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Facile synthesis of multi-functional elastic
polyaniline/polyvinyl alcohol composite gels by
a solution assembly method
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Polyaniline gels with a three-dimensional network structure are attractive for their broad application
prospects in flexible and stretchable electric devices. In this paper, we develop a facile solution assembly
method to prepare an elastic polyaniline/poly(vinyl alcohol) composite organogel and a hydrogel. The
polyaniline and poly(vinyl alcohol) chains gelate from the homogeneous mixed solution in N-methyl-2-
pyrrolidone via crystallization of poly(vinyl alcohol), producing a uniform organogel with hydrogen bonds
between two polymers, and the organogel can be further converted into a hydrogel by solvent
exchange. The composite gels exhibit excellent mechanical properties, which make them one of the
best materials for additive manufacture, such as molding and 3D printing. This study develops an
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1. Introduction

Polyaniline (PANI) is one of the most attractive conducting
polymers owing to its high electrical conductivity, facile
synthesis, and abundant electrochemical properties."”> PANI
gels have attracted considerable attention because the gels'
three-dimensional (3D) network structure provides both large
specific surface area with rich active sites and interconnected
channels for mass diffusion,*” thereby having wide applications
in many fields, such as energy storage, anti-corrosion, sensors,
etc.®"> However, PANI has poor solubility in most solvents due
to its rigid molecular chain and strong interchain interactions.
The weak solvation effect makes the PANI gels brittle and
limited in flexible and stretchable devices.

Hybridization of PANI gels with tough and strong polymers
might be an efficient method to improve the mechanical
properties of virgin PANI gels. Polyvinyl alcohol (PVA) possesses
excellent mechanical strength and high chemical stability and
is commonly used in the preparation of hydrogels.’>**
Researchers have employed PVA as a soft and elastic additive to
prepare PANI/PVA composite gels with excellent mechanical
strength. For example, a flexible PANI/PVA hydrogel through
dynamic boronate bonds between the boric acid-modified PANI
and PVA was prepared by in situ polymerization, and it showed
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efficient method to fabricate polyaniline gels with good processability and multifunctions.

a tensile fracture strain of up to 250%." A superelastic PANI/
PVA composite hydrogel was also fabricated by in situ poly-
merization of aniline on a PVA hydrogel matrix, which was
prepared by the freeze-thawing cycle method.' Those prepara-
tion methods are based on the in situ polymerization, which is
the most common strategy to prepare PANI-based materials."”>*
Although in situ polymerization is efficient in depositing PANI
on various substrates, it is difficult to control the amount and
morphology of PANI precisely. In the 3D porous matrix like
a gel, the competition between diffusion and polymerization
makes the in situ polymerization even more complicated and
leads to uneven distribution of PANI. Also, the in situ poly-
merization is difficult to scale up. Therefore, it is highly desired
to develop a novel approach to prepare PANI-based elastic gels.

In this paper, we developed a new solution assembly method
to prepare PANI/PVA composite gel with uniform distribution of
PANI and good mechanical properties. In our method, PANI was
pre-synthesized and then 3D assembled with PVA chains in N-
methyl pyrrolidone (NMP), generating composite organogel.
This method avoids aggregation of PANI, controls precisely the
gel composition, and is compatible with other processing
techniques, including molding and 3D printing. Furthermore,
the prepared PANI/PVA gels show excellent tensile and
compressive elasticity, and are used to construct flexible energy
storage devices and pressure sensors.

2. Experimental
2.1 Materials

Sulfuric acid (H,SO,4, 98%), hydrochloric acid (AR), aqueous
ammonia (28%), ammonium persulfate (AR), were purchased
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from XiLong Scientific Co., Ltd. PVA (PVA 124 and 1788) was
purchased from Shantou Dahao Fine Chemicals Co., Ltd.
Aniline (AR) and NMP (AR) were the products of Aladdin
Industry Co., Ltd. All the chemicals were used as received
without further purification.

