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All-Sprayable Hierarchically Nanostructured Conducting
Polymer Hydrogel for Massively Manufactured Flexible

All-Solid-State Supercapacitor

Yu Han, Xiang Chu, Haitao Zhang,* Haichao Huang, Guo Tian, Zixing Wang,
Bingni Gu, Ningjun Chen, Wen Deng, Weili Deng, and Weiqing Yang*

The low-cost processing and uniquely structured design of conducting polymer
hydrogels (CPHs), with the advantages of both conducting polymers and 3D
frameworks, are the keys to their wide commercial application in next-generation
flexible solid supercapacitors. Herein, an all-sprayable hierarchically nano-
structured polyaniline—phytic acid conducting polymer hydrogel (pp-CPHs)

for upgradable art patterns and massively manufactured supercapacitor
electrodes is presented. Ascribing to fully anticipating the efficient electrode—
electrolyte interface of 3D porous nanostructures constructed by interconnected
nanorods, the pp-CPH-based flexible all-solid-state supercapacitors exhibit an
excellent areal capacitance of 91 mF cm™? at a current density of 1 mA cm ™2
and a drastically improved cycling stability with 93.5% capacitance retention
after 10 000 cycles at 5 mA cm 2. In addition, the electrochemical performance
of this device can be constantly maintained under various mechanical loadings
such as bending and twisting. Also, this device shows a remarkable integration
ability from its universal tandem and parallel connections. Unambiguously, these
aforementioned merits of pp-CPH-based flexible all-solid-state supercapacitors
make it an ideal maneuver for the massive fabrication of flexible power supply.

energy density, high power density,
excellent cycling stability, along with the
potential to achieve a relatively high energy
density close to traditional batteries.”! As
an emerging class of flexible supercapaci-
tors, flexible all-solid-state supercapacitor
holds a great promise for power supplies
ascribing to its excellent safety and
remarkable flexibility. Notably, a number
of striking improvements in the perfor-
mance of flexible all-solid-state supercapa-
citors have been achieved through recent
advancements in electrode materials.”’!
Currently, such electrodes are ordinarily
made of electrochemically active carbona-
ceous materials, transition metal oxides,
conductive polymers (CPs), and the compo-
sites of these materials. Among them,
CPs have attracted a great attention due
to their soft nature and intrinsically high
pseudocapacitance.’! Relevant to CPs,
previous research mostly tend to either
design unique nanostructures or show syn-
ergistic effect between CPs and other mate-

1. Introduction rials (e.g., carbonaceous materials and transition metal oxides),’

but studies on derivatives of CPs have rarely been reported
Research interests on the low-cost manufacturing process, to date. For derivatives of CPs such as conducting polymer
lightweight design, and considerable mechanical flexibility of  hydrogels (CPHs), Li et al.” have recently reported a novel
power sources are rising continuously due to the proliferation  method for synthesizing the polyaniline—polyvinyl alcohol hydro-
of portable and flexible electronics.™! Among various power sour- gel by the supramolecular assembly of polyaniline and polyvinyl
ces, flexible supercapacitor is one of the most promising  alcohol through a dynamic boronated bond. Interestingly, the
candidates attributed to its fast charge-discharge rate, modest  flexibility supercapacitors based on the polyaniline—polyvinyl

alcohol hydrogel drastically provide a large capacitance

Y. Han, X. Chu, H. Zhang, H. Huang, G. Tian, Z. Wang, B. Gu, N. Chen, ~ (306 mF cm > and 153 Fg '). Therefore, this CPH show a
W. Deng, W. Deng, W. Yang promising potential in the fabrication of high-performance
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3D CPH, a type of monolithic scaffold superstructures
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wonderful properties of CPs such as relatively high cond-

W. Yang uctivity,® considerable softness,””! unique conjugated chain
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structure,’”) and intrinsic large pseudocapacitance!’” but also
offer 3D interconnected networks with unique properties of large
surface area, outstanding mechanical durability, and high ion-
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of CPHs is completely surrounded by large amounts of the liquid
phase, the electrochemical materials can be fully utilized.***?!
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Furthermore, the extra surface area and molecular contact
of electrode materials and electrolyte can also be achieved
benefiting from the swelling behavior of the polymer with water
and ions, which leads to the efficient electrochemical process
of supercapacitors (SCs)."* These aforementioned advantages
incontrovertibly make 3D CPH an ideal electrode candidate
for flexible all-solid-state supercapacitors.

