FULL PAPER

Wood-Inspired Morphologically Tunable Aligned Hydrogel for
High-Performance Flexible All-Solid-State Supercapacitors

Yusen Zhao, Yousif Alsaid, Bowen Yao, Yucheng Zhang, Bozhen Zhang, Neel Bhuskute,

Shuwang Wu, and Ximin He*

Oriented microstructures are widely found in various biological systems for
multiple functions. Such anisotropic structures provide low tortuosity and
sufficient surface area, desirable for the design of high-performance energy
storage devices. Despite significant efforts to develop supercapacitors

with aligned morphology, challenges remain due to the predefined pore
sizes, limited mechanical flexibility, and low mass loading. Herein, a wood-
inspired flexible all-solid-state hydrogel supercapacitor is demonstrated by
morphologically tuning the aligned hydrogel matrix toward high electrode-
materials loading and high areal capacitance. The highly aligned matrix
exhibits broad morphological tunability (47-12 pm), mechanical flexibility
(0°-180° bending), and uniform polypyrrole loading up to 7 mm thick matrix.
After being assembled into a solid-state supercapacitor, the areal capaci-
tance reaches 831 mF cm™2 for the 12 pm matrix, which is 259% times of
the 47 pm matrix and 403% times of nonaligned matrix. The supercapacitor
also exhibits a high energy density of 73.8 uWh cm~2, power density of

4960 pW cm2, capacitance retention of 86.5% after 1000 cycles, and bending
stability of 95% after 5000 cycles. The principle to structurally design the
oriented matrices for high electrode material loading opens up the possibility

engineering,”!l and energy storage
devices.B?l Solid electrolyte with aligned
structures exhibits low tortuosity and thus
facilitates high ionic transfer, comparable
to bare liquid electrolyte. Such ordered
structures have also been demonstrated
to benefit particularly the rate capability in
thick electrodes.'®! In addition, oriented
porous structure provides continuous
highways and sufficient surface area for
high mass loading, which is desirable for
lowering the manufacturing cost via inac-
tive material reduction. As a pioneering
example, Hu group reported an all-wood
structured supercapacitor, showing high
electrical conductivity, ionic conductivity,
ultrahigh areal mass loading, and thus
large areal capacitance.l'” However, wood
has predefined channels with macro-pores
and suffers from rigidity and lack of flexi-
bility. It would be advantageous to possess
mechanical flexibility and morphological

for advanced energy storage applications.

1. Introduction

Various natural systems such as muscles, tendons, skins,!
articular cartilage,”?) and wood®®! exhibit well-defined anisotropic
structure. The high order of orientation plays a significant role
in multiple functions, including mass transport, surface lubri-
cation, and force generation.! Particularly, mass transport is
greatly enhanced through vertically aligned channels due to the
low tortuosity. Inspired by nature, considerable efforts focused
on the design of aligned micrometer-scale porous structures,
showing promising applications in electronics,>® biomedical
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tenability while maintaining all above

superior electrochemical performance.

Therefore, it is highly desirable to obtain
a man-made anisotropic structure with similar or even smaller
pores, owning high areal-mass loading and high flexibility for
energy storage applications.

Hydrogels are porous soft materials comprised of cross-
linked polymeric network with high water content.3] They
have become promising matrices for electrode materials and
electrolyte in aqueous supercapacitors and batteries, due to the
increasing demands for flexibility, wearability, and portability
with minimized liquid leakage.l'l Specifically, hydrogel with 3D
highly ordered structures further grants favorable anisotropic
properties, such as enhanced directional ion transfer. Cur-
rently, anisotropic hydrogels are mainly synthesized through
directional stimuli, including mechanical forces,!'l magnetic
field,' electric fields,'”! directional freezing,'® and direc-
tional ion diffusion.!”! Particularly, the directional-freezing, or
ice-templating, is a promising and versatile approach to create
well-defined aligned porous channels along the freezing direc-
tion.222l In this process, the hydrogel precursor solution is
frozen along a directional temperature gradient.?’l Meanwhile,
the monomers are concentrated between crystalline domains
and subsequently polymerized in the presence of ice. Since the
ice crystals serve as the template for the cross-linked polymer
structure, removal of ice leads to porous monoliths. By mani-
pulating the temperature gradient, solution concentration,
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viscosity, wetting properties and incorporating additives, the
morphology can be facilely tuned.?*2°l However, the pore sizes
created from directional freezing method are typically larger
than 20 um even under the most favorable conditions such as
crystallization in liquid nitrogen, which limits their applica-
tions in energy storage.

