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Abstract

Herein, we report high-performance electrically conductive adhesives (ECAs) as promising materials for flexible conduc-
tive films, printed circuits, and electromagnetic interference shielding devices. Through combining a small amount of
water-dispersible polyaniline (PANI) nanorods and silver flakes into water-based polyurethane (WPU), the obtained ECAs
showed high electrical conductivity with a low Ag content (4.8 X 10 4S/em, 60 wt% of silver, and 6% PANISs) and excellent
stability; this stability withstood aging without change at 85 °C/65% RH for at least 20 days. Prototyped applications of the
ECAs for flexible conductive films, printed circuits, and electromagnetic interference shielding devices were demonstrated.
When these ECAs were used as flexible conductive films, these films exhibited excellent electrical performance under high
mechanical deformation. The resistance of films remained unchanging after being bent with a 6-mm radius for over 8000
cycles, applied with 1000 kPa pressure, or stretched 20% for over 1000 cycles. The printed circuits had excellent flexibility
and good adhesion on flexible substrates, enabling the circuits’ stable operation at a high deformation. Moreover, novel
conductive foams with high conductivity of 283.4 S/m and reasonable electromagnetic interference shielding effectiveness
(EMI SE) of above 34 dB were obtained by integrating the ECAs with PU sponges to broaden the applications of ECAs.
Therefore, this study provided an original, uncomplicated, low-price route to fabricate high-performance ECAs based on
water-soluble resins for various flexible electronic devices.

Keywords Water-dispersible polyaniline - Electrically conductive adhesives - Flexible conductive films - Printed circuits -
Electromagnetic interference shielding

1 Introduction

In the dawn of highly available smart electronic products
and the growing demand for environment-friendly produc-
tion systems, electrically conductive adhesives (ECAs)
have become increasingly important, which could provide
cost-effective and straightforward tools for various flexible
electronic devices [1, 2]. ECAs, a kind of polymer compos-
ite materials with conductive fillers, have numerous advan-
tages, such as low treatment temperatures, high printing
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resolutions, and excellent compatibility with conventional
printing methods [3-6]. Although they possess many bene-
fits, some shortcomings still need to be addressed to meet the
future needs of the booking flexible electronic market. These
obstacles lie mainly the use of large amounts (70-80%) of
metal fillers (such as Ag micro-flakes, which are used widely
in ECAs due to their excellent electrical conductivity and
chemical stability) to maintain the conductivity of ECAs.
The use of large amount of metal fillers can damage the
adhesion of ECAs and raise the cost [7, 8]. In addition,
toxic diluents such as 1,4-dioxane used in the manufacture
of ECAs also become a severe problem for human health [9,
10]. Therefore, the development of water-based and high-
performance ECAs with low silver contents has become a
top priority.

To improve electrical performances and reduce the cost of
ECAs, various methods have been proposed. For example,
conducting-enhancers such as carbon materials [11-15] and
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conducting polymer nanomaterials [10, 16—-19] have been
added to Ag-filled ECA formulations to bridge metal fillers
to improve the ECAs’ conductivity effectively. Nano-scale
silver fillers (Ag particles, Ag nanowires) enable the sinter-
ing of metal fillers to reduce the contact resistance of ECAs
[8, 20—24]. Chemical treatment of metal fillers to improve
quality is also a general method to increase the electrical
performance of ECAs [25-27]. Although significant pro-
gress has been made in elevating the conductivity of ECAs,
designing high-performance ECAs with water-soluble resins
such as water-based PU is challenging due to the insolubil-
ity of most conducting-enhancers such as carbon materials
and conducting polymers in water and water-soluble resins.

