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ed multifunctional transparent
conductive films based on long silver nanowires/
polyimide structure with highly thermostable and
antibacterial properties†
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Yonghua Xiong,b Wei Xu a and Weijie Song*a

Flexible transparent films that have excellent photoelectric properties, mechanical and thermal stability, and

antibacterial properties, are highly desirable for applications in flexible and wearable electronics.

Multifunctional transparent conductive films (TCFs) with long silver nanowires (AgNWs, average length ¼
80 mm and average diameter ¼ 88 nm)/transparent polyimide (PI) structures which were fabricated by

using a facile, scalable, environmentally-friendly, and full-solution process, can satisfy all the

requirements above. The AgNW/PI composite films show excellent opto-electrical properties (e.g., 7.5

ohm sq�1, at 81.1% transmittance) and mechanical flexibility across a wide temperature range, from room

temperature to 300 �C. The AgNW networks were embedded into the transparent PI film surface, which

could decrease the surface roughness (Rrms < 2.0 nm), and enhance the composite films' resistance to

peeling, fracture, and oxidation, which expands the range of TCF applications considerably. Additionally,

in exploring promising applications, the function of the transparent heater and the antibacterial

properties of the composite films were also studied. These characteristics make the composite films

excellent candidates for substrates for flexible and wearable electronic devices.
1. Introduction

Indium tin oxide (ITO) is commonly used as a transparent
conductive lm (TCF) due to its high electrical conductivity and
optical transparency.1–3 However, the brittle ceramic structure,
poor compatibility with organic materials, and the growing cost
of indium seriously limit the use of ITO in TCFs, especially in
emerging exible electronics and large-area applications.4–7

Therefore, there are various ITO alternative materials used to
prepare exible TCFs, such as new oxide lms,8 conducting
polymers,9 carbon nanotubes,10,11 graphene-based lms,12 silver
nanowires (AgNWs),13–15 and hybrids of these.16–18 Among them,
AgNW-based TCFs have generated great interest owing to their
and Engineering, Chinese Academy of
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excellent electrical conductivity, high transparency, and suit-
able mechanical exibility.19 Furthermore, AgNWs usually were
dispersed in organic solvents which were easy to deposit onto
various different transparent substrates, such as glass, poly-
ethylene, polyethylene glycol terephthalate and poly-
carbonates.20–23 Therefore, AgNW networks on both glass and
plastic have been used at a research and commercial scale in
a variety of applications.

However, AgNW lms, while promising, still suffer from
several inherent limitations, including poor adhesion to the
substrate, large surface roughness, and thermal instability at
temperatures above 300 �C, which severely restrict their appli-
cability.24,25 We recently reported on conductive lms on poly-
imide (PI) substrates with an aluminum-doped zinc oxide
(AZO)/AgNW/AZO structure to overcome the above-mentioned
limitations.26 However, the fabrication process of the hybrid
lms is complicated and the photoelectric properties (e.g., 8.6
ohm sq�1, at 74.4% transparence) is less than desirable. We
also had reported short AgNWs/PI lms as transparent heater,
in which the performance of the hybrid TCFs cannot be
considered to be fully acceptable due to the AgNWs with low
aspect ratio (<250).27 It is still a big challenge to fabricate highly
conductive and air-stable AgNW-based TCFs for exible and
wearable electronics.
This journal is © The Royal Society of Chemistry 2017
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This work is a continuation of our previous work.26,27 Herein,
we report a very facile modied polyol method to synthesize
long AgNWs with high aspect ratio (>900) in large quantities.
Furthermore, we present a TCF with excellent photoelectric
properties, and with mechanical and thermal stability, by
embedding long silver nanowires into PI lms using a facile,
scalable, environmentally friendly, and full-solution process.
The AgNW/PI lm had a sheet resistance of 7.5 ohm sq�1 with
a transmittance of 81.1% at 550 nm (note: excluding the PI
substrate, the transmittance of AgNW network is 89.5%). We
also report a facile modied polyol method to synthesize long
AgNWs with high aspect ratio (>900) in large quantities. Addi-
tionally, as examples of promising applications, the perfor-
mance of the AgNW/PI composite lms as transparent heater
and their antibacterial activities were also demonstrated.