Considerable fundamental studies have investigated aniso-
tropic hydrogel structures serving for supercapacitor electro-
lytes. The Wang group fabricated aligned poly(ethylene glycol)
monomethacrylate ionogel,2% poly(N,N-dimethylacrylamide)
(PDMAA) ionogel,?!] and polyacrylamide (PAAm) gel?? as gel
electrolytes through directional freezing. With the same elec-
trodes covering both sides of the gel electrolyte, the device with
anisotropic structure presented improved ionic conductivity
and enhanced specific capacitance at high current in compar-
ison to the isotropic, nonaligned gel. With aligned architecture,
the supercapacitor energy loss was significantly reduced.!
Notably, the electrochemical performance with aligned struc-
ture was comparable to that of a pure electrolyte device.

In addition to the electrolyte, the structural design of the
overall device is important for energy storage devices with
high mass loading, low tortuosity, and high energy/power den-
sity. Conventionally, electrode materials are coated on the sur-
face of electrolyte, which limits the ion transport. To maintain
high specific capacitance, the electrode mass loading is kept
low; however, the low mass loading inevitably results in low
total areal capacitance and increases the fraction of nonenergy
storage, inactive materials, which is undesirable for practical
energy storage devices.'” For example, hierarchical aligned
nanomaterials based on transition metal oxides/sulfides have
displayed outstanding specific capacitance due to the high spe-
cific area. A few conducting polymers with nanostructure have
also been studied, including poly(3,4-ethylenedioxythiophene)-
polystyrene sulfonate,?’] polyaniline (PANi),?8! and polypyrrole
(PPy).1?l However, it still remains a big challenge to efficiently
and cost-effectively fabricate the materials with high areal
energy density and high mass loading (Table 1).3%31 One route
to address the ion-transport issue while maintaining the high
mass loading is to embed electrode materials in the porous

electrolyte matrix. By controlling the morphological orienta-
tion and size distribution of the porous matrix, the electrode
materials loading can also be optimized, which can effectively
improve the device electrochemical performance.

Here, we demonstrate a wood-inspired all-solid-state
hydrogel supercapacitor by integrating PPy as the electrode
material in an aligned polyacrylamide aerogel (APA) matrix.
The PAAm hydrogel with unidirectionally aligned structure
was created using an ice-templating method featuring highly
controllable and tunable morphology and good mechanical
flexibility. The anisotropic structure enabled ions to freely
travel through the channels due to the low tortuosity. The
electroactive material PPy was subsequently embedded inside
the aligned-structured aerogel film by vapor-phase deposition
(VPD), to form a complete flexible all-polymer electrode. The
unidirectional and open microchannels generated by direc-
tional freezing allowed pyrrole molecules to freely penetrate
the PAAm matrix, showing homogenous distribution of PPy
up to 6.7 mm thickness of APA. When two PPy-embedded
aligned-PAAm electrodes were soaked with polyvinyl alcohol
(PVA)/LiCl electrolyte and sandwiched with a cellulose-
based separator, an all-solid-state supercapacitor was formed.
Uniquely, the electrode and electrolyte share a same porous
polymer matrix to form interconnected network, in which gel
electrolyte provides good mechanical flexibility as well as fast
ion transfer, and PPy exhibits charge storage capability and
chemical stability. These merits are attributed to such an inte-
grated electrode/electrolyte design as proven previously.??
Additionally, the porous matrix increases the mass loading of
the electroactive material (PPy here). Importantly, the aerogel
pore size can be further drastically reduced from 47 to 12 um
simply by adding PVA to the precursor solution, successfully
producing a larger specific area desirable for high supercapac-
itor performance. The areal capacitance reached 831 mF cm™
at 6.2 mA cm™2 for the 12 um pore matrix, which is 259% of
capacitance of the 47 um pore matrix. The PPy/APA super-
capacitor exhibited a high energy density of 73.8 uWh cm2,
power density of 4960 WW cm™2, capacitance retention of 86.5%
after 1000 cycles at 6.2 mA cm™2, and bending stability of 95%

Table 1. Comparison of solid-state supercapacitors based on hierarchical electrode materials and conducting polymer.