2.2 Preparation of PANI powder

PANI was prepared by chemically oxidative polymerization.*®
9.313 g aniline was dissolved into 100 mL 1 M HCl under the ice
water bath. 28.52 g ammonium persulfate was dissolved in
51.5 mL water and added dropwise to the aniline solution under
agitation. After reacting for 3 hours in ice water bath, the
product was filtered and washed with deionized water and
absolute ethanol until the filtrate was colorless. The obtained
filter cake was stirred in 100 mL 20% aqueous ammonia for
24 h, then washed with water and absolute ethanol and finally
dried at 60 °C. The M,, of PANI is in the region of 37 000.>®

2.3 Preparation of PANI pure gel and PANI/PVA composite
gels

The dried PANI powder was dissolved in NMP by agitation
overnight to form a PANI solution (18.5 mg mL™*). 10 mL of the
PANI solution was put into a glass vial and heated at 95 °C, then
the PVA 124 powder (555, 740, 925, 1026, or 1110 mg) was added
into the PANI solution. After agitation for 5 hours, the PVA was
completely dissolved. The gel formed after the solution
completely cooled down to room temperature. The mass ratios
of PVA to PANI were 3, 4, 5, 5.6 and 6.6 and denoted by PPG;,
PPG,, PPG;s, PPGs 6, and PPGg ¢, respectively. The concentration
of PVA in the pure PVA gel is the same as that in PPGs . To make
the extrusion easier in our 3D printer, the mass ratio of PVA to
PANI in the gel for 3D printing was 30, and the PVA used was
PVA-1788.

2.4 3D printing of PANI/PVA gels

3D printing was conducted on a home-made gel 3D printer with
an air pressure driven system. The PANI/PVA gel ink was filled
into a 10 mL steel syringe and kept at 70 °C to avoid ink gela-
tion. The gel ink was injected through a nozzle with an inner
diameter of 18 G (0.5 mm) and at the pressure levels of 75 psi.
The samples were printed at a movement speed of 5 mm s *
and deposited in the NMP-ethanol coagulation bath (1:1 in
volume).

2.5 Assembly and test of PANI/PVA gel pressure sensor

The PANI/PVA blend solution was cast on a polytetrafluoro-
ethylene mold. The prepared gel was then demolded and
immersed in 1 M H,SO, for overnight to protonate PANI. The
doped PANI/PVA gel was dialyzed and cut into a rectangle piece
of 1 cm x 1.5 cm x 2.22 mm, and was then sandwiched
between two pieces of gold-sputtered PI films. The device was
encapsulated with 3M tapes.

The current of the sensor was measured as the output signal
by using an electrochemical workstation. A constant voltage of
1 V was applied onto the sensor, and the current change under
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different pressure was recorded. The response of the device is
defined as AI/I,, where Al is the current change under pressure,
and I, is the current baseline. The external pressure was applied
and measured by using a universal testing machine.

2.6 Assembly and test of all-solid-state PANI/PVA gel
electrochemical capacitor

Preparation of PVA/H,SO, electrolyte:*” 6 g of PVA 124 powder
and 3.28 mL of H,SO, were dissolved in 60 mL of water, the
mixed solution was stirred at 90 °C until the PVA powder was
completely dissolved. The solution can be used after cooling
down to room temperature.

Assemble of all solid electrochemical capacitors: The PPGs ¢
gel was cut into 1 cm X 2.5 cm x 1 mm rectangle pieces, and
immersed in a large volume of 1 M H,SO, for overnight, to
replace the NMP by the aqueous electrolyte. The PVA/H,SO,
electrolyte solution was dropped on one side of the gel elec-
trode, and two pieces of such PPG; ¢ gel electrode were press
together and placed in a fume hood for 12 hours to remove
excess water.

The specific capacitance of the device was calculated by GCD
tests using the equation:

1At

€= U —IR)

(1)
where I is the constant discharge current, At is the discharging
time, m is the total mass of PANI in two electrodes, Uy, is the
highest working voltage of the device, and IR is the voltage drop
upon discharging. The electrochemical properties of the device
at different elongation was measured as the device was
stretched on the universal testing machine.