2. Experimental procedures
2.1. Materials

The reagents used in this study were silver nitrate (AgNO3),
poly(vinylpyrrolidone) (PVP), ferric chloride (FeCl3), ethylene
glycol (EG), acetone, ethanol and N,N-dimethylacetamide
(DMAc). All reagents were of analytical grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. All chemicals were
used as received without further purication.

2.2. Synthesis of silver nanowires

Usual AgNWs are limited to lengths shorter than 40 mm, and the
yield is less than 1 g for each synthesis process. We developed
a modied polyol method to synthesize longer AgNWs in larger
quantities. First, 3 g of PVP (Mw ¼ 360 000), 3 g of PVP (Mw ¼
58 000) and 1 L of EG were added in a three-neck ask at room
temperature with magnetic stirring to make them dissolve
completely. Then, 13.2 g of AgNO3 was added to the ask.
Keeping it magnetic stirring for 10 min, a transparent and
uniform solution was obtained. A FeCl3 solution (200 mL 0.1 M
in EG) was then added to the ask and stirred for 3 minutes.
The mixture was then immediately moved into an oil bath pan
which had been preheated at 135 �C to grow AgNWs for 3.5
hours until the reaction was nished. During the reaction
process, the mixture color changed from light yellow
(Fig. S1(a)†), brown (Fig. S1(b)†), and nally gray (Fig. S1(c)†),
indicating the formation of AgNWs. Acetone was added into the
resulted solution, which was then centrifuged 3 times at
1500 rpm to remove EG, PVP, and other impurities. Aer
cleaning, the AgNWs were suspended in ethanol at a concen-
tration of 28 mg mL�1 for future use (Fig. S1(d)†).

2.3. Fabrication of the AgNW/PI TCFs

The PI powders were rst prepared according to our previous
studies.27 The PI powders were dissolved in DMAc solution with
a weight percent of 10%. Aer stirred for 10 minutes, the
homogenous PI solution was obtained. Fig. 1 schematically
illustrates the fabrication of the AgNW/PI composite lms. The
AgNW dispersion was rod-coated on glass substrates (10 cm �
10 cm) with different coating cycles and then dried on a hot
This journal is © The Royal Society of Chemistry 2017
plate for 10 minutes at 80 �C. 1 mL AgNW dispersion solution
(�0.006 M) was used for each rod-coating cycle. With increasing
AgNW dispersion rod-coated cycles, the value of AgNW areal
mass densities of the TCFs is increased. Next, the transparent PI
precursor solution was cast on the AgNW networks to form
a homogenous solution layer which then was placed in an oven
at 80 �C for 2 hours, to evaporate most of the solvent, and
continues to heat at 100, 150, and 200 �C for 60 minutes at each
temperature. Aer the heating, the resultant AgNW/PI TCFs
with different AgNW areal mass density were peeled off and cut
into various sample sizes. There are four samples had been used
in this study. Sample A was pure PI lms. Sample B, C and D
were prepared by rod-coating AgNW dispersion 2, 3 and 7 cycles
with the above-mentioned method, respectively. One thing
should be noted, certain amount of AgNW dispersion would be
wasted during the process of rod-coating. So, the digital mul-
timeter should be used to estimate the sheet resistance of the
AgNWs network for each AgNW rod-coating cycle. The thickness
of the nal AgNW/PI lms is approximately 50 mm.