Areal Capacitance Energy density Power density Stability Refs.
V,05/rGO 207.9 mF cm™ 73.9 uWh cm? 3770 uW cm™ 65% retention after 8000 cycles [30]
CuO 543 mF cm™ at 7.5 mA cm™ 19.7 mWh g™ 700 mW g 96% retention after 3000 cycles [49]
PEDOT/PVA 66 mF cm™2at 0.29A g 15.2mWh g 201.1 mW g 89% retention after 1000 cycles [27]
PPy/PVA 152 mF cm™2 at 0.1 mA cm™ 23.2 uWh cm™ 1200 uW cm™2 86.3% retention after 10 000 cycles [32]
PPy/GO 152mFcm™?at 10 mV s™ 12.9 uWh cm? 5760 UW cm™ 88.3% retention after 10 000 cycles [44]
PANi/steel 19 mF cm™ at 0.32 mA cm™ 0.95 uWh cm™ 4200 uW cm™2 100% retention after 10 000 cycles [48]
CNT/GO/Ppy 72.3 mF cm™2 at 0.5 mA cm™ 6.3 UWh cm™2 3700 uW cm2 87.7% retention after 10 000 cycles [46]
Graphene/PANi 23 mF cm™ at 0.1 mA cm™ 1.5 uWh cm™ 1000 uW cm2 100% retention after 2000 cycles [47]
Graphite/PANi 77.8 mF cm™2 at 0.1 mA cm™ 7 uWh cm™ 1180 uW cm2 83% retention after 10 000 cycles [45]
All-in-one PANi/PVA 488 mF cm2 at 0.2 mA cm™ 42 pWh cm™2 160 uW cm~2 90% retention after 7000 cycles [28]
All-in-one PPy/PVA 225 mF cm™2 at 0.8 mA cm™2 20 uWh cm™ 600 uW cm2 92% retention after 2000 cycles [29]
PPy-SDS/PVA 950 mF cm™2 at 1.6 mA cm™ 62.1 uWh cm™ 570 uW cm2 84% retention after 1000 cycles [43]
Our works 831 mF cm™2 at 6.2 mA cm™2 73.8 uWh cm? 4960 LW cm~2 86.5% retention after 1000 cycles
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after 5000 cycles. The capacitance performance was further
improved to over 1838 mF cm™ at 6.2 mA cm™2 at higher PPy
loading and larger device thickness. Electrodes made of aligned
aerogel matrices with loaded electrode materials open the pos-
sibility for highly tunable structural design for advanced energy
storage applications.

2. Results and Discussion

2.1. Synthesis Methods of Aligned Aerogel

The aligned hydrogel matrix in this work is mainly comprised
of chemically crosslinked polyacrylamide, polymerized from
acrylamide as monomer, N,N"-methylenebis(acrylamide) (MBA)
as crosslinker, ammonium persulfate (APS) as thermal ini-
tiator, and N,N,N’,N’-tetramethylethylenediamine (TEMED) as
catalytic agent (Figure 1). During the ice-templating process,
the prepolymer components in suspension were well mixed
and transferred to the mold. The mold was specifically designed
with hollow side walls for thermal insulation, enabling the air

in between to effectively inhibit the conduction of heat from
the side walls into the solution (Figure 2a). Thus, the tempera-
ture gradient was preferably along the vertical direction. As
the ice was nucleated and grown from the bottom to the top
surface, the solutes were expelled to the region between the
ice crystals. Then the sample was placed in —20 °C fridge for
cryopolymerization.

