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ABSTRACT: The use of conductive polyaniline (PANI) in energy
storage has been extensively explored during the past several
decades. Despite the significant progress, there is still a need for
effective and simple methods to tune the structure and electro-
chemical performance of PANI at the molecular level, which are
beyond conventional methods of mixing PANI with other
materials. Here, we report a new approach for molecular
engineering of PANI with ultrathin polydopamine and continuous
monolayer graphene using a reactive layer-by-layer (LbL)
deposition approach. Microsupercapacitors (MSCs) were fabri-
cated based on the combination of reactive LbL deposition and
lithography patterning. We discovered that the introduction of an
ultrathin polydopamine layer between PANI layers leads to
significant changes to the molecular structure, intermolecular spacing, and morphology of PANIL Those changes result in
substantial improvements in the capacitance, stability, and flexibility of the hybrid MSCs. Furthermore, the use of continuous
monolayer graphene as an atomically thin substrate for in situ polymerization of aniline leads to ultrathin PANI film with reduced
charge-transfer resistance and improved electrochemical properties and stability. This work provides valuable insight into the
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structure and property control of conducting polymers, as well as the fabrication of soft and flexible energy storage devices.

KEYWORDS: polyaniline, polydopamine, graphene, reactive layer-by-layer deposition, microsupercapacitor

B INTRODUCTION

Miniaturized and flexible energy storage devices are in high
demand in recent years due to the rapid development of soft
and flexible electronics, sensors, and robotics."™* Micro-
supercapacitors (MSCs), with their high power density, fast
charge/discharge rate, and superior cyclic stability, have
attracted much attention as the ideal microscale energy storage
devices.”™® In-plane MSCs with interdigitated electrodes are
especially attractive compared with conventional sandwich-
type supercapacitors because of their small form factor, short
pathway for ion transport, and the ease of integration with
other types of electronic and sensing devices.”” "'

The electrochemical active materials used for MSC
fabrication are usually categorized into two classes based on
their energy storage mechanisms: electrochemical double-layer
materials and pseudocapacitive materials.'” Pseudocapacitive
materials store charge through redox reactions similar to a
battery but at faster rates comparable to those of electro-
chemical double-layer capacitors. They have the potential to
achieve both high energy and power densities."> Conducting
polymers, such as polypyrrole, polythiophene, and polyaniline
(PANI), which can exist in different oxidation states during
redox reactions, have been widely used as pseudocapacitive
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Among them, PANI stands out because of its
high conductivity and specific capacitance, flexibility, thermal
stability, and low cost.'®'” Importantly, PANI is easy to
synthesize by chemical or electrochemical approaches and can
form various nanostructures, including particles, fibers, rods,
and flakes, depending on the chemistry and preparation
conditions.'* 7%’

On the other hand, PANI has its limitations in electro-
chemical stability and degradation at high potentials, which
usually results in poor cycling stability and a limited working
potential window for MSCs based on it.”'~** The combination
of PANI with other active materials such as carbon
nanomaterials and metal oxides can overcome some of the
intrinsic limitations.”*~° Despite the tremendous progress
achieved in this direction, there is still a strong need for the
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Figure 1. (a) Schematic of the reactive LbL deposition of (PANI-PDA), hybrid thin films. (b) Fabrication process of interdigitated MSCs with
(PANI-PDA), as the electrode material. (c, d) Photos of the (PANI-PDA), MSCs on a flexible polyimide substrate (c) and on a 3-in. Si wafer

(d).

efficient modification or structural control of PANI with green
and biobased materials in a low-cost way. Furthermore, the
integration of PANI with biobased materials in a way that
maintains or enhances its electrochemical properties, and at
the same, compatible with lithography-based microfabrication
is still a major challenge.”’