2.7 Characterization

Electrochemical testing was performed by using a CHI 660E
electrochemical workstation (Chenhua, China). SEM images
were obtained on a SU-70 field emission scanning electron
microscope (Hitachi, Japan). The Raman spectra were measured
on an XPLORA Raman spectrometer (Hitachi, Japan) using
a 532 nm laser. The X-ray diffraction pattern (XRD) was
measured on a D8 X-ray diffraction system (Bruker, USA) with
a Cu Ka. The conductivity test was conducted on a four-probe
analyzer (Guangzhou Four-Probe Electronics, China). The
mechanical properties test was carried out on a 5948 universal
testing machine (Instron, USA). The tensile test rate was 0.2 mm
s~', and the test sample was 1 cm x 3 cm X 2 mm in size. The
compression test rate was 0.2 mm s ', and the sample was
a cylinder with a diameter of 2 cm, and a height of 1.5 cm. The
rheological test was performed on an MCR 302 rheometer
(Anton Paar, Austria) with a parallel plate rotor (25 mm) and the
gap was set to be 1 mm.

3. Results and discussion
3.1 Preparation and characterization of PANI/PVA gel

The preparation of PANI/PVA gels is shown in Fig. 1A. A co-
solvent of PANI and PVA is the precursor in the solution

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Preparation and rheological properties of PANI/PVA gels. (A) Schematic illustration of the fabrication of PANI/PVA gels. (B) Chemical
structure of PVA, PANI, and NMP. (C) Photos of pure PVA hydrogel, PANI solution, and PANI/PVA composite gels. (D) PPGs ¢ gel in different
shapes by molding. (E) 3D printed PANI/PVA gel objects. (F) The relationship between modulus (G' and G”) and the angular frequency of pure PVA

and PANI/PVA composite gels at a fixed amplitude of 0.1%.

assembly method. Because of the rigid chain structure and the
strong interaction between molecular chains, only the PANI in
emeraldine base state has limited solubility in a few polar
aprotic solvents, such as NMP and N,N-dimethylformamide
(DMF).?®*?® On the other hand, NMP is also a good solvent for
PVA, because it is a strong hydrogen bond acceptor and displays
a strong solvation effect on hydrogen bond donor PVA. Hence,
we choose NMP as a co-solvent to dissolve PANI emeraldine
base powder and PVA powder. The homogeneous PANI/PVA
mixed solution was prepared by dissolving PVA in the PANI
solution at 95 °C. After the solution was cooled down to 25 °C,
the solvation effect disappeared, resulting in the assembly of
PVA molecular chains into a 3D network. Meanwhile, the PANI
chains can dynamically adsorb onto the PVA network to
generate a composite gel.

To investigate the gelation process of the PANI/PVA gels, we
prepared a series of gels with different PVA-to-PANI mass ratio.
The gel with the mass ratio of 3, 4, 5, 5.6 and 6.6 was denoted as
PPG3;, PPG,, PPGs, PPG; ¢, and PPGg . As displayed in Fig. 1C,
the solution of PANI in NMP was a fluid, but after PVA was
added, the mixture became a free-standing gel as characterized
by the tube-inversion method. This phenomenon indicates that
PVA increases the viscosity greatly and thus provides the
mechanical strength in the PANI/PVA composite gel. The

This journal is © The Royal Society of Chemistry 2020

gelation was further investigated by rheological tests. All the
PANI/PVA composite gels show strong rheological behavior. In
Fig. 1F, the storage moduli (G) of pure PVA, PPG,, PPGs, PPG;5 g,
and PPGee gels are almost independent of the angular
frequency, which might suggest the gels have stable cross-
linked structure.* The values of G'/G” of all PANI/PVA gels are
all higher than 5.0 over a broad frequency range. Fig. 1F depicts
that G’ grew with the increase of PVA content, and the modulus
of the PPG; ¢ achieved 10° Pa. However, when the mass ratio of
PVA to PANI reached 6.6, the dissolution of PVA became difficult
due to the too high viscosity, which resulted in an ununiform
structure of PPGgg, and the reduced modulus. Although the
PVA concentrations in PPGs ¢ and pure PVA gel are the same,
the G’ of PPGs¢ is higher than that of pure PVA gel. This
increase in G is contributed by the PANI component, revealing
that PANI chains assemble into the PVA matrix.