The initiator APS and the catalyst TEMED were controlled
as appropriate so that the polymerization predominantly
occurred after the ice was completely formed; overly high APS
and TEMED content would dramatically increase the reaction
kinetics, leading to isotropic hydrogel without alignment,?* as
shown in Figure S1 in the Supporting Information. In addition,
small amount of ethanol was added into the solution to modify
the ice formation and mechanical robustness.’¥! It is worth
noting that the APA without ethanol formed cracks with poor
mechanical strength (Figure S2a, Supporting Information).
After the ice formation and cryopolymerization, the frozen
sample was placed in a freeze-dryer to remove the ice. Then,
the aligned aerogel film was formed. The APA displayed well-
defined anisotropic structure along the freezing direction over

a
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¢ Lowtortuosity
* Enhanced masstransport
*  High massloading
e Openpores
e Mechanical support
b 1 Precursor solution 2 Frozen solution 3_APH 4 APA
ey e Directional Gel Freeze
L S Cooling Curing Drying
5 7 Solid-stat it AAmM
FeCls/APA 6 PPy/APA Electrode olid-state supercapacitor
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i
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0 Assembly
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Figure 1. Schematic of the fabrication of all-solid-state hydrogel supercapacitors via integration of APA as the matrix and PPy as the electrode material.
a) The precursor aqueous solution containing AAm, PVA, APS, TEMED, PVA, and a small amount of ethanol in water. b) Directional freezing of ice is
carried out from the bottom to the top of the mold, during which the precursor reagents are excluded between the ice crystals. c) The AAm monomer
is in situ cryopolymerized into PAAm hydrogel with well-defined aligned structure. d) The water is removed by freeze-drying under —50 °C and reduced
pressure. e) The formed dry aerogel is sanded to a desired thickness and immersed in FeCly/ethanol solution. f) The FeCl;-coated aerogel is dried
and followed by VPD of PPy with pyrrole monomer under vacuum. g) The PPy/APA films are soaked in PVA/LICl electrolyte solution, taken out, and
assembled into sandwich-like supercapacitors with a separator.
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Figure 2. Morphology and materials characterization of PPy/APA film. a) Schematic of directional freezing setup. The inset shows the mold which
remains hollow in between the inner precursor solution and outer liquid nitrogen, enabling the preferably vertical temperature gradient. b) Photographs
of freeze-dried APA film (left) and PPy/APA film after the VPD (right). The PPy can facilely infiltrate into the matrix (up to 6.7 mm thick), attributed to
the open porous structure along the aligned direction. c) FTIR spectra of APA and PPy/APA, with and without PVA addition. d) Photographs of swollen
APA film on side view (upper) and its high flexibility capable of bending to a large angle (lower). e) SEM images of APA cross-sections, respectively,
along the alignment (freezing) direction (left) and the transversal direction (right). f) SEM images of 6% PAAm containing 0, 0.5, 1, 2, and 3 wt% PVA.
g) Tunability of the pore size of APA by tuning the PVA content in the precursor solution.

large scale (Figure 2e). After swelling in water, the APA film
was flexible and capable of freely bending to large angles, dem-
onstrating the potential for the flexible substrate (Figure 2d).

2.2. Morphology Control of Matrix

A small amount of PVA was added to prepolymer solution to
control the morphology of the hydrogel/aerogel.3* For ice-
templating, the porosity of the materials is a replica of the
original ice structure. By modifying the ice crystallization, we
achieved a wide tunability of pore morphology of hydrogel. Here,
the pore sizes of the aligned structure were facilely tuned by
adding different concentration of PVA (Figure 2f). In Figure 2g,
the APA without adding PVA had pore sizes of 47 um. Whereas,
the APA containing PVA from 0.5 to 3.0 wt% resulted in finer
pores with higher PVA content. The smallest pores were 12 um
for 3.0 wt% of PVA, which was far lower than the channel width
of wood (2040 um) and conventional directional freezing
pores (>20 um). The ability of effectively modifying the micro-
morphology by the PVA addition is due to the increased solu-
tion viscosity and hydrophilicity.?¥ In addition, the PVA can
inhibit the ice recrystallization during the gel curing step, which
is an unavoidable annealing process.l® Although adding more
PVA is expected to further reduce the pore size, it increases the
fraction of electrochemically inactive materials in the electrode
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and results in more zig-zag ice crystallization due to overly fast
ice formation,’*%l both not favorable for optimal supercapacitor
behavior. Hence, 3.0 wt% was found to be the optimum PVA
additive concentration in this material system.

