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ABSTRACT: Ultraflexible transparent film heaters have been
fabricated by embedding conductive silver (Ag) nanowires into a
thin poly(vinyl alcohol) film (AgNW/PVA). A cold-pressing
method was used to rationally adjust the sheet resistance of the
composite films and thus the heating powers of the AgNW/PVA
film heaters at certain biases. The film heaters have a favorable
optical transmittance (93.1% at 26 Q/sq) and an outstanding
mechanical flexibility (no visible change in sheet resistance after
10 000 bending cycles and at a radius of curvature <1 mm). The
film heaters have an environmental endurance, and there is no
significant performance degradation after being kept at high
temperature (80 °C) and high humidity (45 °C, 80% humidity)
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for half a year. The efficient Joule heating can increase the temperature of the film heaters (20 Q/sq) to 74 °C in ~20 s at a bias
of 5 V. The fast-heating characteristics at low voltages (a few volts) associated with its transparent and flexibility properties make
the poly(dimethylsiloxane)/AgNW/PVA composite film a potential candidate in medical thermotherapy pads.

KEYWORDS: AgNW/PVA film heater, cold pressing, transparent, ultraflexible, thermotherapy pad, thermal response,

environmental endurance

B INTRODUCTION

Medical thermotherapy pads (TTPs) are widely used to
improve blood circulation, prevent inflammation, and alleviate
pains in human bodies, which is one of the classic
physiotherapies applied in orthopedics.' ™ In clinical applica-
tions, medical TTPs have been used to treat rheumatic
arthritis,” scapulohumeral periarthritis,” cervical spondylosis,®
and traumatic injuries.” Conventional commercial TTPs are
composed of a heating component and a far-infrared paste.
These pads often suffer from two main issues, which limits their
practical applications. One is the uncontrollable temperature,
and the other one is that they have opacity. We cannot see the
treatment effect without removing the pads and adjusting the
local temperatures according to the conditions.

Recently, a prototype of transparent TTPs had been realized
in lab by using transparent conductive films (TCFs) as heaters.”
On the basis of the stable and controllable Joule heating effect,
transparent film heaters (TFHs) can be used as heating
components in the TTPs. The performance of the TFHs, such
as thermal response time, operating temperature, operating
voltage, and cycling stability, mainly depended on the
characteristics of TCFs.”™'” Lee et al.'’ demonstrated a
transparent conductive graphene oxide/Ag nanowire (AgNW)
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film heater with a rising time of 200—600 s under a bias of 12 V.
Zhang et al.'* also fabricated graphene oxide protected AgNW
films for the heater and shortened the rising time to 100 s.
Furthermore, Kim et al."> used AgNW/clay film as heaters on
polyethylene terephthalate (PET), which could work at various
biases with ~50 s heating time. Despite the progress achieved
on transparency and thermal response time, these film heaters
still cannot meet the requirements as transparent TTPs with
rapid response. Moreover, the conventional TFHs’ flexibility
was also insufficient, which hindered further applications due to
the insufficient contact to the skin, especially at the joints. More
recently, Choi et al.” developed an articular transparent TTP
based on AgNW/thermoplastic elastomer heater by using
patterned poly(dimethylsiloxane) (PDMS) mold, and they
found that the heat transfer to muscles or blood vessels was
effective and fast. However, the strategy often failed for scale
product as well as high cost, and the heating wires were easy to
break during bending. Therefore, it is necessary to develop a
new strategy for the fabrication of ultraflexible transparent
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TTPs with controllable temperatures and rapid thermal
response.

Because of the low resistance, high transparency, good
mechanical flexibility, and high thermal stability, AgNW
networks have been widely used as transparent film
heaters.'*™"® The heating power and transparency can be
modulated by adjusting the distribution density of the Ag
nanowires. However, there are three technical challenges that
remained in the use of AgNW networks as TFHs: (1) AgNWs
are easily oxidized in air, leading to a high sheet resistance; (2)
AgNW networks are readily detached from substrates because
of the weak adhesive forces; (3) the high junction resistances
between AgNWs lead to high sheet resistances in TCFs. These
issues should be addressed before practical applications of
AgNWs in TCFs.