Since the PANI/PVA mixed solution in NMP is flowable when
the temperature is higher than 60 °C, it has good processability
at that temperature. As displayed in Fig. 1D, PPG; ¢ was made to
different shapes by mold casting. The solution assembly
method also enables us to use 3D printing to process PANI/PVA.
The PANI/PVA mixed solution maintained at 70 °C was extruded
from a 3D printer into NMP-ethanol coagulation bath (25 °C), in
order to accelerate the gelation of the solution. Because ethanol

RSC Adv, 2020, 10, 22019-22026 | 22021
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is a poor solvent for both PANI and PVA, the extruded PANI/PVA
viscous solution quickly gelatinated when came into contact
with the NMP-ethanol bath, and the shape of the printed
workpiece was well preserved during 3D printing. Various
shapes of PANI/PVA gel constructed by 3D printing were shown
in Fig. 1E. 3D printing has irreplaceable advantages in
manufacturing unique and complex shapes and the presently
synthesized composite gels are good raw materials for 3D
printing to manufacture medical products, flexible circuits,
sensors, etc.

The morphology of PANI/PVA gels was observed by SEM and
compared with pure PVA gel and PANI powder. The pure PVA gel
exhibited a typical 3D macroporous network structure (Fig. 24,
see Fig. S2(A)-(D)t for energy dispersive spectroscopy, EDS),
while the PANI powder is irregular particles (Fig. 2B). PANI/PVA
gel shows a similar 3D network as that of the PVA gel, and no
large PANI particle was observed (Fig. 2C and S1t). Fig. 2D-G
show an SEM image and the corresponding C, N, and O element
mappings in a PPGs, sample, which are recorded by energy
dispersive spectroscopy (EDS), revealing that PANI is homoge-
neously distributed in the gel without phase separation. Fig. 2H
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shows the XRD diffraction patterns, indicating that the pure
PVA gel has a broad diffraction peak at 20°, corresponding to
(101) diffraction of the PVA crystal.** It has been well docu-
mented that the crystalline microregions serve as the physical
crosslinking sites in PVA hydrogels.** Therefore, the crystalline
microregions are also the crosslinking sites in PANI/PVA gels.
The broad diffraction peak 24° of PANI film corresponds to the
spacing of - stacking in the PANI backbone, and the peak at
12° was ascribed to the (011) diffraction peak of PANI. The two
peaks prove that PANI powder is in a semi-crystalline state.**
The XRD diffraction peaks of PPG; ¢ is identical to that of pure
PVA gel, confirming that the composite gel has the same
crosslinking site as PVA gel. The absence of peak associated
with PANI reveals that there are no crystalline PANI aggregates
in the gel because PANI chains are uniformly distributed in the
PVA matrix. Fig. 2I shows the Raman spectra of the PVA-NMP
gel, PANI/PVA gel, and PANI powder. The characteristic peaks
of 1564 cm™ ", 1479 cm™ " and 1163 cm ™' of the PANI belong to
the C=C stretching vibration, C=N stretching vibration, and
C-H in-plane bending of the quinone ring, respectively. The
Raman bands at 1225 cm ™" and 1614 cm ™" are attributed to the

PANI

PVA
ANI/PVA

Intensity / A. U.
Intensity / A. U.

600
Raman shift / cm == PVA crystallin¢ microregion

10 20 30 40 50 60 70 80 200
20/°

1000

1400 1800 ~ PANI

PVA

Fig.2 Morphology and structure of PANI/PVA composite gels. (A)—(C) SEM image of pure PVA gel (A), PANI powder (B), and PPGs g (C). (D)-(G)
EDS of C (E), N (F), O (G) element mapping on PPGs¢. (H) XRD pattern of PVA gel, PANI powder, and PPGs ¢. (I) Raman spectra of PVA gel, PANI
powder, and PPGs . (J) Proposed structural model of PANI/PVA composite gel.
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Fig. 4 Preparation of PANI/PVA composite hydrogel by solvent exchange. (A) Schematic illustration of the solvent exchange method. (B)

Comparison of the PPGs ¢ before and after immersed in water for 48 h.