2.3. PPy Loading

In recent years, several works have focused on improving elec-
trochemical performance via structural design of electrode and
electrolyte materials.l'237] A larger specific surface area can be
achieved by reducing the matrix pore sizes of the matrix. There-
fore, when coating the same thickness of electrode materials on
the matrix surface, finer structured matrix can accommodate
more electroactive materials as coating due to the higher spe-
cific surface area.

We used PPy as an exemplary electrode material to demon-
strate the structure tunability and electrochemical improvement
due to its high conductivity, electrochemical properties, and
facile fabrication.?” To embed PPy in the substrate, the APA
film was immersed in a FeCls/ethanol solution to coat oxidant
throughout the entire matrix (Figure S3b, Supporting Informa-
tion). After drying the film, it was exposed to pyrrole vapor by
VPD. The PPy in the APA film was evenly grown on the inner
channel walls (Figure S4a, Supporting Information). In addi-
tion, the PPy was homogenously distributed throughout the
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Figure 3. Electrochemical performance of supercapacitors with different matrix morphologies. a) Photograph of a flexible all-solid-state hydrogel
supercapacitor. b) CV curves of the supercapacitors at the scan rate of 10 mV s™'. The neat PAAm, PAAm with 0.5 wt% PVA, and PAAm with 3 wt%
PVA were selected as the hydrogel matrix. c¢) Nyquist plots of the three supercapacitors at frequencies ranging from 1M to 0.01 Hz. d) GCD curves at

the current density of 9.3 mA cm2.

e) The correlation of areal capacitance with various current density. f) The areal capacitance of supercapacitors as

the function of PVA additive concentration. The current density was 6.2 mA cm™2.

entire film even up to 6.7 mm thickness (Figure 2b), showing
significantly improved uniformity compared to previous
methods with 10-100 pm penetration depth,?42%38 indicating
the formation of a truly interpenetrating network of PPy/APA.
The ice-templating method creates appropriate open macropo-
rous pores with orientation, which not only supports the net-
work from being collapsed when drying, but also provides suf-
ficient space for gas molecule diffusion, in contrast with most
previous close-pore structures.3%4%

The chemical structures of pristine APA, APA with addi-
tion of PVA, and the aerogel after coating with PPy were
analyzed using the Fourier transfer infrared (FTIR) spectra
(Figure 2c). All the four samples had the peak at =3185 and
=3327 cm™!, which could be assigned to the characteristic
peaks of N—H bonds.*!l The strong peak at =1650 cm™! was
derived from C=O0 stretching of the amide group, confirming
the formation of PAAm structure. The peak at 1093 cm™
from 6APA-3PVA was observed due to the C—O vibration of
PVA. For 6APA-PPy and 6APA-3PVA-PPy which were coated
with PPy by VPD, the absorption peak at =1548 cm™! was
attributed to the in-plane bending of C=N bonds. The peaks
located at =1176 and =902 cm™ were due to the stretching
vibration of C—N* bonds and C=N*—C bonds, confirming
the formation of PPy.[*?!

To examine the morphology dependency of the aerogel film
electrochemical performance, we prepared PPy/APA films
with different PVA concentrations under the identical VPD
condition. An isotropic, nonaligned PAAm aerogel was also
fabricated as a control sample (Figure S5, Supporting Informa-
tion). Typically, the PPy was polymerized on the APA matrices
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which had a constant thickness (1 mm) and were soaked with
FeCl;/ethanol of the same concentration (14 w/v%). After the
polymerization of PPy on the APA film and removing the
excess monomer with an ethanol rinse, the film was immersed
in LiCl/PVA aqueous electrolyte and dried in air to remove the
excess water. Then, we assembled two electrode layers with
a separator to construct a sandwich-like solid-state superca-
pacitor (Figure 3a). Two carbon cloths were used to cover the
two sides of electrode to connect with the electrochemical
instrument.