In this work, we propose a scalable strategy to fabricate
ultraflexible TCFs with AgNW-embedded poly(vinyl alcohol)
(PVA) composite films for transparent TTPs. A cold-pressing
technique was used to rationally decrease the junction
resistance between the AgNWs. PVA was selected to embed
and protect the AgNWs, because PVA could be made into a
film without high-temperature treatment procedures and it had
a high optical transparency. The sheet resistance and optical
transmittance of the AgNW/PVA films were modulated by
controlling the distribution density of the AgNWs. The
AgNW/PVA films were very stable under multiple harsh
conditions, such as bending, compressing, and heating, and
displayed a good electromechanical flexibility. They showed a
great potential in medical transparent and ultraflexible TTPs
with rapid thermal response.

B EXPERIMENTAL SECTION

Materials. The AgNWs were synthesized via a solution-phase
polyol method."” Polyvinylpyrrolidone (PVP) and PVA were
purchased from Alfa Aesar. Silver nitrate (Aladdin) was used as the
Ag source. A 10 wt % aqueous PVA solution was stirred at 60 °C for
24 h. A polyethylene terephthalate (PET) film was used as the
substrate. Sylgard 184, which is the monomer of PDMS, was
purchased from the Dow Corning Corporation.

Preparation of the AQNW/PVA TCFs. A schematic diagram of
the preparation process for the AgNW/PVA films is shown in Figure
1. First, a dispersion of AgNWs was spin-coated onto a cleaned PET
substrate and dried at 120 °C for 5 min. The dried AGNW films were
then subjected to a pressure of 25 MPa for 30 s and covered with PVA
aqueous solution (10 wt %) by drop-coating. The PVA aqueous
solution was obtained by dissolved PVA powders into deionized water
and stirred at 60 °C for 24 h. The AgNW/PVA films were finally cured
at 80 °C for 3 h and peeled from the PET substrates.

Fabrication of the AQNW/PVA TFHs. Electrical contact to the as-
prepared AgNW/PVA films was made with copper tape on the films’
two terminal sides. The copper tape acted as a bonding material and as
an electrode. During deicing processes, the film heater was attached to
the back of a glass slide. A direct-current (DC) power supply was used
to power the copper electrodes. The deicing demonstration was
conducted at an ambient temperature of 5 °C.

Fabrication of the PDMS/AgNW/PVA Transparent TTPs. Two
copper (Cu) tapes were attached onto the AgNW/PVA films as
electrodes. The AgNW/PVA film and the Cu electrodes were covered
with a layer of PDMS, which was subsequently cured at 65 °C for 3 h
for the curing of the PDMS. A tip of the Cu tape was exposed for the
connection of the power supply. After fabrication of the PDMS/
AgNW/PVA thermotherapy pad, a DC power supply was used to
perform thermal therapy.

Characterization. The morphologies of the AgNW/PVA films
were investigated by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800). The sheet resistance was measured with a four-
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Figure 1. Schematic diagram of the procedure used to fabricate
ultraflexible AgNW/PVA TCFs.

point probe technique. Real-time resistance was measured using a
digital multimeter (Keysight 2700). Optical transmission spectra were
measured with a Hitachi spectro-photometer (U-3900). Atomic force
microscopy (AFM, Asylum Cypher) was performed on an Asylum
Cypher under ambient conditions. Bending tests were performed
using a bending device (SHSIWI SJH-500). The biases were applied to
the two copper electrodes using a DC power supply (RD-3030,
SuZhou Varied Electronics). A digital multimeter was used to measure
the average surface temperature of the transparent film heaters in real
time via a thermocouple. An infrared radiation thermometer was used
to monitor the surface temperature of the transparent thermotherapy
pad. Infrared photographs and videos of the transparent film heaters
were taken during heating with an infrared camera (FLIR T460).