C-N stretching vibration and C-C stretching vibration of the
benzene ring structure.® The bands of PVA gel at 1670 cm ™' and
1441 cm ™! are assigned to the C-O bending vibration and the
CH, bending vibration of the aliphatic ether, respectively.** The
peaks at 1224 cm™ " are associated with the C-O stretching
vibrations of the secondary alcohol. The band of the C-C
stretching vibration is at 855 cm™'.»® For PPGs¢, the Raman
spectrum is dominated by bands of the PANI, because con-
ducting polymers always have stronger Raman activity.
However, the characteristic PANI bands slightly shifted to lower
wavenumber by ~3 cm ™', possibly because of the intermolec-
ular interaction between PANI and PVA chains/NMP molecules,
which changes the delocalized distribution of charge in the
molecular chain.*® Fourier transform infrared spectra also
confirm the interaction between PANI and PVA (Fig. S37).

The PVA brings excellent elasticity and mechanical strength
to the composite gel. Fig. 3A shows the maximum stresses in the
100 compressive strain cycles with the applied strain range (0,
60%) in the PPG;, sample, indicating that the maximum
stresses at 60% compressive strain increases slightly from 126

This journal is © The Royal Society of Chemistry 2020

kPa at the first cycle to 152 kPa at the 100th cycle. The inset of
Fig. 3A indicates the stress-strain curves, demonstrating that
the sizes of hysteresis loops are small and the stresses all return
zero as the applied strain is completely released (Fig. 3A and
Movie S1t). Fig. 3B shows the stress-strain curves of a PPGs,
PPG;s, and PPGg under tensile test. The Young's modulus,
tensile strength, elongation, and toughness of PPG; ¢ are 22.7
kPa, 140.1 kPa, 209.0%, and 175.5 k] m > respectively (Table.
S1t). With the increase of PVA content, the tensile strength, and
Young's modulus of the gels also increase. But PPG¢¢ has
a smaller elongation, also because of the ununiform structure of
PPGg ¢ as revealed in the rheological measurement. The tensile
and compression stress—strain curves confirm that PPGs 4 is an
elastic gel. The good elasticity and anti-fatigue property indicate
that the physical crosslinking site of PVA crystalline micro-
region is mechanically stable. Meanwhile, the other PVA and
PANI chains between crystalline microregions are well-solvated
and flexible, which can provide large strain without rupture.
The composite gel can be converted into hydrogels by the
simple room-temperature solvent exchange. When PPGs ¢ was

RSC Adv, 2020, 10, 22019-22026 | 22023
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immersed in water, the NMP in PPGs ¢ was quickly replaced by
water, due to the strong interaction of NMP with water, and the
gel was converted into a hydrogel (PHGs; ¢). During the solvent
exchange, the shape and volume of the gel did not change. The
produced PHGs ¢ still has good elasticity. As depicted in Fig. 4B,
the hydrogel can still be repeatedly stretched to a 100% elon-
gation. These results suggest the cross-linking sites are water-
resistant. In fact, both the PVA crystalline microregion and
PANI are insoluble in water at 25 °C, and thus the 3D network in
the gel can be well preserved in water. Although water is not able
to dissolve the crystalline PVA at 25 °C, it is a good solvent of
those PVA chains that are already dissolved in NMP. The
solvated PVA chains can maintain their flexibility in the water,
so the produced hydrogel still has good elasticity. The interac-
tion between PANI and PVA can prevent the aggregation of PANI
in the antisolvent water, resulting in a homogeneous hydrogel.