In this work, we propose a hierarchically nanostructured
polyaniline—phytic acid conducting polymer hydrogels
(pp-CPHs) for the massively all-sprayable fabrication of flexible
all-solid-state supercapacitors, in which phytic acid is used as
both dopant and crosslinker to interact with polyaniline molec-
ular chains to form interconnected networks. Such resultant
pp-CPHs exhibit a high conductivity of 0.25 S cm ™" and a desir-
able processability via the spraying technology. Its scanning
electron microscopy (SEM) image observably proves a porous
foam morphology of the pp-CPH, which is constructed by
numerous interconnected nanorods. Consequently, such inter-
connected nanorods naturally form a continuous electronic
transfer phase, and the pores distributed in the networks form
unblocked channels for ion and mass transfer.™! Due to these
unique porous nanostructures, the pp-CPH-based flexible
all-solid-state supercapacitors exhibit a high areal capacitance
of 91 mF cm ™2 at 1 mA cm™2. Also, this device demonstrates
an excellent capacitive performance with only 6.5% decay after
10 000 cycles at a scan rate of 5 mA cm ™2, which is much higher
than most of the previously reported CPs-based materials.**¢!
In addition, the electrochemical performance of this device can
be maintained under various mechanical loadings such as
bending and twisting. Evidently, these aforementioned
features make the as-prepared device a promising power supply
candidate for future wearable electronics and flexible
electronics.

2. Experimental Section
2.1. Synthesis of pp-CPHs

The preparation of pp-CPHs is as follows: 2mL deionized (DI)
water was slowly added into a mixture solution of 0.458 mL
(5 mmol) aniline in 0.921 mL (1 mmol) of phytic acid (50%,
wt/wt in water); then, a mixture solution of 0.286 g (1.25 mmol)
ammonium persulfate in 1 mL DI water was added, followed by
stirring for quick mixing at 0°C water bath about 0.5h. To
remove excess acid and by-products from polymerization,
as-prepared pp-CPHs were purified by immersing in DI water
with a semipermeable membrane for 24h. Successively,
as-prepared pp-CPHs were taken out from the semipermeable
membrane for the following experiments.

2.2. Synthesis of Gel Electrolyte
H,S04 (10 g) was slowly added into 100 mL DI water followed by
mixing 10g PVA (1799 type). The whole mixture was stirred

for 1h at 85°C water bath, and then a clear PVA/H,SO, gel
electrolyte was obtained.
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2.3. Fabrication of Flexible All-Solid-State Supercapacitors

The PET film was carved into a 1 X 1 cm square via the ultraviolet
laser marking technology (UV-3S, China), and then a layer of gold
was deposited on the PET film via magnetron sputtering (TRP450,
China). Our device was fabricated by spray-coating of the pp-CPHs
as the active material on an area of 1 x 1 cm? To dry each coated
layer immediately, a commercial hair-dryer was turned on after
spraying a layer of hydrogel. We can increase or decrease the num-
ber of spray cycles to control the film thickness. To assemble our
device, the as-prepared PVA/H,SO, gel electrolyte was carefully
and slowly poured on the two completely dried patterns. The
two electrodes were pressed together and left for a few minutes
until the gel electrolyte was semi-solidified. Lastly, such pressed
electrodes were placed into the mold and packaged with polydime-
thylsiloxane (PDMS) module glue, and then the mold was fixed
with clips and placed in the air for 24h at room temperature.
When the PDMS module glue was curing, the device was success-
fully prepared by removing the mold.

2.4. Data Processing

The electrochemical tests, including electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and galvanostatic
charge—discharge (GCD), were carried out by an electrochemical
workstation (CHI660E). The cycle life tests were conducted by an
Arbin MSTAT4 multichannel galvanostatic-potentiated instru-
ment (Arbin, USA). The areal capacitance of the devices is cal-
culated from the GCD curves based on Equation (1).

)

In this case, I, represents the GCD charge—discharge current
density based on the areal parameter (mA), S is the efficient area
of the device (cm?), 4U represents the slope of GCD curves.

1)

2.5. Characterizations

The surface morphology of the vacuum-dried powders was
observed using a SEM (FEI QUANTA FEG 250, USA) and ele-
mental analysis was conducted via EDX spectroscopy. The SEM
sample was prepared by dropping several drops of as-prepared
pp-CPHs onto a wafer and drying by a heating station.
Transmission electron microscopy (TEM) characterizations were
observed using a JEOL JEM-2100F instrument with an acceler-
ating voltage of 200kV. Subsequently, the X-ray diffraction
(XRD) of the samples was carried out with a PANalytical
X'Pert Powder diffractometer using Cu Ka radiation between
5° and 80°. Fourier-transformed IR (FTIR) spectra were recorded
on a Nicolet 6700 spectrometer (Thermo Fisher Scientific, USA).
Raman spectra were obtained from a RM2000 microscopic con-
focal Raman spectrometer using 632.8 nm laser excitation.