B RESULTS AND DISCUSSION

The electrical resistances of the AgNW films are derived from
those of the individual AgNWs and the junctions between the
AgNWs. Generally, reducing the junction resistance is one of
the effective ways to improve the electrical conductivity of
AgNW films.”® Longer and thinner AgNWs are preferred to
achieve TCFs with low resistances and high transmittances. An
increased nanowire length will decrease the number of
junctions and reduce the overall junction resistance. Using
smaller diameter wires increases the duty ratio and enhances
light transmittance. Therefore, AgNWs with average diameters
of ~30 nm and aspect ratios of ~800 were synthesized to
prepare the AgNW TCFs.

Figure 1 shows a schematic diagram of the fabrication
process of ultraflexible AgNW/PVA TCFs for transparent
thermotherapy pads. Benefitting from the weak adhesion of the
spin-coated AgNWs and the PET substrates, the drop-coated
PVA solution easily penetrated into the gaps between the
AgNWs and the PET substrate. The AgNWs were partially
encased in the cured PVA films, and it was easy to peel from
the PET substrate due to the weak chemical bonding between
PVA and PET. As shown in the SEM images (Figure 2), the
AgNW films were not damaged after being removed from the
PET substrate.

The distribution density of the nanowires in the AgNW/PVA
films was controlled by changing the concentrations of AgNWs
dispersion and deposition processes. The sheet resistances and
optical transmittances of the AgNW/PVA films were closely
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Figure 2. SEM images of AgNW/PVA films with different AgNW distribution densities of (a) 0.37, (b) 0.61, (c) 0.83, and (d) 1.06 ym™™
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Figure 3. (a) Optical transmittances of the AgNW/PVA films at different sheet resistances. (inset) The dependence of optical transmittance and
sheet resistance on the AgNWs distribution density. (b) Sheet resistances of the AgNW/PVA films as a function of AgNW distribution density

before and after pressing.

related to the distribution density of AgNWs. Figure 2 shows
typical SEM images of AgNW/PVA films with different AGNW
distribution densities. The densities ranged from 0.37 to 1.06
um™2, which was fitted in Figure S1 (Supporting Information).
The AgNWs were randomly distributed and embedded in the
PVA film forming a conductive network, establishing the
junctions between the AgNWs. Even at a lower density of 0.37
um™?, the AgNWs had formed the high-quality, continuous
conductive networks. As the AgNW distribution density
increased, more AgNW junctions would be formed, which
served as the transfer paths of electrons.

Figure 3a shows the optical transmittance spectra and sheet
resistances of the AgNW/PVA films. The optical transmittances
at 550 nm and the sheet resistances of the AgNW/PVA films
gradually decreased as the AgNW distribution density increased
from 0.37 to 1.06 um™ These trends were the result of the
stronger scattering and reflection of photons and the increase in
conductive pathways at high AgNW densities. In addition, the
optical transmittances of the AgNW/PVA films had a nearly
linear relationship with the AgNW distribution density, as
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reported previously.”' At a distribution density of ~0.37 yum™2,
the sheet resistances of both the unpressed and the pressed
AgNW/PVA films decreased rapidly with increasing AgNW
distribution density. At ~0.83 um™>, the sheet resistance
decreased more slowly with increasing AgNW distribution
density before reaching a constant value. These relationships
can be used to design TCFs with desired characteristics to meet
the needs of various applications. Compared with the
unpressed AgNW/PVA films, the sheet resistances of the
pressed ones were obviously decreased in the whole range of
distribution density. Note that the sheet resistances of the
pressed AgNW/PVA films were, on average, 47% lower than
those of the unpressed films (Figure 3b). This observation
verifies that the decreased junction resistance between the
AgNWs was mainly caused by the cold pressing process.
AFM images were acquired and analyzed for the unpressed
and pressed as-spin-coated AgNW films on PET substrates
(Figure S2, Supporting Information). A considerable decrease
in the junction height occurred after cold pressing of the
AgNW films at 25 MPa for 30 s. The junction height decreased