3.2 Resistance pressure sensor

The conductive and elastic gel can be used to fabricate a flexible
stress sensor. The structure of the device is shown in Fig. 5A. A
PPGs ¢ film with a textured surface was prepared by casting on
a mold. The film was then de-molded and sandwiched between
two flexible Au-coated polyimide (PI) films to give a resistor-type
pressure sensor. The response, which is defined as the relative
current change (I/I;) of the sensor under the pressure, was
measured as a function of the pressure on the device. Fig. 5B
describes the response signal of the device under different
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pressure and Fig. S4f indicates the dynamic response of the
pressure sensor with the upper limit of 100 kPa. The current
increased with the pressure is attributed to the decrease in both
the contact resistance at the gel/electrode interface and the bulk
gel resistance, as depicted in Fig. 5C (4; > Ag, Ay < hg).*”*® The
pressure sensitivity is defined as the slope of the current
response versus pressure, and can be used to evaluate the
sensitivity of the device. The fabricated sensor exhibits the
sensitivity of 0.8 kPa~' in the pressure range of 1-5 kPa
according to the data shown in Fig. 5B (Fig. S41) and the
response time of 350 ms under 2 kPa pressure (Fig. 5D).

To demonstrate the application of the flexible pressure
sensor, we use it to monitor the pressure of some daily actions.
The sensor was fixed onto the curved button of a mouse, and the
actions of clicking mouse were successfully recorded by the
current signal, with good repeatability (Fig. 5E). Fig. 5F shows
another application, where the pressure during writing the
word “OK” was monitored. The signal clearly showed the force
difference between strokes. This gel-based pressure sensor may
have potential applications in future flexible devices.

3.3 Stretchable electrochemical capacitors

We also used the PANI/PVA hydrogel to fabricate stretchable
electrochemical capacitors. Fig. 6A shows the structure of the
capacitor, where two PPGs; ¢ films were used as the electrodes
and PVA/H,SO, as the gel electrolyte. Before assembly of the
device, PPGs ¢ gel was first immersed in a large volume of
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5 v
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Fig. 5 Performance of the pressure sensor. (A) Schematic illustration of the preparation of the PANI/PVA gel pressure sensor. (B) The current
response of the sensor at different pressure. (C) The mechanism of the response to pressure. (D) The response time of the sensor. (E) Real-time /-
t curve of the sensor for monitoring the clicking-mouse actions. (F) Real-time /-t curve of the sensor for recording writing the word "OK".
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1 mol L™* H,SO, aqueous solution to replace NMP by the
electrolyte. The cyclic voltammetry (CV) curves (Fig. S51) and
galvanostatic charge/discharge (GCD) curves (Fig. S67)
measured in a three-electrode system show that PPG; ¢ gel had
characteristic electrochemical properties of PANIL.** Fig. 6B
shows the GCD curve of the all-solid-state device, and the
specific capacitance of the was calculated 133.3 mF g~ ' at
2.1 mA g '. The low conductivity of the hydrogel (8.0 x
107> S em ') caused by the non-conductive PVA component is
probably the reason for the capacitance. In PANI/PVA gels
prepared by the solution assembly method, the PANI chains
are uniformly distributed in the PVA matrix, and they are
separated by the PVA chains. So their conductivity is relatively
low. The good elastic property of the gel makes the electro-
chemical capacitor flexible. Fig. 6C exhibits the CV curves of
the device at the different stretching strains. At the stretching
strains of 60%, and 100%, the CV curves became more tilted
a compared with the unstretching one. Fig. 6D also shows that
no crack was observed when the device was stretched to 100%.
The results demonstrate that the device still works when
stretched to 100% strain.

4. Conclusions

Elastic PANI/PVA gels were prepared by a new solution assembly
method. In this method, PVA and PANI were dissolved and
blended in 90 °C NMP, and the composite gels formed after the
cooling of the solution down to 25 °C. The gels can be easily
processed into various shapes by molding and 3D printing.
PANI/PVA gels have a uniform 3D network, and the crystalline
microregions of the PVA chains might be the physical cross-
linking joint sites, while PANI chains were absorbed on the PVA
matrix by hydrogen bonds. The composite gels show good

This journal is © The Royal Society of Chemistry 2020

elastic property with a tensile elongation of 261%. The gels were
used to fabricate pressure sensors and stretchable electro-
chemical capacitors. The developed solution assembly method
may be attractive for the preparation of other conductive
polymer-based functional gels.
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