2.4. Electrochemical Performance of Solid-State Supercapacitors

The electrochemical properties of solid-state supercapacitors
were measured as shown in Figure 3. The cyclic voltammetry
(CV) curves of devices made from PPy/APA matrices with
different pore sizes (APA-x PVA, x = 0, 0.5, 3 wt% PVA) and
nonaligned, homogenous matrix (HomoPA), respectively, were
measured at 10 mV s7!. As shown in Figure 3b, all four CV
curves demonstrated a nearly rectangular shape, indicating a
fast and efficient ion transfer.?243 The enclosed CV area for the
APA devices increased with decreasing pore size, an indication
of higher loading of electrode materials. By contrast, super-
capacitors made from a nonaligned matrix had the smallest
enclosure area. For APA-3 PVA, the small equivalent series
resistance (ESR = 6.1 Q cm?) and charge transfer resistance
(Rer = 1.3 Q cm?) in the Nyquist plots indicated a low ohmic
contact between the electrode and electrolyte, as well as an
enhanced ion transfer. The low ESR and Ry of the PPy/APA
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Figure 4. Electrochemical performance of the supercapacitor using PAAm hydrogel matrix containing 3 wt% PVA. a) CV curves at various scan rates
from 10 to 100 mV s™'. b) GCD curves at various current densities from 6.2 to 15.5 mA cm™2. c) Ragone plots comparing this supercapacitor with other
representative flexible all-solid-state supercapacitors, including PPy/PVA 33 sodium dodecy! sulfate-modified PPy/PVA,13] all-in-one PANi/PVA,8 all-
in-one PPy/PVA,12l PPy/GO (graphene oxide),*!l graphite/PANi,**] carbon nanotube/GO/PPy,*¢l graphene/PANi,[*”] and PANi/stainless steel wire.[*?]
d) Capacitance retention during 1000 charging—discharging cycles at current density of 6.2 mA cm2. e) Capacitance retention after 5000 repeated
folding cycles. f) Demonstration of connecting three supercapacitors in series to light up a yellow LED.

electrode benefited from the aligned structure with low tortu-
osity that allowed for fast ion transport and defined electrical
conduction pathways along channel walls. The nearly vertical
tail at low frequency in the electrochemical impedance spec-
troscopy (ELS) plot also indicated favorable capacitive behavior.
The galvanostatic charging—discharging (GCD) curves were
measured with a current density of 9.3 mA cm™ with an oper-
ating window of 0-0.8 V. Discharging time of the assembled
supercapacitors was longer for smaller pore-sized devices, indi-
cating larger areal capacitance (Figure 3f). In addition, the spe-
cific areal capacitance at various current densities were shown
in Figure 3e, which were calculated from GCD tests. The
HomoPA device had an areal capacitance of only 207 mF cm™
at 6.2 mA cm2, whereas APA-PVA devices all exhibited much
larger capacitance throughout the operational current range
compared to HomoPA. For the matrix with 12 um channels
(APA-3 PVA), the areal capacitance reached 831 mF cm™ at
6.2 mA cm™ (332.4 F g71), 259% of the aerogel matrix without
PVA addition (47 um channel width) due to the morphology
modification. The high capacitance is attributed to the reduc-
tion of microchannels width by morphological control of
aerogel matrix.

We then focused on PPy/APA with 12 um channels in fur-
ther characterization due to its high performance. As shown
in Figure 4a, the shape of CV diagrams at different scan
rates (10-100 mV s7!) was nearly symmetric, indicating a good
capacitive behavior. The symmetry, triangular shape of GCD
curves also demonstrates capacitive properties (Figure 4Db).
Benefiting from the large mass loading and thick electrode

