (e) The SF-AgNWs film 
was obtained after stripping from the substrate, (f) High-resolution TEM of AgNWs and (g), SEM micrographs of AgNWs embedded in SF 
film, (h) SEM micrographs of SF film thicknesses. 

Morphology and Characterization 

AgNW diameters ranged from 30 to 40 nm (Fig. 1(f-g)), and lengths 
varied from 1 to 2 μm. SEM images show that AgNWs were well 
buried in the SF films (Fig. 1(g)). After being buried at the surface of 
SF, the intrinsically fragile network of AgNWs became 
mechanically robust because they were firmly anchored by the SF 
matrix [21]. The thicknesses of the SF films were approximately 
10~20 μm (Fig. 1(h)); due to their nanostructured configuration, 
AgNWs have insignificant effect on film thickness.  

Mechanical properties 

The tensile mechanical properties of SF and SF-AgNWs films are 
shown in Fig. 2. The breaking stress of the films was measured to be 
more than 70 MPa, with an elongation at break of around 3 %. The 
breaking elongation curve of the SF-AgNWs films is similar to SF 
films, indicating that the mechanical properties that mainly depended 
on SF and AgNWs had insignificant effect on the mechanical 
performance of the composite films. Due to the difference in fracture 
modes, the mechanical properties of SF-AgNWs films are superior 
to PET films.  

Thermogravimetric properties 

The thermogravimetric curves of studied materials are presented in 
Fig. 3, the measurements were obtained from room temperature to 
600 ℃ at a heating rate of 10 ℃/min in a nitrogen atmosphere. 

AgNWs films display similar thermal stability as SF due to being 
comprised of the same material. From the room temperature to 
100 ℃, the curve displayed about 10 % of weight loss because of 
water evaporation from the SF films. However, the PET film did not 
lose mass due to low moisture content. As temperature was 
increased, both SF and SF-AgNWs films showed sharp decline in 
weight loss at around 270 ℃，due to the thermal degradation of silk 
proteins [22]. The PET film’s different thermal stability started 
rapid decomposition at about 420 ℃.  

 
Fig. 2. The stress-strain curve of SF film, SF-AgNWs film and PET 
substrate. 
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Fig. 3. The Tg Curves of SF film, SF-AgNWs film and PET film. 

Transmittance of the SF-AgNWs 

As shown in Fig. 4, pure SF films displayed excellent visible light 
transmittance of 90 %. This value is comparable to the transmittance 
of glass, PET, synthetic polymers and other clear substrates, making 
SF film a viable replacement for these common transparent 
substrates. The SF-AgNWs films displayed a transmittance of 80% 
in the visible light range, which is weaker than the transmittance of 
pure SF films. This effect is due to shielding from the AgNWs 
network, which absorb and reflect light. There is an obvious 

absorption peak at 375 nm due to the natural plasmonic effects of  
the AgNWs networks caused by light trapping [23]. However, the 
transparency of the SF-AgNWs films is similar to that of ITO-Glass 
in the visible spectrum. 
 

 
Fig. 4. The optical transmittance spectra of SF films, SF-AgNWs 
films and ITO-Glass. 
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Fig. 5. (a) Comparison of resistance of different conductive substrates before and after bending, operated by the KES-F hand meter as shown 
in the first row. (b) Lighting the LEDs by applying the electric current on the SF-AgNWs composite film.

Conductivity and flexibility  

Fig. 5(a) shows that the resistance of the SF-AgNWs films (~15.0 
Ω/sq) is comparable to ITO-Glass (~11.0 Ω/sq) and ITO-PEN (~15.0 
Ω/sq), and better than magnetron sputtering-deposited Au (~32.0 
Ω/sq) and Pt (~155.0 Ω/sq) films (at 10 mA, 180 s) on SF substrates. 
After a bending test consisting of bending and unbending100 times, 
the conductivity of the SF-AgNWs films stayed consistent at 18.0 
Ω/sq without obvious increase; this is better than the performance of 
previous reported results. However, the resistance of other films 
increased to 500.0 Ω/sq and more after being subject to the same 
bending test. The excellent conductivity retention of AgNW/SF 
following mechanical stress is attributed to the embedded AgNWs in 
the protein substrate [24], ductility of silver,  and  excellent contact 
among the AgNWs as a result of platinum sputtering.  

Commercial LED chips were embedded on the SF-AgNWs films 
strips to form a conductive network circuit; the film was able to 
successfully light the LED chips (Fig. 5(b)). This indicates its ability 
to provide power to other optoelectronic devices. This luminescent 
strip can be bent or folded, catering to various wearable applications.  

Experimental 

Fabrication of composite thin film 

Ag nanowires (0.5 mg.ml-1) solution was spin-coated (3000~3500 
rpm) onto a polished silicon wafer substrate, then sputtered with 
platinum (10 mA, 10~20 s). After the platinum was adsorbed onto 
the substrate, the wafer attained a nanotrough network layer of 
AgNWs. The SF aqueous solution was prepared as previously 
described (silkworm cocoon can be used to synthesize SF solution 
by dissolution and dialysis after silk degumming.) [25], then dropped 
onto the AgNWs-coated wafer substrate. The substrate was carefully 
removed after the solution dried.  
 
Fabrication of LED strip  
A regular conductive strip with a width of 5mm was cut from 
rectangular SF-AgNWs film using scissors. The strip was used 
to  connect the commercial LED chips by embedding the 
electrodes on the conductive substrates. Then a direct current of 
5.0 V was applied into the two ends of the strip.  
 

Measurement and analysis instruments 

The morphology of the SF-AgNWs composite films was examined 
using a field emission scanning electron microscope (S-4800, 
Hitachi, Japan) and a transmission electron microscope (HT7700, 
Hitachi, Japan). The mechanical properties were measured using 
universal testing systems (5967, Instron, America), the test samples 
were made into 10 mm×40 mm from the rectangular films . The 
transmittance spectrum was measured by a UV-VIS 
spectrophotometer (UV2550, Shimadzu, Japan). The thermogravity 
properties were analyzed by a thermal gravimetric analyzer (Q600, 
TA, America). The resistance was tested by four-point probe method. 
Bending test for evaluating the film’s flexibility was measured using 
a KES-F hand meter (KES-FB4, KATO, Japan).  

 

Conclusions 
In summary, this research demonstrates a spin-coating method 
combining metallic deposition, to prepare SF-AgNWs 
composite films. Compared to existing hard and flexible 
substrates, these composite films displayed excellent 
transmittance and conductivity retention even after tremendous 
stress. The films could be used as a basis in further 
development of wearable textile and conducting devices. With 
continued research and focus in this area, it is possible to create  
flexible electronics and wearable textiles based on the high 
performance, biocompatible SF-AgNWs composite films [xx]. 
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