3. Results and Discussion
Each phytic acid molecule can react with PANI by protonating

the nitrogen groups on PANI. This cross-linking effect leads
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to a rapid gelation and the formation of a mesh-like hydrogel
network (Figure 1a). Then, we used a spray method to deposit
pp-CPHs on the as-prepared gold electrode as an electroactive
layer (Figure 1Db). To assemble the device, the PVA/H,SO, gel
electrolyte was carefully dropped onto the two-separate
pp-CPHs electrodes, followed by air-drying for 12 h to evaporate
excess water. The final outcome resulted in the pp-CPH-based
flexible all-solid-state supercapacitors (Figure 1c). The schematic
illustration of the general structure of flexible all-solid-state
supercapacitor is shown in Figure 1d. We can see the space avail-
able among the macromolecular chains that are formed in the
coralline porous architecture. This unique structure provides
ion channels for the penetration of the electrolyte, which is very
important for establishing a rapid redox reaction and inhibiting
the volume effect.!"”)

Interestingly, the pp-CPHs have an excellent sprayability.
This indicates that using different molds, such an electrode
material can be patterned into desired shapes (e.g., high-speed
train, giant panda, and school badge) (Figure 2a). SEM images
of the dehydrated pp-CPHs (Figure 2b) show a porous network
structure, which is composed of interconnected coral-like
dendritic nanofibers with diameters of 60-100 nm (Figure 2c).
The EDS mapping was adopted to further analyze the elemental
composition of pp-CPHs (Figure 2d). The results showed that
O (=50.11%), C (x19.73%), and N (=17.19%) are the main
elements, whereas P (~12.97%) occupy a smaller proportion.
Moreover, a uniform distribution of O, P, C, and N elements
could be obviously observed at the same time, which is consistent
with the morphology of the pp-CPHs. To further probe the single
nanofiber and continuous network structure of pp-CPHs,
the TEM characterization method was applied. Figure 2e
basically shows the holes between branched nanofibers, which
can provide ion channels for electrolyte penetration. Therefore,

www.entechnol.de

pp-CHPs show a Dbetter performance as electrode materials
for supercapacitors. Figure 2f,g shows TEM images of single
pp-CHPs nanofibers at different amplification rates, with a
diameter of ~100 nm. It can also be observed that polyaniline
nanoparticles are uniformly distributed on pp-CHPs nanofibers,
which is in good agreement with the results of SEM characteri-
zation. Due to the expansion of polyaniline, pp-CHPs nanofibers
can provide additional effective surface area between solid and
liquid phases during charging and discharging. Attributing to
large open channels of micron-scale and nanometer-scale pores
within the 3D hierarchical interconnected coral-like dendritic
nanofibers, pp-CPHs could further facilitate the transport of
electron and electrolyte ions. Consequently, the hierarchical
structure could anticipate being more effective than wires and
particles for energy storage devices.®!

The FTIR spectroscopy of pp-CPHs (Figure 3a) shows that the
salient signatures of pp-CPHs were identical to the emeraldine
salt form of PANIL Due to the free-electron conduction in
pp-CPHs, the spectral region around 3000-2000cm™" had a
large descending baseline. The bands at 1581 and 1483 cm™*
in the FTIR spectrum of dry pp-CPHs were assigned to the
benzene ring vibration of PANI, which demonstrates that the
chemical structure of pp-CPHs was emeraldine rather than solely
the leucoemeraldine or pernigraniline form. The peaks at
1308 and 1152cm™ ' were attributed to the C—N stretching
vibration with aromatic conjugation and the N=Q=N (Q denotes
a quinoid ring) stretching mode, respectively,"” indicating
the presence of PANI in the doped polymer. The bending
vibrations of the C—H bonds within the 1,4-disubstituted
aromatic ring appear at 818 and 535cm ™, respectively.*”!
FTIR spectra of pp-CPH composites exhibited characteristic
bands of PANI, indicating the presence of PANI in the doped
polymer.
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Figure 1. a) A reticulated supramolecular hydrogel formed by cross-linking a PANI molecular chain with a PA molecule. b) Spray-coating of an
electroactive pp-CPHs on the gold current collector. c) A fabricated flexible all-solid supercapacitor under its bending state. d) A schematic image