2.4. Characterization

The surface morphologies of AgNW/PI TCFs were examined
with a scanning electron microscopy (SEM, Hitachi S-4800). The
surface roughness of AgNW/PI TCFs was observed with an
atomic force microscope (AFM, Veeco Dimension 3100V). The
optical transmittances of the transparent PI lm and AgNW/PI
TCF were obtained at room temperature with an ultraviolet-
visible spectrophotometer (Perkin-Elmer, Lambda 950, USA)
with an integrating sphere. The sheet resistance of AgNW/PI
TCF was measured with a four-point probe system (Napson
Corp. Cresbox). The weight of TCFs was measured with ther-
mogravimetric analysis/differential thermal analysis (TG/DTA).
The DC voltage was supplied by a power supply to the TCF
through a copper contact at the lm edge. The temperature of
the TCF was measured using an infrared thermometer (Smart
Sensor, AR842A). The heat distribution of the TCF was
measured by an infrared camera (Fukushima-shi, Fukushima
960-8511). The mechanical stability tests were performed using
a lab-made bending test machine. The adhesion test was per-
formed with 3M stock tape.

2.5. Antibacterial material synthesis and characterization

The antibacterial ability of the AgNW/PI composite lm was
assessed against Bacillus cereus (B. cereus) (CMCC (B) 63301) and
Escherichia coli (E. coli) (ATCC 51813) using spread plate
methods. Briey, the pure PI and AgNW/PI composite lms
(2.0 cm � 3.5 cm) were sterilized at 121 �C for 15 min. The two
kinds of sterilized lms were cut into 4 equal parts, and then
put into 5 mL of B. cereus and E. coli solutions containing 0.1%
peptone (104 CFU mL�1), respectively. Aer incubation at 37 �C
with shaking at 180 rpm for 8 hours, the viable cell count of
each sample was determined by surface plating 0.2 mL with
10 000 fold dilutions onto LB agar plates. The plates were each
incubated at 37 �C for 8 hours (B. cereus and E. coli). The
number of CFU mL�1 was obtained by counting the colonies
grown on the plates.
RSC Adv., 2017, 7, 28670–28676 | 28671
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Fig. 1 Schematic of the fabrication of AgNW/PI composite film.
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3. Results and discussion
3.1. Microstructure of AgNWs and AgNW/PI TCFs

The microstructure of long AgNWs was characterized by SEM
and XRD, as shown in Fig. 2(a) and (b). No other morphology of
silver nanocrystal was observed. In the XRD pattern of silver
nanowires, the three strongest peaks can be observed at 38.2�,
44.4�, and 64.5�. According to the Silver Joint Committee on
Powder Diffraction Standards Database (le no. 04-0783), they
were attributed to the diffraction of the (111), (200) and (220)
crystalline planes of the face-centered structure of silver,
respectively. The calculated lattice constant according to the
(111) peak is approximately 4.082 Å, which agrees with the
standard value of 4.086 Å. Fig. 2(c) and (d) show the distribu-
tions of length and diameter by measuring 250 nanowires. The
average diameter and length of the prepared silver nanowires
were 88 nm and 80 mm, respectively. The aspect ratio of the
Fig. 2 (a) SEM image of synthesized silver nanowires at low and high ma
size distribution, (d) histogram of diameter size distribution.

28672 | RSC Adv., 2017, 7, 28670–28676
AgNWs is approximately 910 which was triple improvement
than our previous work.27 These results reveal that high aspect
ratio AgNWs can be synthesized in large quantities by the
modied polyol method.

SEM image of AgNW/PI TCF with the sheet resistance of 48.3
ohm sq�1 is shown in Fig. 3(a). The AgNW network has a well-
connected wire-to-wire, unlike the forest-like AgNW structure
observed in pure AgNW lm.27 The AgNW/PI TCF had a smooth
surface with a mean surface roughness of 1.96 nm (Fig. 3(b)),
which shows the transparent PI solution lled all the voids of
the AgNW networks, allowing for the tight integration between
silver nanowires and substrate.28
3.2. Optical and electrical properties of AgNW/PI TCFs

The optical transmittance spectra of the AgNW/PI TCFs with
different AgNW densities embedded into the lms are shown in
Fig. 4, and the values of the thin lm optical and electrical
gnification, (b) XRD pattern of silver nanowires, (c) histogram of length

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) SEM image of AgNW/PI TCF with 48.3 ohm sq�1. (b) Surface roughness of the AgNW/PI TCF with Ra ¼ 1.96 nm.