To address the above challenges, we presented a facile
strategy to synthesize a kind of water-dispersible polyani-
line nanorods (PANI nanorods) with high conductivity and
zeta potential (49 mV), which could form stable conduc-
tive colloids in aqueous solutions [28]. These character-
istics made PANI nanorods well dispersed in the water-
soluble resin (water-based PU) and connected the gaps
among silver flakes to improve electrical performances
of ECAs significantly. Compared with other conductive
polymers, PANI has become the most explored material
owing to its fascinating low manufacturing price, excellent
chemical stability, and adjustable conductivity [29-38].
However, as far as we know, the synthesis and use of
water-dispersible PANI nanorods as conducting-enhancers
for achieving outstanding electrical conductivity of ECAs
with the reduced amounts of metal fillers were seldomly
reported. Moreover, the ECAs were first-time applied in
the manufacture of electromagnetic interference shielding
devices to reduce electromagnetic pollution. Herein, we
presented the remarkable enhancement in the electrical
performances of ECAs by adding small amounts of water-
dispersible PANI nanorods. These PANI could serve as
conductive interconnections among Ag flakes of ECAs to
reduce the contact resistance significantly. Thus, a kind
of new ECAs based on water-soluble resins was success-
fully prepared. Furthermore, prototyped applications of
the ECAs for flexible conductive films, printed circuits,
and electromagnetic interference shielding devices were
explored, which showed potential applications of the new
ECAs for various flexible electronic devices.

2 Experimental

2.1 Materials

Ethanol (C,H;OH), dioxane (C,HgO,), methyl isobu-
tyl ketone (CH;C(=O0)CH,CH(CH;),), ethyl ace-

tate (CH;COOC,H;), methanol (CH;OH), n-hexane
(CH;(CH,),CH,;), and acetone (CH;COCH;) were supplied

by Beijing Yinuokai Technology Co., Ltd. (Beijing, China).
Ammonium persulfate (APS), poly(N-Vinylpyrrolidone)
(PVP, K10), potassium bromide (KBr), methyl orange (MO),
and aniline hydrochloride (CcHgCIN) were supplied by
Adamas Reagent Co., Ltd. (Shanghai, China). Water-based
polyurethane (WPU) was purchased from Shenzhen Yoshida
Chemical Co., Ltd. (Shenzhen, China). The Ag powder
(flake morphology) was purchased from Lijia Metal Mate-
rials Co., Ltd. (Changsha, Hunan). Electronic components
(resistors, capacitors, LEDs) were provided by Changzhou
Qiguang Lighting Co., Ltd. (Changzhou, China).

2.2 Synthesis of water-dispersible PANI nanorods

Water-dispersible PANI nanorods were synthesized by clas-
sical oxidative polymerization of aniline in water. First, MO
(0.37 g) was dissolved in 150 mL of PVP solution (0.05%)
in a 200-mL beaker. Next, 1.30 g of aniline hydrochloride
was then dispersed in the solution with vigorous agitation for
60 min at 25 °C. Then, 50 mL of an APS aqueous solution
(10 mmol) was poured into the above mixture under vigor-
ous stirring to polymerize aniline. Twenty-four hours later,
the formation of dark green color precipitation confirmed the
successful polymerization of aniline. The PANI nanorods
with 80% yield were filtered and rinsed with dilute HCI solu-
tions (1 mol/L) several times.

As a comparison, conventional PANI particles were
obtained based on Stejskal’s previous work [39]. The PANI
particles were synthesized by the oxidation of 0.2 mmol ani-
line hydrochloride with 0.25 mmol APS in 200 mL deion-
ized water at 25 °C.

2.3 Preparation of PANIs/WPU nanocomposites
and ECAs

PANI nanorods/WPU and PANI particles/WPU nanocom-
posites were prepared by dispersing certain amounts of
PANI nanorods or PANI particles into 0.5 g water-based
PUs. The nanocomposites were obtained after the evapora-
tion of water in the mixtures.

To evaluate the effect of PANI nanorods on ECAs’ per-
formance, two types of ECAs were prepared (Table 1). One
type is with PANIs (the WPN series); another type is without
PANIs (the WPU series). A detailed fabricating process for
WPN-2 was provided as an example. Firstly, PANI nanorods
(0.12 g) were dispersed to 8 mL of deionized water in a
50-mL beaker by ultrasonic treatment for 30 min. Secondly,
1 g water-based PUs was added to the suspension. Next, Ag
micron-flakes (1.35 g) were poured into the mixture under
vigorous stirring. Finally, the paste-like ECAs composing
PANI nanorods were obtained by eliminating excess water
in the beaker.