of the device structure based on sprayable pp-CPHs.
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Figure 2. a) Spray display, including the train, giant panda, and southwest jiaotong school emblem. b,c) Representative SEM images of pp-CPHs.
d) EDS mapping of pp-CPHs, a general uniform distribution of carbon, nitrogen, and phosphorus can be observed. e-g) TEM images of pp-CPHs.
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Figure 3. a) FTIR spectra compared among pp-CPHs and PA. b) XRD and c) Raman pattern of pp-CPHs.
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The XRD pattern of pp-CPH composites (Figure 3b) displayed
the characteristic diffraction peaks centered at 14.9°, 19.8°,
and 24.6°. Meanwhile, typical peaks of pure PANI appeared at
20 degree of about 19.7° and 24.6°, corresponding to (0 2 0)
and (2 0 0) crystallographic planes.”” We thought the peaks of
pp-CPHs at 19.8° and 24.6° are corresponding to the PANI
component, suggesting that phytic acid-doped PANI did not
damage the crystalline structure of the pristine PANI. From
the Raman images (shown in Figure 3c), one could observe that
the pp-CPH-composited spectrum possesses prominent peaks at

(a)
320
= 40 .
240 - * 5 al $
° :"' 20 - o.
~ 160+ 4 ™ 10 :)
G -
R : r
" 804 : 2 4 6 8
l Z' ()
O ol
-50 0 50 100 150 200 250
Z'(Q)
(c)
—05mAcm™
0.8 :
—~ 0.6
P
(0]
j=)]
8§ 0.4
=)
>
0.24
0.0 T T T T
0 100 200 300 400
Time (s)
(e)
4
o
£
[&] 24
< normal
£
=
3 01
=
(]
=]
T -2
o
=
3
-4 4

0.2

0.4 0.6

Potential (V)

0.8

www.entechnol.de

around 1370 and 1580 cm ™ ". The peak of 1370 cm ™' belonged to
the antisymmetric stretching vibration between C—N and C—C
bonds. The peak of 15800 cm ™ originated from the stretching
vibration of C=C double bond in the benzene ring.*

The electrochemical capacitive behavior of the as-fabricated
device is further investigated by EIS. The EIS plots are shown
in Figure 4a, and the impedance curves are almost parallel
to —Z" axis at a low-frequency region, indicating an ideal
capacitive behavior of this SC. Figure 4b shows the CV curves
of our device at scan rates ranging from 5 to 100mVs™'.
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Figure 4. a) Impedance plot in the frequency range of 10 mHz to 100 kHz. b) CV curves of the SC at different scan rates. ¢) GCD curves collected at
different current densities for SC. d) The areal capacitances of flexible solid-state supercapacitors depending on different current densities. €) CV curves

for the SC under three different states (flatting, bending, and twisting). f) Cycling performance of the SC at a current density of 5mAcm™*.
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As expected, the shapes are not ideal rectangles but present
some characteristic redox peaks of PANI, originating from the
transformation among the leucoemeraldine base, the emeraldine
salt, and the pernigraniline base.'® However, the shape of
the CV curves apparently becomes deformed with an increase
in scan rates, demonstrating the decline of the capacitive
performance. As the scanning rate increases, the velocity of
ions migrating from the PVA/H,SO, gel electrolyte to the elec-
trode—electrolyte interface accelerates, whereas the diffusion rate
of the electrolyte from the solid-liquid interface to the electrode
material is not enough to meet the electrochemical reaction of
the electrode material, thus leading to the accumulation of a large
number of ions near the electrode—electrolyte interface.”*!
Moreover, it can be clearly observed from the CV curves that
the current density of the device increases with the increase
in the scan rate, indicating a promising rate capability. This
can be ascribed to the interconnected porous framework of
CPHs and a good conductivity. To further confirm the capacitive
behavior of the pp-CPHs, the GCD test within a potential window
of 0-0.8V is carried out as shown in Figure 4c. Consistently,
the linear profile of GCD curves and their shape like a triangle
demonstrate a relatively good charge—discharge performance
based on pp-CPHs. According to Equation (1), the corresponding
areal capacitances are calculated to be 99.5, 91, 76.25, 58.5, and
45 mF cm ™2, respectively (Figure 4d). To verify the practicability
of the device based on pp-CPHs, we compare the CV curves of our
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device under its flat, bent, and twisted states measured at2 mvs !

(Figure 4e). The electrochemical performance of such SCs almost
remains nearly constant under these three conditions.