DOI: 10.1021/acsami.6b16853
ACS Appl. Mater. Interfaces 2017, 9, 6644—6651


http://dx.doi.org/10.1021/acsami.6b16853

ACS Applied Materials & Interfaces

Research Article

a : _
1.2} —a— AgNW/PVA
La— AgNW/PDMS
1.0 | =g~ e —
S wipva
o 0.8F 12 __:»\:\'\\ )
gl —-ITO |
;"’ 0.6 E,_l) ~~ AgNW/ZnO é [
0.4+
0.2 0% 250 500 750 1000
Bending cycle
0.0 1 1 1 1 1 1
0 2 4 6 s 8 10
Bending cycle (x107)
C 20
1.6
J1.2F
E I
0.8+
0.4+ Real time
Average
0.0 1 1 1 1 1 1
0 5 10 15 20 25 30

Time (s)

——AgNW
—— AgNW/PVA

—=I1TO
\ ——AgNW/ZnO

Figure 4. (a) Sheet resistances of a AgNW/PVA film (T, = 87.3%, R, = 10 €/sq) and AgNW/PDMS (T, = 81%, R, = 10 Q/sq) as a function of
bending cycle. (inset) Sheet resistances of ITO, AgNW, AgNW/ZnO, and AgNW/PVA films. (b) Sheet resistance of ITO, AgNW, AgNW/ ZnO,*
and AgNW/PVA films as a function of bending radius. (c) Real-time resistance of the AgNW/PVA film (Tss, = 74.8%, R, = 3.7 Q/sq) during
multiple random compressions. (d) Digital photographs of an 8 cm X 8 cm AgNW/PVA film (Tss, = 74.8%, R, = 3.7 Q/sq) used as a conductor in

the circuit before (top) and after (bottom) manual compression.

by 31% after pressing from 65 to 45 nm. The improved contact
between the AgNWs caused the resistance decrease of the
AgNW/PVA films.

Metallic nanowire networks are promising flexible electrode
materials because of their outstanding bending properties.”” ™"
To meet the mechanical requirements of flexible electronics,
the AgNW/PVA TCFs should be much more flexible than
conventional indium tin oxide (ITO) films, which are prone to
cracking.” The flexibility of the AgNW/PVA TCFs were
estimated by periodically bending the films and measuring the
change of sheet resistance. The bending radius was at a
curvature of S mm. Figure 4a shows a comparison of the
mechanical flexibilities of ITO, AgNW, AgNW/PVA, and
AgNW/ZnO films,” as a function of bending cycle. The sheet
resistance was measured in the flat mode after being released
from bending, as shown in Figure S3a (Supporting
Information). After 1000 bending cycles, the sheet resistance
of the AgNW/PVA film remained constant, while the sheet
resistances of the AgNW and ITO films increased from 22 to
218 Q/sq (~10 times) and from 36 to 253 Q/sq (~7 times),
respectively. Even after 10000 bending cycles, the sheet
resistance of the AgNW/PVA film still remained constant.
Moreover, the flexibility of the AQNW/PVA film was also better
than that of the AgNW/PDMS film. In addition, a real-time
bending measurement was also performed to further investigate
the mechanical flexibilities of the AgNW/PVA films. Figure 4b
shows the sheet resistances of the ITO, AgNW, AgNW/ZnO,
and AgNW/PVA films as a function of the bending radius.
Here, the sheet resistance was measured in a bending mode, as
shown in Figure S3b (Supporting Information). The sheet
resistance of the AgNW/PVA films was almost the same as
free-standing, even bending up to a radius of 1 mm. Because of
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ITQO’s brittleness, the sheet resistance of the ITO film increased
to 17 kQ/sq when it was bent to a radius of 4 mm. This sharp
increase in sheet resistance indicated that the ITO film had
begun to crack. The sheet resistance of an AgNW film on a
PET substrate without any coating increased by S times at a
bending radius of 1 mm, and the sheet resistance of a previously
studied AgNW/ZnO film increased by 3 times under the same
bending conditions. These observations indicate that the
AgNW/PVA films have an outstanding mechanical flexibility.