@ Springer



1732

Advanced Composites and Hybrid Materials (2022) 5:1730-1742

Table 1 The components of the prepared ECAs

Sample code ~ WPU resin Ag content PANI Curing
(Wt%) (wWt%) nanorods temperature
(Wi%) °O
WPN-1 44 50 6 25
WPN-2 34 60 6 25
WPN-3 24 70 6 25
WPN-4 39 60 1 25
WPN-5 38 60 2 25
WPN-6 36 60 4 25
WPN-7 42 60 8 25
WPN-8 34 60 6 25
WPN-9 34 60 6 120
WPN-10 34 60 6 180
WPU-1 50 50 0 25
WPU-2 40 60 0 25
WPU-3 30 70 0 25
WPU-4 40 60 0 200

Notice: the ECAs composed of silver flakes and PANI nanorods were
called the WPN series; the ECAs containing silver flakes only were
called the WPU series

2.4 Fabrication of electronic devices with ECAs

The flexible conductive film was fabricated by the casting
method. Twenty-milliliter WPN-2 ECAs were poured onto
a rectangular mold (100 X 50X 2 mm) to evaporate solvent
at 80 °C for 2 h on a heater. The printed circuit with a line
width of 2 mm was made by screen printing onto a flexible
PDMS substrate using WPN-2 ECAs.

The conductive ECAs@PU foam was fabricated with a
dip-coating technique. A PU foam (20 X 20 X 5 mm) was ini-
tially immersed in the 100 mL WPN-2 ECAs by sonication
for 20 min. With the continuous deposition of the ECAs,
the color of PU foam changed to silver-brown. Next, the
ECAs-modified PU foam was repeatedly immersed in ECA
under ultrasonic treatment for different cycles. Finally, the
ECAs-modified PU foam was dried at 80 °C for 4 h to obtain
a silver-gray ECAs@PU foam.

2.5 Characterization methods

The morphologies and sizes of the water-dispersible PANI
nanorods, Ag micron-flakes, PANI nanorods’ distribution
in ECAs, and the ECAs-modified PU sponge were inves-
tigated by a scanning electron microscope (SEM, MIRA3,
TESCAN, Czech). The dispersibility of the water-dispersible
PANI nanorods in water was measured by the dynamic light
scattering (DLS) method with a Malvern Zetasizer Nano
ZS (Worcestershire, UK). The samples (0.01 g of PANI
nanorods in 20 mL water) to be analyzed in DLS were fil-
trated through a 0.8-um PTFE filter.

@ Springer

A typical dispersibility experiment was carried out in vari-
ous organic solvents. First, 0.01 g of PANI nanorods were dis-
persed into 20 mL of the selected solvents (ethanol, dioxane,
methyl isobutyl ketone, ethyl acetate, methanol, n-hexane, and
acetone). After leaving the sample at 25 °C for 4 h, a photo-
graph of the suspension was taken.

The electrical conductivity of PANI nanorods was deter-
mined by a four-point probe system (RTS-9, 4 PROBES
TECH, Guangzhou, China). PANIs were compressed into
dense pellets for conductivity measurements.

The electrical performance of the ECAs was measured by
the above four-point probe system, which was consistent with
our previously published procedure [11]. Briefly, the viscous
samples were dropped into a rectangular mold and flattened
to generate ECAs films (Iength 80 mm, width 40 mm, height
50 pm). Subsequently, these films were heated at selected tem-
peratures for 2 h before the conductivity measurement.

The ECAs-modified PU sponge’s conductivity was
determined by a two-point measurement with a multi-
meter (ZTY890D, TaiDe, China). Rectangle samples
(20x 60 x5 mm) were used for electrical analysis. The
measured volume resistance (), R, was converted to vol-
ume resistivity, p, using the formula p=R*A/L. A is the
active sectional area of the conductor, and L is the length
of the conductor.

The infrared spectrum of PANI nanorods was determined
with a Fourier transform infrared (FT-IR) spectrometer
(Waltham, USA). The samples were mixed with KBr pow-
der and then compacted into a pellet for FT-IR measurement.

A conductive film (100x 10x 0.5 mm) produced from the
above ECAs was screen printed onto flexible polymer sub-
strates (PDMS) for the bending test. A specialized stretching
system (detailed in Fig. S1) was used to measure the films’
resistance change with different bending radius, and the run-
ning speed is 20 mm/min.