Fig. 4 Optical transmittance and haze of the pure PI film and AgNW/PI
TCFs with different areal mass densities.
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parameters are shown in Table 1. The pure PI lm (sample A)
showed the highest optical transmittance of 90.6% and the
lowest haze of 0.7% at 550 nm. With increasing of embedded
AgNW densities, the transmittance and the sheet resistance of
the TCFs were both decreased, but the haze of the TCFs was
increased, which was attributed to more connections between
the AgNWs and more light scattering and reection by the
AgNWs.29,30 The AgNW/PI displayed a sheet resistance of 48.3
ohm sq�1 (sample B), 24.5 ohm sq�1 (sample C), and 7.5 ohm
sq�1 (sample D) with a transmittance of 86.3%, 82.2%, and
81.1% at 550 nm, respectively. The results indicated that the
optical and electrical properties of AgNW/PI TCFs could be
optimized by adjusting the AgNW density.

The areal mass density of each TCF is calculated by the
percolation conductivity scaling law31 as follow:

s f (n � nc)
m (1)

where s is the network electrical conductivity; n is the network
density, i.e. the number of nanowires per unit area; nc is the
Table 1 The electrical and optical properties of the AgNW/PI TCFs
films

Sample
amd
(mg m�2)

T550
nm (%)

H550

(%)
Rs

(ohm sq�1)
F

(10�3 U�1)

A — 90.6 0.7 — —
B 94.0 86.3 4.5 48.3 4.7
C 153.4 82.2 9.0 24.5 5.7
D 366.2 81.1 10.1 7.5 16.4

This journal is © The Royal Society of Chemistry 2017
number of nanowires per unit area when the percolation
probability of the network is 1/2, which is the representation of
the percolation threshold; m stands for the percolation expo-
nent. As demonstrated by Monte Carlo simulations,32 for an
innite 2D system of percolating objects, the percolation
exponent m approximately equals approximately 4/3.

According to eqn (1), it can be deduced that the network
electrical resistance R should follow this dependence:33,34

R ¼ Cr
Ag
NWðamd� amdcÞ�m

¼ C

 
r0 þ

r0l0ð1� pÞ
DNW

! 
amd� 4:425dAg

bulkDNW
2

LNW

!�m

(2)

where R is the sheet resistance of the AgNW/PI TCF, r0 is the
resistivity of bulk silver, l0 is the bulk mean free path (p z 0.5),
DNW is the nanowire diameter, LNW is the length of the wire,
dAgbulk is the mass density of bulk silver, amd is the areal mass
density of silver in the sample, C is the same order of magnitude
for all types of the nanowires. According to the above two
equations, the values of TCF areal mass densities were calcu-
lated as 94.0 mg m�2 (sample B), 153.4 mg m�2 (sample C) and
366.2 mg m�2 (sample D), respectively.

To estimate the electro-optical performance of AgNW/PI
TCFs, the gure of merit (F) which was dened by the Haacke
equation35 was used.

F ¼ T10/Rs (3)

where T and Rs are the transmittance at 550 nm and sheet
resistance of TCFs, respectively. According to eqn (3), all the
gure of merit of the samples were calculated. Among these,
sample D had the highest F value of 16.4 � 10�3 U�1 (Table 1),
which is larger than our previously reported record of 6.0 �
10�3 U�1 with AZO/AgNW/AZO sandwich structure on PI
substrate.26
3.3. Mechanical properties of AgNW/PI TCFs

