
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
2:

32
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ultra-high electr
aDepartment of Materials Science, Fudan Un

zqliang@fudan.edu.cn
bCenter for Phononics and Thermal Ener

Nanophononics, Shanghai Key Laborato

Materials and Technology, School of Ph

University, Shanghai 200092, China. E-mai

† Electronic supplementary informa
10.1039/c7ra07714a

‡ Authors contributed equally to this wor

Cite this: RSC Adv., 2017, 7, 44254

Received 13th July 2017
Accepted 8th September 2017

DOI: 10.1039/c7ra07714a

rsc.li/rsc-advances

44254 | RSC Adv., 2017, 7, 44254–442
ical conductivity and superior
bendability simultaneously enabled in Ag nanowire
based nanocomposites†

Minhong He,‡a Xinfang Gao,‡b Bin Liu,b Jun Zhou*b and Ziqi Liang *a

Herein we report the solution fabrication of highly conductive and bendable conductors based on Ag

nanowires (NWs) embedded within a polyvinylidene fluoride matrix. A typical percolation behavior of

electrical conductivity is observed due to the formation of a conductive network. The highest

conductivity, 1.77 � 104 S cm�1, is achieved at 80 wt% Ag NWs and it remains nearly unchanged after

1000 bending events.
With rapid development of bendable and wearable electronics
and sensors, there is a growing demand for exible conduc-
tors,1,2 which play a signicant role as interconnects or elec-
trodes in a wide range of revolutionary functional devices
ranging from roll-up displays,3,4 and wearable electronic
equipment,5,6 to articial and smart skin.7–11 Indeed, high
mechanical strength and large electrical conductivity of
conductors are required in these numerous applications.12–18

Promising candidates that meet the above requirements are
nanocomposites with inorganic conductive llers embedded in
an organic matrix. In this regard, an effective electron pathway
can be established by forming the network of llers, while the
matrix provides good mechanical properties. However, most of
such nanocomposites suffer from poor electrical conductivity
because of the limited lling fraction. A large fraction of
conductive llers would otherwise inevitably undermine the
elasticity, deformability and processability of the resulting
nanocomposites. For example, Xu and Zhu reported that the
highest lling fraction of metal nanowires (NWs) were esti-
mated to be less than�70 wt% in the nanocomposites based on
polydimethylsiloxane (PDMS) matrix, showing the best
conductivity of 8130 S cm�1.19 Above the upper limit fraction,
the samples would be easily cracked when peeled off from the
substrate and prone to wear and tear during practical operation.
It is thus highly desirable to develop such nanocomposites that
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possess good conductivity and mechanical exibility
simultaneously.

It is straightforward to choose silver (Ag) as the conductive
ller due to its excellent electrical conductivity and mallea-
bility.20,21 Several research groups have made the nano-
composites with Ag NWs dispersed in PDMS matrix. For
instance, Huang et al. showed that Ag NWs were embedded into
the PDMS interlayer and formed a sandwich structure, yielding
an electrical conductivity as high as 1.52 � 104 S cm�1.22 Park
et al. prepared a conductive nanocomposite mat by coating Ag
nanoparticles onto rubber bres and acquired the highest
conductivity of�5400 S cm�1 in the presence of large stretching
deformation.23 These recent advances point to growing oppor-
tunities for highly conductive and exible conductors based on
Ag NWs with multi-layer structures in which the binding force
between the layers is however poor, resulting in potential risk of
damage aer repeated bending.

In this work, we solution fabricated such nanocomposites
that exhibited both superior electrical conductivity and excel-
lent mechanical bending properties by dispersing Ag NWs
uniformly into the polymeric matrix. Polyvinylidene uoride
(PVDF) was selected as the matrix material owing to its high
temperature tolerance along with good thermal stability, plas-
ticity, lm-forming, mechanical strength and chemical resis-
tance,24 which can be potentially applied to wearable electronic
equipment.25 We made a range of nanocomposites with
different lling fractions of Ag NWs and characterized their
electrical conductivities and bendabilities, accordingly. At the
content of 80 wt% Ag NWs in nanocomposites, the obtained
conductivities are as high as 1.77 � 104 S cm�1 which is among
the best reported values and more importantly preserved with
repeated bending cycles.