The tensile test of the conductive film (100 10X 0.5 mm)
made by the casting methods was conducted by using the
above-specialized stretching system. The pressure test using
the same film was conducted on a pressure device.

The EMI SE of the foams was evaluated in the X band
(9 — 18 GHz) using a vector network analyzer (PNA
E5227B). All samples were sliced into rectangular slices
(5x10x%22.78 mm) for electromagnetic interference shield-
ing tests in the X band. EMI SE was calculated by the equa-
tions S1-S6 in supporting information.

3 Results and discussion
3.1 The preparation of ECAs

Figure la, b show a diagrammatic sketch of fabricating
high-performance ECAs with the water-dispersible PANI
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nanorods. Highly dispersible PANI nanorods are prepared
by typical oxidative polymerization of aniline hydrochlo-
ride with the help of the methyl orange (MO). These PANI
nanorods and silver micro flakes were dispersed in the water-
based PU resin to prepare the high-performance ECAs. The
prepared ECAs were used to manufacture flexible conduc-
tive films, printed circuits, and electromagnetic interference
shielding devices. Figure 1c shows a diagrammatic sketch
of the conductive films produced by the ECAs. Figure 1d
shows a diagrammatic illustration of manufacturing flexible
printed circuits. Figure 1e shows a diagrammatic illustration
of high-performance electromagnetic interference shielding
devices by dipping the ECAs into a commercial PU foam.

3.2 Characterizations of water-dispersible PANI
nanorods

The morphologies of PANI nanorods are given in Fig. 2a.
It is seen that the PANI nanorods exhibited rod-shaped
morphologies with a relatively uniform length distribution.
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The lengths of the nanorods range from 2 to 5 pm. Their
diameters are about 100-300 nm. This result is very differ-
ent from the traditional synthesis of PANI particles without
methyl orange (MO), which shows the aggregated globular
morphologies (200 nm) in Fig. S2. Generally, spherical nan-
oparticles are unfavorable relative to nanotube morphology
for conductive studies [40, 41]. Therefore, the construction
of nanotubular PANI materials could improve conductivity.

The infrared spectrum of PANI nanorods is investigated
by FT-IR measurement. The central IR band of PANI is
given in Fig. 2b, which agrees with previous reports [42].
The IR bands about 3407 cm™" and 3120 cm™" are ascribed
to the N-H stretching mode of PANIs. The absorption peaks
observed at 1314 cm™! and 1290 cm™! are C=C stretch-
ing vibration for quinoid and benzenoid rings. The peak
at 1107 cm™! belongs to the C—N stretching mode for the
benzenoid ring. Other vibrations of the C-H plane bending
vibrations emerged around 621 cm™".

The formation mechanism of PANI nanorods is explained
in Fig. 2c. Well-soluble MO salt could convert into a poorly

(o]
1.0

Hierarchically
conducting
networks

Conductive adhesives (ECAs)

(e)

Incident &
wave

/ ’/ Sq}l_eegee
[a77
|

ECAs

N

Flexible conductive film

Flexible conductive films made by ECAs

Fig.1 (a) Diagrammatic sketch showing the synthesis of water-
dispersible PANI nanorods. (b) Diagrammatic sketch showing fab-
ricating high-performance ECAs based water-soluble resin. (¢) Dia-
grammatic sketch of the conductive films produced by ECAs. (d)
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Diagrammatic illustration of manufacturing flexible printed circuits.
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soluble acidic form as a hydrophilic one-dimensional (1D)
template at pH 3—4, which is achieved after adding acidic
aniline hydrochloride. The aggregation of the rigid rod mol-
ecules of methyl orange acid leads to a hydrophilic 1D tem-
plate in aniline polymerization [43, 44]. Finally, the aniline
is polymerized at its surface by n—= interactions between
the aromatic rings of MO and constitutional polymer
units. Thus, highly conducting and water-dispersible PANI
nanorods were successfully synthesized in the presence of
methyl orange.