In order to be applied in exible optoelectronic devices, AgNW/
PI TCFs must have superior mechanical exibility and dura-
bility. Using a lab-made bending test device, both inner bending
and outer bending test were performed with the bending radius
of 4 mm. Fig. 5 shows the sheet resistance change of the AgNW/
RSC Adv., 2017, 7, 28670–28676 | 28673
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Fig. 5 Sheet resistance change of the AgNW/PI TCF (Rs ¼ 7.5 ohm
sq�1) after outer and inner bending tests, respectively.
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PI TCF (Rs ¼ 7.5 ohm sq�1) aer inner and outer bending tests,
respectively. The sheet resistance change (DR) can be dened as

DR ¼ (R � R0)/R0 (4)

where R0 is the initial sheet resistance before the bending test; R
is the value of sample sheet resistance measured aer bending
test. The value of DR for the AgNW/PI lm aer 600 outer
bending cycles was 0.19 which was far less that our previously
reported record of 7 using the TCFs with AZO/AgNW/AZO/PI
structure.26 The obvious decrease in the value of DR for the
TCF was attributed to the strong bonding between the trans-
parent PI lm and AgNW network. Even under extreme
bending, the strong bonding still could prevent AgNW sliding at
the interface. Such a strong bond also could make the lm have
great adhesion performance (Fig. S2†). The value of DR for the
AgNW/PI lm aer 600 inner bending cycles was 0.27 which was
higher than that of the out bending test. The result was attrib-
uted to tensile stress for outer bending and compressive stress
for inner bending.36
3.4. Thermal properties of AgNW/PI TCFs

As Fig. 6 shows, both pure AgNW lm and AgNW/PI lm show
excellent thermal stability below 200 �C. Heated for 1 hour, the
values of DR are 0.27 (pure AgNWs lm) and 0.08 (AgNW/PI
lm), respectively. Increasing the heating temperature to
250 �C for 1 hour, the change in sheet resistance of pure AgNWs
lm was increased obviously. The DR of pure AgNW lm
reached 7.89. This result is because of the pure AgNW network
Fig. 6 Thermal stability of the AgNW/PI hybrid and pure AgNW film
with different annealing temperatures.

28674 | RSC Adv., 2017, 7, 28670–28676
appeared heat-induced welding partial coalescence without the
PI protection (Fig. S3†). Instead, Fig. 6 indicated that the AgNW/
PI TCF had greater thermostability than the pure AgNW lm.
Even aer annealed at 300 �C for 1 hour, the DR of AgNW/PI lm
was only 0.86. However, the pure AgNW network was destroyed
and could not be obtained the resistance value aer heating to
300 �C. The AgNWs network was effectively embedded into the
PI lms, which results the AgNW/PI TCF showed high-
temperature stability.

To estimate the AgNW/PI TCF long-term reliability, the
thermal moisture test was performed by putting the AgNW/PI
TCFs into a humidity chamber (121 �C, 97% relative
humidity) for 3 hours and 24 hours. 121 �C, 97% relative
humidity for 24 hours equivalent to 85 �C, 85% relative
humidity for 1000 hours. Fig. S4† shows the electrical properties
of AgNW/PI TCF (raw: 5.6 ohm sq�1) and pure AgNW (raw: 6.9
ohm sq�1) aer the thermal moisture testing. A slight change in
sheet resistance aer 3 h for both pure AgNW and AgNW/PI
TCF. Aer 24 h, the pure AgNW resistance rate of change was
142.03%. The increase in resistance of pure AgNW was attrib-
uted to oxidation of amounts of AgNW exposed directly in the
air. On the contrary, the AgNW/PI TCF changed a little because
the PI lm protected AgNW from the harsh environment. This
result indicates that the hybrid lm has better aging resistance
than the pure AgNW lm.