To further confirm the excellent flexibility of the AgNW/
PVA films, real-time resistance measurements were made with a
digital multimeter while the film was irregularly compressed by
hand. As shown in Figure 4c, the resistance changed by 20%
around the initial value during compression. Once the
compression was released, the resistance returned to its initial
value. In addition, the AgNW/PVA films was used as a
conductor in a circuit to light a light-emitting diode (LED;
Figure 4d). There was no visible change of the LED brightness
when the film was compressed. In addition, a sellotape test on
adhering to the AgNW/PVA films revealed that the sheet
resistance did not change after sticking many times. These
results confirmed that the AgNW/PVA films had an excellent
mechanical flexibility that prevented deleterious side effects
during bending, such as shedding, fracture, and aggregation.

The AgNW/PVA films can work as a thermal component for
potential application as transparent TTPs based on the Joule
heating effect, which follows

U*
=3 o)
where Q is the generated Joule, U is the bias voltage, R is the
resistance of the AGNW/PVA film, and t is the operating time.
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Figure S. (a) Time-dependent temperature profiles of ANW/PVA transparent film heaters with different sheet resistances. (b) Temperature
profiles of the AgNW/PVA film heater (Tssp = 90.5%, R, = 20 Q/sq) operated at different voltages. (c) Temperature response of the AgNW/PVA
film heater over 10 heating cycles. Bending tests (1000) were performed between two heating measurements. (d) Temperature stability of the
AgNW/PVA film heater (Tss, = 90.5%, R; = 20 ©/sq) during 10 000 bending cycles. (e—g) Digital photographs of the deicing process on a glass

slide with red ice after 0, 20, and 40 s of heating, respectively.

The heat power is affected by the bias and the resistance of the
AgNW/PVA film. Figure Sa shows the time-dependent
temperature profiles of the AgNW/PVA film heaters with
different sheet resistances. The temperature was recorded at the
same bias for each the film heaters. Clearly, the temperature
increased rapidly and reached its saturation value (operating
temperature) within ~20 s. At the same applied voltage (3 V),
the operating temperature was controlled by the sheet
resistances of the AgNW/PVA films. For film heaters with
the same resistance, a higher voltage resulted in a higher
operating temperature (Figure Sb). An operating temperature
of 73 °C was obtained on the film heater with R, = 20 €/sq at
V' =5 V. Infrared photography of the film heater at a constant
applied voltage (inset to Figure Sb) clearly revealed that the
temperature distribution on the film area (green rectangle) was
uniform. As shown in the infrared videos and the infrared
photographies (Video S1, Figure S4, Supporting Information),
the temperature distribution was also uniform for the AgNW/
PVA film heaters at different biases.

A long-term stability measurement of typical AgNW/PVA
transparent film heaters is shown in Figure Sc. During the
cycling tests, the temperature reached the same value when the
same bias was applied, and the temperature responses were
similar without observable change after unloading. The
temperature response time was also stable after bending 1000
times between two heating measurements (Figure 5d). After
10000 bending cycles, the operating temperature did not
change significantly, revealing the high thermal and mechanical
stability of the AgNW/PVA film heaters. To demonstrate its
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potential application, a deicing test was performed on a glass
slice with a AGNW/PVA film heater attached to the back of a
glass slide. Red ice was frozen in a refrigerator on the front of
the glass slide. When the film heater was biased at 3 V, the red
ice was completely melted within 40 s at an ambient
temperature of S °C (Figure Se—g, Video S2, Supporting
Information), while it almost kept the same without the film
heater. Therefore, the AgNW/PVA TFHs were also useful for
antifogging, deicing, and snow removal from the surfaces of
displays, vehicle headlights, traffic lights, windows, camera
lenses, and touchscreens.