Polydopamine (PDA) is a bioadhesive with excellent
biocompatibility and multiple types of functional groups in
its molecular structure.”*™*" It has been used for underwater
adhesion and coatings on various surfaces, including those with
very low surface energy, such as polytetrafluoroethylene.” ~>*
Furthermore, it has also been demonstrated that PDA has
certain levels of electrical conductivity depending on the
conditions.*>™*” Therefore, the use of PDA in energy storage
applications has been increasingly explored in recent years.”>*
For instance, PDA was used as an additive to carbon cloth
cathode in a Zn-ion hybrid supercapacitor,” it provides
multiple redox-active sites like carbonyl groups for coordinat-
ing with alkali metal ions. PDA has also been used to increase
the pseudocapacitance of carbon electrodes.”*" It can also
work as a polymer glue to build up composites made of
different types of carbon nanomaterials, including graphene*
and carbon nanotube.” The integration of PDA with
conducting polymers has also been explored to enhance the
performance of bioelectronics.**~*°

To the best of our knowledge, the integration of PDA with
conducting polymers such as PANI in a precisely controlled
way for MSC-based energy storage has never been studied
before. Herein, we report a reactive layer-by-layer (LbL)
polymerization approach for the integration of PANI and
ultrathin PDA layers. The reactive LbL deposition is also
combined with lithography patterning to fabricate flexible
MSCs with patterned interdigital electrodes. We discovered
that the ultrathin PDA layer significantly altered the
morphology and molecular packing of PANI in the multi-
layered structure. As a result, the electrochemical performance,
including specific capacitance, cycling stability, and mechanical
stability, is greatly enhanced. In addition, we also studied the
effect of continuous monolayer graphene as the substrate for in
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situ polymerization of polyaniline, which provides valuable
insight into the PANI-based hybrid electroactive materials on a
molecular level.

Bl RESULTS AND DISCUSSION

Reactive LbL Deposition and MSC Fabrication. To
achieve precise control over the morphology, thickness, and
molecular orientation of the PANI-based electrode materials,
we developed a reactive LbL deposition process of PANI with
ultrathin PDA. As shown in Figure la, in the first step, PANI
polymerization was conducted at low temperature in the
presence of formic acid and NaCl, which enables the synthesis
of PANI with relatively high molecular weight, crystallinity, as
well as ordered molecular orientation.”” In the second step, a
thin layer of PDA was deposited on the surface of PANI by
self-polymerization of dopamine. The PDA layer is important
in promoting the adhesion and intimate contact between the
PANI layers.”® It also affects the molecular packing,
crystallinity, and morphology of the PANI layer on top of it,
as will be discussed later.

The PANI and PDA deposition processes can be repeated to
get the multilayered structures, such as 1.5 bilayers and 2
bilayers electrode structures. As a control sample to study the
effect of introducing ultrathin PDA layers between PANI, the
sample with two consecutive layers of PANI deposition was
also prepared. The samples with one layer of PANI, two
consecutive PANI layers, PANI-PDA—PANI three layers, and
PANI-PDA—-PANI-PDA four layers are named as PANI,,
PANL, (PANI-PDA),;, and (PANI-PDA),, respectively.
Furthermore, to study the effect of continuous monolayer
graphene as the substrate for in situ polymerization of aniline,
we also prepared samples with a CVD graphene underneath
the PANI, which are named as G-PANI,.

The MSC fabrication is based on the combination of
lithography patterning and the reactive LbL deposition of
PANI and PDA, as shown in Figure 1b. The Au current
collector was first deposited and patterned on the substrate,
then the second step photolithography with SU-8 was
conducted to generate a sacrificial deposition template. The
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Figure 2. (a, b) SEM images of the PANI, (a) and G-PANI, (b) prepared by in situ polymerization of aniline at low temperature on the target
substrate. (c, d) AFM topography images of the PANI, (c) and G-PAN; (b). The z scale is 250 nm. (e, f) 3D representation of the 2D AFM images

shown in panels ¢ and d, respectively.

reactive LbL deposition of PANI and PDA was then conducted
on the patterned substrate. After removing the SU-8 template,
micropatterned electrodes are formed, and the PVA/H,SO,, gel
electrolyte was applied on top of the electrodes.