The Ag NWs/PVDF nanocomposites of several micrometres
thick were attained by mixing Ag NWs and PVDF powders in
dimethylformamide (DMF) solution and subsequently drying in
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Typical photographs of highly bendable Ag NWs/PVDF film.
(b–f) Top-view SEM images of the nanocomposites with different
filling fractions of Ag NWs.
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aluminiummolds within a N2-lled glovebox. The experimental
details are described in ESI.† Their phase structures were
inspected by X-ray diffraction (XRD) method. As shown in Fig. 1,
the nanocomposites show strong diffraction peaks at 38.1, 44.3,
64.6 and 77.4 degrees, which correspond to the reections from
(111), (200), (220), and (311) planes of Ag crystal structure,26

respectively. These peaks are progressively enhanced in inten-
sity when the mass fraction of Ag NWs increases from 5 wt% to
80 wt%. On the other hand, the absence of peaks at 32.8, 38.0,
54.8, and 65.4 degrees which are related to Ag2O suggest that
the oxidization of Ag is prevented during the solution mixing
process.

Typical photographs of as-fabricated Ag NWs/PVDF nano-
composite lm are displayed in Fig. 2a, showing that the lm is
free-standing and has a smooth surface with an area of 4.1 cm2.
Moreover, the lm is easily bent without breaking. To quantify
its superior bendability, the insets show photographs of a lm
inside a tube with a radius size of 4.7 mm, thus demonstrating
its desired relevance for exible and wearable modules. Field-
emission scanning electron microscopy (FE-SEM) was further
conducted to examine the morphology and nanostructures of
the nanocomposites, and their typical top-view images are
presented in Fig. 2b–f. It is clearly seen that Ag NWs are
randomly distributed over the entire region of PVDF, in which
the existence of high aspect ratio Ag NWs is evident and typical
three-dimensional percolation networks are available depen-
dent upon the lling fractions of Ag NWs.

At a low lling fraction of 5 wt%, the majority of Ag NWs are
isolated in nanocomposites as shown in Fig. 2b. As the fraction
is increased to 15 wt%, a dense distribution of nanowire
conjunctions is found while a connecting network is formed
(Fig. 2c). This network is usually named as innite cluster in
percolation theory. Furthermore, such a network of Ag NWs in
nanocomposites becomes more visible when the lling fraction
continues to increase and the resulting electrical pathway is
favourable for electron transport (Fig. 2d–f). It can be briey
concluded that with increasing lling fraction, more transport
pathways are generated due to the presence of more conductive
ller, which is advantageous for obtaining higher conductivity.

The lling fraction, distribution, aspect ratio and alignment
of Ag NWs in nanocomposites would greatly affect electrical
Fig. 1 XRD patterns of Ag NWs/PVDF nanocomposites with different
filling fractions.

This journal is © The Royal Society of Chemistry 2017
conductivity (s). Fig. 3a shows the room-temperature s depen-
dences of Ag NWs/PVDF nanocomposite lms on the lling
fraction of Ag NWs. As shown in Fig. 3a and Table S1,† s

increases slowly from 3.68 � 10�6 S cm�1 at 5 wt% Ag NWs to
5.00 � 102 S cm�1 at 40 wt%, then signicantly from 1.55 �
103 S cm�1 at 50 wt% up to 1.77 � 104 S cm�1 at 80 wt%. This
phenomenon can be rationalized as the formation and expan-
sion of innite cluster of Ag NWs. Fig. 3c and d illustrate the
electrical conduction mechanism within nanocomposite lms
with low and high lling fractions of Ag NWs, respectively.
According to the percolation theory, when the volume fraction
(f) of Ag NWs is smaller than a critical value which is known as
the critical volume fraction (fc), only isolated and nite clusters
of Ag NWs exist in nanocomposites. Thus, electrons cannot
transport from le to right side as shown in Fig. 3c. When f is
larger than fc, isolated clusters merged into a larger cluster,
which is termed as innite cluster in percolation theory.
Therefore, electrons are able to transport from le to right side
along a connected pathway as shown in Fig. 3d. Further
increasing of f raises the number of connected pathways which
results in an increase of electrical conductivity.

The s values of nanocomposites can be tted by using
a phenomenological relation as shown in eqn (1) based on
power law dependence where t is the exponent factor. The
tting shows fc ¼ 0.28 vol% which corresponds to a lling
fraction 1.63 wt%, and t¼ 2 in three-dimensional (3D) system.27