The suspension characteristics of PANI nanorods are dis-
played in Fig. 2d, evaluated by Zeta potential characteriza-
tion. The result shows the high zeta potential of the nanorods
(0.01 g in 20 mL water, 25 °C) at 49 mV in water. This mas-
sive zeta potential of PANI nanorods could help form a stable
colloidal suspension in water, which is vital for providing a
way to disperse these conducting polymers in the water-base
PU to fabricate high-performance ECAs. The dispersibility of
PANI nanorods in various kinds of organic solvents is given
in Fig. S3. It is found that PANIs could be dispersed well in
many conventional organic solvents, meaning the possibility
of being widely used to prepare various composites.

The PANI nanorods benefit from the rods-like nano-
structures and exhibit significantly enhanced electrical con-
ductivity than traditional PANI nanoparticles. The PANI
nanorods have an electrical conductivity of 7.6 S cm™!,
which is approximately seven times higher than those of
the PANI nanoparticles in other work [45-50]. Therefore,
the enhanced conductivity and water dispersibility of these
PANI nanorods could make PNAI nanorods work efficiently
in high-performance ECAs using water-soluble resins.

The conductivity of PANI nanorods/WPU and PANI par-
ticles/WPU nanocomposites as a function of PNAI loading
is investigated in Fig. 2e. The electrical conductivity of all
the nanocomposites increases continuously with increas-
ing PANI contents. As expected, the PANI nanorods/WPU
nanocomposites have a much higher conductivity (20 S/m)
and a lower percolation threshold (7 wt%) than those of the
PANI particles/WPU nanocomposites, which is mainly due
to the high conductivity of PANI nanorods and excellent
dispersion ability in WPU resin.

Thus, PANI nanorods with high conductivity and high
dispersion ability in the water-soluble resin are success-
fully obtained. These nanorods are expected to be favora-
ble enhancers for the ECAs to improve conductivity and
mechanical properties.

3.3 Electrical performance of the ECAs
with water-soluble resins

To understand the effect of water-dispersible PANI
nanorods on the conductivity of ECAs with water-soluble
resins, two series of ECAs are prepared. ECAs composing

silver flakes and PANI nanorods are named the WPN
series (Table 1). The ECAs composing silver flakes only
are named the WPU series (Table 1).

Figure 3a compares the resistivity of the WPN series
ECAs and WPU series ECAs with various Ag loadings
without heat treatment. The resistivity of the WPN-2
ECAs with a low level of Ag content (60%) reaches
2.1x107° Q-cm, which is about 1/1500 of WPU-2 ECAs
with the same Ag loading and even is 1/15 of WPU-3
ECAs with 70% Ag content. This result offers firm sup-
port that a small quantity of water-dispersible and highly
conductive PANI nanorods can significantly enhance the
conductivity of the ECAs based on water-soluble resin.

This substantial enhancement could be attributed to the
successful formation of continuous conductive networks
of silver flakes and PANI nanorods, confirmed by the
cross-sectional SEM image of WPN-2 ECAs. As shown in
Fig. S4, a large amount of PANI nanorods located between
the gaps of the Ag flakes (in the red labeled region) are
observed. It is evident that PANI nanorods could effec-
tively connect Ag flakes in the composites of WPN-2
ECAs. Figure S5 shows a schematic representation for
explaining the influence of PANI nanorods on the conduc-
tivity of the ECAs. For traditional ECAs, a substantial part
of the total resistance comes from the tunnel resistance
among the silver flakes of the ECAs. These resistances
could be significantly reduced by adding highly conduc-
tive and dispersed PANI nanorods into the gaps among
Ag flakes. These PANI could serve as conductive paths to
connect neighboring silver flakes of ECAs.

Figure 3b shows the resistivity for WPN serials ECAs
with different amounts of PANI nanorods. For the ECAs of
WPU-2 without PANI nanorods, high resistivity is obtained
at 2600 x 10~ Q-cm, which is higher than the ECAs pre-
viously reported due to the lower silver content and cur-
ing temperature [8, 51]. After adding a small number of
PANI nanorods, the electrical resistivity of the ECAs drops
sharply. When the PANI nanorods are raised further to 6
wt%, the resistivity of the ECAs decreases to an optimized
value of 2.1x 107> Q-cm (WPN-2). Compared with other
work using the ECAs reinforced conducting-polymers,
the WPN-2 ECAs have a maximum effective conducting-
polymer doping concentration (Table S1), indicating that
water-dispersible PANI nanorods have a high dispersion in
water-soluble composites.