Adv. Funct. Mater. 2020, 1909133

1909133 (6 of 8)

materials, the electrochemical test of the device had current
density range of 3.1-15.5 mA ¢cm™? (Figure 4b and Figure S6,
Supporting Information), which was considerably larger cur-
rent value compared to state-of-the-art hydrogel supercapacitors
(0.01-1 mA cm™? in Table 1). Figure 4c illustrates the energy
density (E) and power density (P) of such a solid-state super-
capacitor, calculated from the GCD curves at different cur-
rent densities. The largest areal energy density could reach
73.8 uWh cm~2 with an areal power density of 4960 uW cm2.
As the areal power increased to 12400 uW cm™, the areal
energy density was still retained at 57.2 uWh cm™2. The Ragone
plots (Figure 4c) compare this device with previously reported
state-of-the-art solid-state supercapacitors, presenting its
outstanding performance of both high energy density and
power density. In addition, the supercapacitor also possessed a
high capacitance retention of 86.5% of its original capacitance
after 1000 charging-discharging cycles at current density of
6.2 mA cm™? (Figure 4d). The EIS after the cyclic stability test
showed a slight shift, indicating the relatively small swelling
of hydrogel and change in conductivity (Figure S7, Supporting
Information). The PPy/APA supercapacitor not only exhibited
high capacitance but also displayed excellent flexibility under
bending, though the device (Figure 3a) had larger thickness
than the conventional thin-film design. Figure 4e showcases
the good capacitance retention under repeated bending of 90°.
Interestingly, the capacitive performance was initially increased
to =118% of its original capacitance and remained 95% after
5000 bending cycles. We attribute the initial performance
enhancement under bending to the improved infiltration
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of electrolyte into electrode under mechanical deformation.
In addition, we connected three PPy/APA supercapacitors in
series and successfully lit a yellow light-emitting diode (LED)
bulb for over 250 s, suggesting promising applications for
energy storage devices.

Directional freezing to prepare porous matrices combined
with VPD polymerization to coat electrode materials (PPy)
enable the versatile design of even larger areal capacitance
devices. Using APA with 12 um channels, we increased the
oxidant agent FeCl; from 14 to 28 w/v%. The device exhib-
ited low series resistance (=4 Q) and high areal capacitance
of 1131 mF cm™ at 6.2 mA cm2, shown in Figure S9 in the
Supporting Information. Other than the increase in the
content of oxidant agent, we also increased the original
thickness of APA matrix from 1 to 2 mm to directly embed
more PPy per unit area. Based on the 2 mm APA/PPy elec-
trode with 3 wt% PVA and 28% FeCls/ethanol solution, the
resultant areal capacitance was boosted to 1838 mF cm™
at 6.2 mA cm™2, shown in Figure S10 in the Supporting
Information. To the best of our knowledge, this capacitance is
among the highest of hydrogel-based solid-state supercapaci-
tors.[28:29:32.43-48] Therefore, this presents a promising strategy
that the morphological designs of anisotropic matrices and
electrode materials coating can possibly advance energy
storage devices and technologies.

In summary, we have established a new method of creating
hydrogel of highly aligned microstructures with tunable fine
features and high loading of electrochemical materials. Such a
novel method successfully achieved a wood-inspired all-solid-
state flexible supercapacitor with an integrated electrode/elec-
trolyte design and significantly enhanced performance. It has
the aligned polyacrylamide as the hydrogel matrix and PPy
as the electrochemical material. The aligned polyacrylamide
hydrogel exhibits low tortuosity, high ionic and electronic con-
ductivity, and flexibility. By modifying the aligned hydrogel with
the addition of hydrophilic PVA, the microchannel widths can
be drastically reduced from 47 to 12 pum, resulting in 259%
enhancement in areal capacitance. This value is higher than
that of supercapacitor using homogenous matrix (HomoPA).
The aligned supercapacitors exhibit high areal capacitance
(831 F cm™), a high energy/power density (73.8 uWh cm™
at 4960 UW cm™), and a capacitance retention of 86.5% after
1000 cyclic charging and discharging procedures. The PAAm
matrix enables the supercapacitors to be flexible and bendable,
allowing for 95% retention of capacitive performance after 5000
bending cycles. The rational design of the electrolyte matrix
and electrode loading opens new opportunities for the design
of novel high-performance materials for flexible energy storage
applications.

3. Experimental Section

Chemicals: Acrylamide (Fisher, 98.0%), MBA (Fisher, 98%), PVA
(molecular weight = 89 000-98 000, hydrolysis degree = 99%, Sigma),
TEMED (99%, Fisher), APS (ACS grade, fisher), pyrrole (reagent grade,
98%, Sigma), iron(lll) chloride hexahydrate (Sigma) were used. All
chemicals were used as received.