The tted curves are in good agreement with the experimental
results (as shown in Fig. 3a), thus providing strong evidence for
the formation of a 3D percolation network, which favors elec-
tron transport. The aspect ratio of the Ag NWs is greater than
RSC Adv., 2017, 7, 44254–44258 | 44255
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Fig. 3 (a) Filling fraction dependences of electrical conductivity (s) of the Ag NWs/PVDF nanocomposites. (b) Conductivity of the Ag NWs
(80 wt%)/PVDF film versus the bending cycles from flat to a bending radius of 2.5 mm and back to flat. The points are experimental data and the
fitted line in (a) is the corresponding numerical simulated results while the line in (b) is guideline. (c, d) Schematic illustrating the formation of
conductive Ag NWs channel, which is dependent on the volume fraction of Ag NWs in nanocomposite films. A conductive pathway of Ag NWs is
marked in red in (d).
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300 because the averaged diameter of NWs is 60 nm and the
lengths of NWs are in the range of 20–80 mm. Based on these
parameters, the numerical simulated fc is around 0.2 vol% by
using the Monte-Carlo method,28 which is very close to the tted
value in eqn (1).

s f (f � fc)
t (1)

In addition, we investigated the inuence of mechanical
bending on electrical conductivity of Ag NWs (80 wt%)/PVDF
nanocomposite lm. It is clearly seen from Fig. 3b that the
conductivity of Ag NWs (80 wt%)/PVDF lm remains little
changed when bending to a radius of 2.5 mm and then releasing
back to at. With the increase of the number of bending events,
conductivity decreased slightly, even aer 1000 bending events,
the ultra-high electrical conductivity of Ag NWs (80 wt%)/PVDF
lm is maintained constant with only �4% loss, indicating that
the nanocomposite lm possesses outstanding electrical
conductivity and exibility simultaneously.

Lastly, we demonstrated the application of such nano-
composite lms for exible conductors. We constructed
a prototypic electrical circuit experiment by cutting as-
44256 | RSC Adv., 2017, 7, 44254–44258
fabricated Ag NWs (5–80 wt%)/PVDF lms into a shape that is
connected to the circuit, as shown in Fig. 4a–f. The samples with
different lling fractions were connected while observing the
changes of the diode luminance. It is found that when the lling
fraction is 5 wt% (Fig. 4a), the diode is off, indicating that
nanocomposites is almost insulator, consistent with the very
low conductivity of 3.7� 10�6 S cm�1 as shown in Fig. 3a. When
the lling fraction continues to increase, the diode remains lit.
It is explicitly seen from Fig. 4b–f that the luminance increases
with the increasing lling fraction. This phenomenon conrms
that as the lling fraction increases, a better conductive grid is
formed and hence the conductivity is increased. At the highest
fraction of 80 wt% Ag NWs, the composite lm displays the
brightest diode luminesce at the bending state, indicating its
best conductivity (Fig. 4g).

Also, we bended the lm to control the diode by dis-
connecting and reconnecting the circuit. Fig. 4h and i and
Movie S1 in the ESI† illustrate such processes of the Ag NWs
(80 wt%)/PVDF lm. Remarkably, the composite lm presents
excellent bendability and deformability while preserving good
conductivity.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Demonstration experiments of the Ag NWs/PVDF nanocomposites. (a–f) With increasing filling fraction, the luminance of the diode is
notably enhanced. (g–i) The maintained high conductivity, when bending, of the optimal Ag NWs (80 wt%)/PVDF film as indicated by red cycle.
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In conclusion, we have successfully fabricated ultra-highly
conductive and exible nanocomposites by homogeneously
embedding Ag NWs network within PVDF matrix. A typical
percolation behavior of electrical conductivity is observed due
to the formation of conductive network. The critical volume
fraction of percolation is found to be as low as 0.28 vol% which
is in excellent agreement with the numerical simulation results.
We also nd that a quadratic dependence of electrical
conductivity on f � fc, which is consistent with the electrical
percolation theory. When the lling fraction of Ag NWs is
80 wt%, an ultra-high electrical conductivity of 1.77 �
104 S cm�1 is obtained, which is among the highest value of
silver based composites.19,22,23 The samples show superior
stability because the high electrical conductivity is almost
This journal is © The Royal Society of Chemistry 2017
unchanged aer 1000 bending events. Therefore, our study
demonstrates a promising fabrication method of highly
conductive and exible conductors for the potential applica-
tions of wearable electronic devices.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work is sponsored by the National Natural Science Foun-
dation of China (NSFC) under grant No. 51673044 (Z. L.). J. Z.
acknowledges the support from the program for Professor of
RSC Adv., 2017, 7, 44254–44258 | 44257

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07714a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
2:

32
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Special Appointment (Eastern Scholar) at Shanghai Institutions
of Higher Learning (Grant No. TP2014012).

References

1 M. Melzer, J. I. Mönch, D. Makarov, Y. Zabila,
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