The PDMS/AgNW/PVA transparent TTPs were fabricated
by using the AgNW/PVA films as the heating component.
TTPs are usually attached to the skin to increase the local
temperature and activate blood circulation. As applied the
transparent film heaters, the heating of transparent TTPs
should be more gentle. Figure 6ala2 shows a schematic
diagram and a digital photograph of the demonstrated PDMS/
AgNW/PVA TTP. The AgNW/PVA film and copper electro-
des were covered by a layer of biocompatible PDMS materials,
which was used as an insulator to protect the skin. As seen, the
logo of Lanzhou University was very clear through the
thermotherapy pad. Figure 6b,c shows the time-dependent
temperature profiles of the PDMS/AgNW/PVA TTP at various
biases. For biases of 0, 3, 3.5, and 4 V, the operating
temperatures of the TTP were ~29.1, 42.0, 47.0, and 52.1 °C,
respectively. Figure 6e—g shows digital photographs of the TTP
at applied voltages of 0, 3, and 4 V. The TTP quickly reached
its maximum temperature within ~20 s and remained constant,
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which was much faster than the previously reported results.” ¢

During thermotherapy, the patients can obviously feel the
temperature increase of the TTP, and the heating effect can be
directly observed through the transparent PDMS/AgNW/PVA
thermotherapy pad. The actual thermal sensation experienced
by the users might be slightly less than that indicated by the
operating temperature because of the low thermal conductivity
of the PDMS. In addition, as shown in Figure 6d, there was no
obvious decrease in the operating temperature and response
time at an applied voltage of 3 V for 7 cycles, indicating the
good heating stability of these materials. This stability

6649

originated from the excellent performance of AgNW/PVA
film heaters and the protecting effect of the PDMS layer.
Although the AgNW/PVA film heaters had the favorable
transmittance, conductivity and better flexibility, their use as
transparent TTPs required an excellent thermal stability and
adhesion properties. To determine the long-term thermal
stability of the AgNW/PVA film heaters, the AgNW and
AgNW/PVA films were held at 80 °C for six months. The sheet
resistance of the AgNW/PVA films remained nearly constant
over this time (Figure 7a), while the sheet resistance of the
AgNW films increased to ~15 kQQ/sq after 7 d. On the one
hand, these results suggested that the PVA layer successfully
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protected the AgNWs from oxidation at high temperatures and
maintained the high electrical conductivity of the films. On the
other hand, the environment with high temperature and high
humidity often exists in some areas. To demonstrate the
adaptability of the PDMS/AgNW/PVA TTPs in these
environments, a thermal stability of AgNW/PVA films under
high-temperature and high-humidity environment was per-
formed. An environment of high humidity and high temper-
ature was simulated in vacuum drying oven; the temperature
was 45 °C, and the humidity was adjusted to 80 + 10% (Figure
SS Supporting Information). As shown in Figure 7b, it was
found that the sheet resistance of AgNW/PVA films hardly
changed after two months. It is reasonable to believe that after
wrapped PDMS layer, the thermal stability of the PDMS/
AgNW/PVA TTPs would be much more excellent in harsh
environments. As shown in Table S1 (Supporting Information),
the performances of the AgNW/PVA TCFs had been
compared with other reported results. It was found that the
comprehensive performances of the AGNW/PVA TCFs were
significantly excellent. Therefore, it was definite that the
wearable PDMS/AgNW/PVA TTPs had the simple fabrication
process, low cost, high transparency, rapid thermal response,
controllable operating temperature, and environmental adapt-
ability, which may have wide potential applications in various

fields.

B CONCLUSION

A simple strategy was proposed to fabricate high-performance,
ultraflexible AgNW/PVA film heaters for transparent thermo-
therapy pads. The sheet resistances and optical transmittances
of the AgNW/PVA films were modulated by changing the
distribution density of the AgNWs. The as-prepared AgNW/
PVA films exhibited excellent mechanical flexibilities and long-
term thermal stabilities, and they were very stable under
different harsh conditions. The AgNW/PVA film heaters are
good candidates for transparent TTPs. The PDMS/AgNW/
PVA TTPs achieved stable, mild, and controllable heating with
rapid thermal response, enabling potential applications in the
field of medical thermotherapy.
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An infrared video of the AQNW/PVA film heater when
the applied voltage was increased from 0 to 3 V (AVI)
A melting process of red ice on glass when the AgNW/
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