One unique advantage of our reactive LbL deposition
approach for microelectrode fabrication is that it can be done
on a wide variety of substrates, including rigid and flexible
ones. Figure lc shows the MSCs fabricated on a flexible
polyimide substrate. Figure 1d shows a large array of the MSCs
fabricated on a rigid Si substrate. The overall size of the MSC
and the electrode size can also be easily tuned by using
different photomasks during the patterning process. For the
MSC shown in this figure, each of the electrode fingers has a
width of 400 pm, a length of 4 mm, and the interdigital
distance is 200 ym.

Morphology of the PANI and (PANI-PDA), Multi-
layers. The morphology of conducting polymers is directly

related to their electrochemical and other properties. The
morphology of the PANI-based hybrid electrodes was studied
with SEM and AFM. PANI, shows a porous network structure
with interconnected PANI nanofibers (average diameter = SO
nm). The pore sizes range from tens to hundreds of nm
(Figure 2a). The nanoporous structure of the PANI thin film
prepared by in situ polymerization of aniline at low
temperature is important for its excellent ionic conductivity
besides its intrinsic electrical conductivity. The thickness of
PANTI, is around 250 nm as measured by AFM cross-section
analysis (Figure S1). Furthermore, the polymerization time has
a significant effect on the thickness of the PANI film. The
thickness gradually increases with the polymerization time. For
1 and 2 h of polymerization, the average PANI film thickness is
60 and 100 nm, respectively. The PANI film roughness also
increases with polymerization time. We also found that the
oxidative polymerization of aniline at a low temperature in our
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Figure 3. SEM images of the PANI, (a, c) and (PANI-PDA) 5 (b, d) at different magnifications. Both samples show nanoporous morphology but

with different PANI nanostructures.

system reached equilibrium or saturation at around 3.5 h.
Further increase of the polymerization time does not lead to a
noticeable increase in the thickness or change in its
morphology, as shown in Figure S2. But there is a shift in
the absorption spectrum of PANI when polymerized for a
longer time due to the higher doping extent by formic acid
(Figure S3).

When a monolayer CVD graphene was used as the substrate
for in situ polymerization of aniline, G-PANI, show a very
similar network structure composed of PANI nanofibers
(Figure 2b) and a similar thickness with PANI;, which
indicate the monolayer graphene does not significantly change
the oxidation polymerization process of aniline. On the other
hand, because of the template effect of the monolayer
graphene, which is highly hydrophobic with intrinsic defects
and wrinkles on the surface, the G-PANI, thin film has a higher
surface roughness than the PANI, as measured by AFM
(Figure 2c-f). The root-mean-square roughness of PANI; and
G-PANI, over an area of 7 X 7 um is 34 and 82 nm,
respectively. The presence of monolayer graphene as an
atomically thin conductive substrate as well as the resulting
morphological change of PANI substantially affects the
electrochemical performance, as will be discussed later.

To further increase the thickness and achieve precise control
of the molecular structure of the PANI-based electrode
materials, we developed the reactive LbL deposition with
alternating PANI and PDA layers. The PDA layer is much
thinner compared with the PANI layer due to its slow self-
polymerization kinetics. The thickness of the PDA layer is
about 15 nm under the polymerization condition used in our
study (Figure S4). As a control sample to the (PANI-PDA),

multilayer materials, we also studied the PANI,, which was
prepared by two consecutive polymerization cycles (3.5 h for
each) of aniline.

From the SEM images (Figure 3a, c), it can be seen that
PANI, has a much more heterogeneous and porous
morphology compared with PANI,. The second layer PANI
shows a rod-shaped morphology (average diameter: 200 nm)
in contrast to the thin nanofiber structure in the first layer.
Furthermore, the amount of PANI deposited from the second
step polymerization is also much higher than that of the first
step due to the preferential adsorption of the aniline
monomers on the existing PANI layer (Figure SS). The
average thickness of PANI, is 6.5 ym as measured from cross-
section SEM images, which is significantly higher than that of
PANI,.