Notably, WPN serial ECAs exhibits ultrahigh electrical
conductivity with different cured temperatures (Fig. 3c). The
resistivity of the ECAs decreases with elevated cured tempera-
ture, which is similar to other ECAs’ systems [18, 25]. The
ECAs prepared at room temperature show a reasonably low
electrical resistivity (2.1 x 107> Q-cm). These results show that
the ECAs could be applied to flexible electronic devices that
require low-temperature packaging and sealing techniques.
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The WPN-2 ECA conductive film is aged at 80 °C and 65%
relative humidity for 20 days to evaluate the stability (Fig. 3d).
For WPN-2 ECA, the conductivity remains stable at 80 °C and
65% RH. This data displays that WPN-2 ECAs have excellent
durability under uninterrupted humidity-heat treatment.

Figure 3e compares the electrical performances of the WPN-2
ECAs with some recent works on high-performance ECAs [18,
25, 51-57]. As displayed in Fig. 3e, the resistivity of WPN-2
ECAs (60 wt% Ag content, cured at 25 °C) exhibits an exception-
ally low value of 2.1x 10~> Q-cm, which is significantly lower
than those of the most reported ECAs. Moreover, the water-based
resin makes the ECAs more environmentally friendly because
no volatile organic solvents are concerned. The preparation is
also more energy-efficient because the curing of ECAs with heat
possessing is not necessary. Therefore, the method proposed in
this paper is particularly beneficial to help achieve the goal of
manufacturing high-performance ECAs at a low cost.

3.4 Electrical performance of PANI-reinforcement
flexible conductive film under mechanical
deformation

In the past few years, considerable progress has been made
in the field of flexible electronics. Flexible electronics,

Fig.5 Application of the

ECAs (WPN-2) for printed
circuits. a The circuits with a
width of 2 mm. b The circuits
under a highly bend state. ¢ An
alternating blinking LED device
based on the printed circuits. d
The device could keep stable
operation under a high bending
condition
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specifically those dedicated to the fabrication of conduc-
tors, sensors, or printed circuits on flexible and stretchable
substrates, need further development to keep their electrical
performance under mechanical deformation [58, 59]. Herein,
we introduce a kind of flexible conductive film made by
WPN-2 ECAs with excellent electrical stability in bending
and stretching conditions.

Figure 4a shows a schematic diagram for preparing the
flexible conductive film (100 x50 x 0.05 mm) with a low
resistance of 0.1 Q by the casting method. Figure 4b gives
the electrical performance of conductive films in the differ-
ent bending states, defined as a series of the bending radius.
For the conductive films, even when bent to the smallest
bending radius of 6 mm using our experimental instru-
ment, almost no changes of resistance are noticed (change
is smaller than +5%). Furthermore, the resistance remains
almost unchanged during more than 8000 cycles of bending
to a small radius of 6 mm (Fig. 4c).

The film’s stretchable electrical performance is another
critical property for flexible electronics. Figure 4d shows the
resistance response of the films with various cyclic strain rates
(10-50%) for 5 stretching cycles. The conductive films have a
stable electrical performance in the different stretch statuses.
The film shows excellent tensile elongation at a break of more
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Fig.6 a The schematic fabricating procedure of conductive PU
sponges. b The conductivity of the foams with different dipping
cycles; the inset shows that the foam could serve as a conductor to
drive a light-emitting diode (LED). ¢ The SEM images of the foams

than 300% in Fig. S6. No noticeable resistance changes with
more significance than+ 10% are observed in the conductive
films stretched to 120% for more than 1000 cycles.

In contrast, apparent variation with 400% changes in the
resistance of the conductive films (WPU-4) without PANIs is
observed in Fig. 4e. Moreover, the resistance of the conductive
films (The reduced thickness is about 100 pm, which is about
1/5 its original thickness) remains stable under 1000 kPa pres-
sure (Fig. 4f). These results show that the conductive film pro-
duced by WPN-2 ECAs could exhibit outstanding electrical
performances with different modes of mechanical deforma-
tion, which is crucial for flexible electronic devices.