AgNW/PI TCFs could be used as transparent lm heaters due
to their excellent thermal stability and low sheet resistance.
Fig. 7(a) shows the temperature proles of the AgNW/PI TCF (Rs

¼ 8.5 ohm sq�1), plotted again the input voltage (modulated
from 1 V to 8 V). When the input voltage was 1 V, the temper-
ature of the TCF surface reached 29.5 �C. The temperature of
TCF surface was increased by increasing the value of the input
voltage. When the input voltage was 8 V, the temperature of the
TCF surface reached approximately 101.6 �C (Fig. S5†). The
inset of Fig. 7(a) is an infrared photograph of the TCF with 6 V
input voltage, showing that the temperature distribution on the
lm surface was uniform. Power consumption is an important
parameter for evaluating the lm heater performance, which is
dened as temperature increase per input electrical power.
Based on the data shown in Fig. 7(b) and considering the size of
the TCF sample (2.5 cm � 3.5 cm), the electrical power
consumption of the TCF was calculated and its value was
approximately 203.5 �C cm2 W�1.

The application of AgNW/PI TCF used as transparent lm
heater with thermochromic material ink was demonstrated as
shown in Fig. 7(c). The color of characters, which were written
on the TCFs using thermochromic material ink, was changed
from dark red to uorescent green within 10 seconds of the
input voltage being increased from 0 V to 4 V.
3.5. Antibacterial properties of AgNW/PI TCFs

Antibacterial properties also are very important to AgNW/PI
TCFs when they were used in special applications, such as
wearable devices and electronic skin. Taking this fact into
account, we investigated the antibacterial properties of AgNW/
PI TCFs (24.5 ohm sq�1) and pure PI lms against B. cereus
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Temperature change of the AgNW/PI TCF (Rs¼ 8.5 ohm sq�1) with different input voltages (inset is infrared photograph of the TCF with
6 V input voltage). (b) Input power as a function of the steady state temperature of the AgNW/PI TCF. (c) Application of AgNW/PI TCF as
transparent film heater: thermochromic behavior.

Fig. 8 (a) Representative photographs for the bactericidal activity of left to right-blank, pure PI film and AgNW/PI composite film toward B.
cereus and E. coli; (b) concentration of bacterium as a function of control.
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and E. coli which belong to Gram-positive bacterium and Gram-
negative bacterium, respectively. The digital photographs of
surface plating and the histogram of bacterium concentration
are shown in Fig. 8(a) and (b). The results show that the B. cereus
concentrations of the blank and pure PI lm were 2.45 � 107

CFU mL�1 and 2.78 � 107 CFU mL�1, respectively. The E. coli
concentrations of the blank and pure PI lm were 1.46 � 106

CFUmL�1 and 1.31� 106 CFUmL�1, respectively. In contrast to
the blank and pure PI lm, the AgNW/PI lm demonstrates
excellent antibacterial effect, as all of the bacteria can be killed.
The antibacterial effect of the AgNW/PI composite lm may be
attributed mainly to the AgNW, which releases silver ions to
inhibit bacterial growth by damaging the DNA and protein of
the bacteria cells.37
This journal is © The Royal Society of Chemistry 2017
4. Conclusions

In this study, we have synthesized long AgNWs with a high
aspect ratio (>900) in large quantities with a facile modied
polyol method. Multifunctional exible TCFs based on long
AgNW/PI structure were fabricated using a scalable, environ-
mentally friendly, and full-solution process. The AgNW/PI
composite lms show excellent opto-electrical properties (e.g.,
7.5 ohm sq�1, at 81.1% transmittance) and mechanical exi-
bility across a wide temperature range, from room temperature
to 300 �C. The thermal response tests of AgNW/PI TCFs were
performed to show the higher heating temperature of 101.6 �C
at 8 V, and lower electrical power consumption of 203.5 �C cm2

W�1. In addition, the antibacterial properties of the composite
RSC Adv., 2017, 7, 28670–28676 | 28675
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lms were also studied. The AgNW/PI TCFs shows high resis-
tance to B. cereus and E. coli. These characteristics make the
composite lms an excellent candidate for substrates for ex-
ible and wearable electronic devices with antibacterial needs.
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