Preparation of Precursor Solution: For the PVA precursor solution, 4 g
PVA was dissolved in 40 mL water and heated to 90 °C with magnetic
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stirring to form a transparent solution with the PVA concentration of
10 wt%. The PVA solution was cooled down to room temperature for
further usage. For the LiCl/PVA electrolyte solution, LiCl was added and
mixed in 10 wt% PVA solution at 90 °C. Then, the solution was cooled
down to room temperature to form 5 m LiCl/ PVA solution. For the
hydrogel prepolymer solution, 1200 mg of acrylamide, 24 mg of MBA
(as the crosslinker of acrylamide), 0.67 mL of ethanol, 40 uL of TEMED,
and a certain amount of PVA solution were mixed to form solution A.
To study the effect of PVA concentration on hydrogel morphology and
supercapacitor electrochemical performance, 0, 0.5, 1, 2, and 3 wt%
PVA was used. After mixing, the solution was degassed under nitrogen
for 10 min to remove the dissolved oxygen. Solution B was prepared by
adding 40 mg APS (as an initiator) in 1.33 mL water. The prepolymer
solutions were kept at 4 °C fridge for further usage.

Preparation of the APA: The directional freezing mold was made of
polylactic acid (PLA) with dimensions of 3 cm x 3 cm X 2.5 cm and
0.8 mm thick hollow side walls. For each sample, 5 mL of solution A
and 0.33 mL of solution B were mixed and quickly transferred into the
PLA mold. The bottom of the mold was immersed in liquid nitrogen
with 1 mm depth, so that the bottom surface was always in contact
with a cold source. The mold was fixed and the surrounding container
with liquid nitrogen was gradually elevated with 10 um s~ to ensure the
advancing ice front had sufficiently low temperature. As the ice grew
to the top surface of the prepolymer solution, the mold was taken out
of liquid nitrogen and kept in a —20 °C fridge for 3 h to complete the
cryopolymerization of the PAAm hydrogel. The sample was subsequently
freeze-dried for 2 days to remove the ice crystals and finally form an
aligned PAAm aerogel (APA) film. The nonaligned, homogenous PAAm
hydrogel (HomoPA) as the control sample was made by injecting
prepolymer solution in a mold with defined thickness and placing in
—20 °C fridge for polymerization.

Preparation of the PPy/APA Electrode: The APA film was sanding to
the desired thickness with a sandpaper and cut to a desired size with
a razor blade. Then, the film was immersed in a 14 w/v% FeCls-ethanol
solution for 5 min. After drying in vacuum for 2 h, the film was placed
in a vacuum desiccator with 1 mL of fresh pyrrole monomer. Under
vacuum, the pyrrole monomer evaporated, deposited, and polymerized
on the pore walls of APA aerogel with FeCl;. Then the PPy/APA film was
soaked in ethanol for 2 days to remove excessive reactants.

Assembly of All-Solid-State Supercapacitor: Two PPy/APA films with
dimensions 1.27 cm x 1.27 cm x 1T mm were soaked in 5 m LiCl/ PVA
aqueous solution for 1 day. Then a cellulose-based separator was
sandwiched between two PPy/APA films and pressed together. The
supercapacitor was kept in dry air for 15 h to form an integrated all-
solid-state supercapacitor.

Characterizations: The morphology of the APA film was observed via
scanning electron microscope (SEM, Supra 40VP) after freeze-drying.
The electrochemical tests were performed via two-electrode method
on a CHI660E electrochemical workstation (CH instrument). The CV
measurements were examined at scan rates of 10, 20, 50, and 100 mV s~'.
The GCD curves were measured with various current densities in the
potential range of 0-0.8 V. The EIS measurement was performed in the
frequency range from 100 000 to 0.01 Hz, with a voltage perturbation
of 5 mV. The cyclic stability test was performed by cyclic charging and
discharging at a certain current density. The areal capacitance (Cp),
the areal energy density (Ep), and the areal power density (Pn) of
supercapacitor were calculated according to Equations (1), (2), and (3),
respectively
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