3.5 Applications of the ECAs for printed circuits

To illustrate the applications of the ECAs for printed elec-
tronics, a printed circuit with a width of 2 mm produced by

EMI SE (dB)
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—e—SA
4 ST
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0000000000
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Frequency (Hz)
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(PU@ECAS-2); the inset shows the macro morphology of the foam.
d The EMI shielding properties of the conductive foam with various
dipping cycles. e SE total (ST), SE, (SA), and SEy (SR) of the con-
ductive foams with two dipping cycles

WPN-2 ECAs is shown. Figure 5a, b show flexibility and
good adhesion of the printed circuits. The specific adhesion
performance of the ECAs is shown in Fig. S7. An alternat-
ing blinking LED device based on the printed circuits is
displayed in Fig. 5c. Figure 5d illustrates the stable operating
state of the device under a highly bend condition.

3.6 Applications of the ECAs for high-performance
electromagnetic interference shielding devices

To further expand the application range of ECAs for flex-
ible electronics, light-weight and extraordinarily conductive
PU sponges are innovatively manufactured for electromag-
netic interference shielding (EMI) applications with high-
performance WPN-2 ECAs and flexible PU foams. As is well
known, the EMI SE of the conductive PU sponge mainly
depends on the conductive filler’s inherent conductivity and

@ Springer
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connectivity [60, 61]. We propose that high-performance
conductive adhesives could form a high-quality conductive
path on the insulating PU foam through a simple impregna-
tion process due to its good conductivity and adhesion. In
this way, high-performance shielding materials with excel-
lent conductivity and EMI SE at a low cost can be obtained.

Figure 6a displays the schematic fabricating procedure
of conductive PU sponges. The commercial PU sponges
are dip-coated with the ECA suspension for different
cycles to fabricate high-performance EMI devices. In
Fig. 6b, the foams’ conductivity with varying dipping
cycles is plotted. The conductivity of the foam sharply
increases with the cycle numbers. With only two cycles,
the foam shows excellent conductivity of 293 S/m~!,
which is vital for fabricating electromagnetic interfer-
ence shielding devices. Also, the foam with such a high
conductivity could serve as a conductor to drive a light-
emitting diode (LED) with the power of 1.5 W. The SEM
image of the foams (PU@ECAs-2) is shown in Fig. 6c.
It can be observed that the silver flakes gather together
and stick to the surface of the skeleton of the foam. This
morphology makes it reasonable to obtain a high electri-
cal conductivity to fabricate electromagnetic interference
shielding devices.

The EMI shielding properties of the conductive foam
with various dipping cycles are evaluated in the X band
(8.2-12.4 GHz) in Fig. 6d. The conductive foam shows
very high EMI SE, even only dipping one cycle. The EMI
SE of the foam (one cycle) can exceed 25 dB, which can
meet the requirement of most shielding applications of
smart electronic devices [62, 63]. By improving the num-
ber of cycles, the EMI SE value can be further improved
to 34 dB. The conductive foams with two cycles are cho-
sen as examples to illustrate the contribution from the
absorption (SE,) and reflection (SEy) to the total SE (SE
total) in the X band. As shown in Fig. 6e, the significant
contribution toward SE total is SE,, which means that
most of the energy loss of electromagnetic waves by pass-
ing through the shielding material is absorption losses.

4 Conclusion

In summary, we reported new high-performance ECAs as
printed conductive materials for flexible conductive films,
printed circuits, and electromagnetic interference shielding
devices. Only a small amount of the water-dispersible PANI
nanorods (6%) can enable gap-filling among Ag flakes in
WPU resins, and thus, the ECAs showed ultralow electri-
cal resistivity (2.1x 107> Q-cm). Due to its highly con-
ductive and environmentally benign character, the ECAs
could exhibit elegant versatility for flexible electronics. We
demonstrated their potentials in flexible conductive films,

@ Springer

printed circuits, and electromagnetic interference shielding
devices. The conductivity of the films remained unchanged
under highly mechanical deformation. The printed circuits
have excellent flexibility and good adhesion on the flex-
ible substrate. Besides, electromagnetic interference shield-
ing devices have remarkable electromagnetic interference
shielding effectiveness for shielding applications of smart
electronic devices. We expect that these high-performance
ECAs can fit the requirements of not only traditional elec-
tronic packaging but also the new areas for various flexible
electronic devices.
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