Figure 4f shows the cycling performance of the SCs. The
device maintains 93.5% of its initial capacitance performance
after 10 000 charge—discharge cycles at 5 mA cm™?, indicating that
the SCs have an excellent cycling stability and a high reversibility
during repeated charge—discharge cycles. Such an outstanding
capacitive performance can be attributed to the exceptional
electrical robustness of the hierarchically nanostructured 3D
network, which is conducive to the insertion and transmission
of ions.** In addition, we use gold as the collector, which also
improves the circulating stability of the equipment to some
extent. To investigate the scope of the pp-CPH-based device,
we varied the pp-CPHs loading on electrodes from 0.20 to
1.02 mg (Figure 5a) and examined the obtained pp-CPH electro-
des using the GCD method with the current densities of 1A g™"
and 1mA cm™ (Figure 5c,d). Remarkably, when the pp-CPH
loading increases, the specific capacitance of the pp-CPH
electrode remains basically the same, while the areal capacitance
gradually increases (Figure 5b). The pp-CPH loading on electro-
des is nearly directly proportional to the areal capacitance, and
the loading roughly changed linearly with the areal capacitance.
The highest areal capacitance is measured with 1.02 mg pp-CPH
loading, reaching 135 mF cm™2 based on the mass of pp-CPHs.
Therefore, the requirements of a high specific capacitance and
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Figure 5. a) Digital image of different pp-CPHs loading on electrodes. b) Specific capacitance and areal capacitance of pp-CPHs electrodes with different
loadings. GCD curves obtained for different pp-CPH loadings from 0.20 to 1.02 mg at the current densities of ) 1 mAcm™2and d) 1A g™, respectively.
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Figure 6. Nygqiust plots of the increasing number of SCs connected a) in series and b) in parallel, obtained at a frequency loop from 10 mHz to 10 kHz.
¢) CV and e) GCD of SCs (1, 2, 3, 4 serially connected SCs), measured at 20 mV s and 1TmAcm2, respectively. d) CV and f) GCD of SCs (1, 2, 3, 4
parallelly connected SCs). g) Photos of a green LED powered by the five SCs in series.
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high areal capacitance are balanced when the pp-CPH loading is
about 1.02 mg.

To demonstrate the practical applications of the pp-CPH-
based supercapacitor, the parallel and series connecting circuit
of as-prepared devices are systematically studied. The internal
resistance (=5.06 Q) is superimposed after SC units were con-
nected in the series (~17.12 Q), as shown in Figure 6a. The inner
resistance of the four parallelly connected SCs (~1.33 Q) is prob-
ably a quarter of a single SC unit (*5.06 Q) obtained by Nyquist
plots, as shown in Figure 6b. These characteristics mentioned
earlier indicate that our devices have excellent uniformity.
From the CV curves in Figure 6¢, an enhanced potential range
by SC units connected in a series can be observed. Moreover, the
charging—discharging time of the series device is basically the
same as that of the single device at the same current density
(Figure 6e). As shown in Figure 6d.f, the output current of
the four parallelly connected SC units increases by a factor of
four compared with a single SC unit. Meanwhile, the potential
window of the parallel device increases as the number of parallel
connections increases. To meet the demand for power and
energy, the current and its potential window can be extended
by connecting SC units in parallel or in series. Finally, we
used a series device to light up a green light-emitting diode
(LED, 3.2V) and timer (3V) (Figure 6g), demonstrating its
practical potential as a flexible energy storage device.

4. Conclusion

In summary, the hierarchically nanostructured pp-CPH-based
flexible all-solid-state supercapacitors were prepared via a simple
massively all-sprayable spraying approach. Due to uniquely
structured design of pp-CPHs, such supercapacitors with a sand-
wich structure and PVA/H,SO, gel electrolytes achieve a high
areal capacitance (91 mFcm * at 1 mA cm ™ %) and an excellent
cycling stability (93.5% capacitance retention over 10 000 charge—
discharge cycles). In addition, those as-prepared supercapacitors
showed an outstanding flexible performance (in the bent and
twisted states), attributing to sensationally compression stability
of the 3D porous pp-CPHs. Furthermore, the excellent series or
parallel connection performances remarkably show the practical
integration of this device. All the results suggest that such
pp-CPH-based flexible all-solid-state supercapacitors have a
good potential application as wearable supercapacitors. Due to
the open channels of 3D layered nanostructures, our pp-CPH
materials exhibit a better cyclic stability than PANI hydrogels
reported previously, which has a certain reference value for
the design of new 3D network hydrogels.
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