Importantly, the introduction of an ultrathin PDA as an
intermediate layer between PANI significantly changed the
morphology of the second PANI layer. Figure 3b and d show
the morphology of (PANI-PDA),, which exhibits near-
spherical 3D aggregates (several hundred nm in size) that
interconnect with each other, and the 3D aggregates are
composed of PANI nanofibers. (PANI-PDA),, which has an
additional PDA layer on top, shows similar 3D morphology as
(PANI-PDA), 5 (Figure S6). The thicknesses of the (PANI—
PDA), g and (PANI—PDA), are also around 6.5 um due to the
ultrathin nature of the PDA layer. Furthermore, the
introduction of PDA makes the (PANI-PDA), materials
extremely hydrophilic, the (PANI-PDA), 5 has a contact angle
of 0° (complete wetting), while the PANI, is more
hydrophobic with a contact angle of 41.0° (Figure S7). The
significant morphological and properties changes in PANI
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Figure 4. (a) Schematic illustration of the GIWAXS experiment. (b—d) 2D GIWXAS scattering patterns of PANI,; (b), PANI, (c), and (PANI-
PDA),5 (d). (e) 1D GIWAXS profiles of PANI;, PANL, and (PANI-PDA),. (f) Azimuthal scan profiles for the (110), (100), and (010)
scattering of (PANI—PDA), ;. (g) Model of the pseudo-orthorhombic unit cell in PANI (left) and schematic of the end-on orientation of the PANI
lamellae (right). (h) TEM bright-field image and (i) SAED pattern of the PANI thin film.

induced by the introduction of the PDA layer have major
impacts on their performance as the electrode materials for
MSCs, as will be discussed later.

Molecular Structure Characterization with GIWAXS.
The transport properties of conducting polymers are strongly
dependent on their molecular packing and ordering. In
addition to the morphological study with SEM and AFM, we
also used GIWAXS to study the structure of the PANI and
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(PANI-PDA), at the molecular level (Figure 4a). The 2D
scattering pattern for PANI, is shown in Figure 4b; the
scattering intensity is weak because of its small thickness and
relatively low crystallinity. The 2D GIWAXS patterns for
PANIL, and (PANI-PDA), ; are shown in Figure 4c and d.
They have much stronger scattering intensities compared with

PANI,, and there are four well-defined scattering rings, which
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Figure S. Electrochemical performance of the all-solid-state MSCs with PANI, and G-PANI, electrodes. (a) CV curves of the PANI, and G-PANI,
MSCs obtained at a scan rate of 100 mV/s. (b) GCD curves for the PANI, and G-PANI; MSCs at a current density of 1 mA/cm? (c) Areal and
gravimetric capacitances of the PANI, and G-PANI, MSCs at different current densities. (d) EIS plots of the PANI, and G-PANI; MSCs. The inset

shows the magnified plot of the high-frequency range.

indicates the second layer of PANI has much higher
crystallinity.

The 1D GIWAXS plots along the in-plane direction with
respect to the scattering angle are shown in Figure 4e. For
PANI,, there are four relatively weak peaks at 0.64, 1.02, 1.42,
and 1.77 A7, which correspond to the (001), (010), (100),
and (110) diffraction, respectively."”*’ PANI, shows four
diffraction peaks at the same q values but with much stronger
intensity and well-defied shape. Interestingly, after introducing
an ultrathin PDA layer between the two PANI layers, (PANI—
PDA),  shows obvious shifts in the (001), (010), (100), and
(110) peaks to higher q values (highlighted by green arrows in
Figure 4e). For instance, the corresponding d spacings in the
(001), (010), (100), and (110) directions decrease from 9.8,
6.1, 44, and 3.5 A for PANL, to 9.3, 5.8, 4.2, and 3.4 A,
respectively, for (PANI—PDA); ;. This result shows that the
presence of an ultrathin PDA has significant effects on the
intermolecular spacing during the in situ polymerization of
aniline. The second layer PANI has a more compact chain
organization with smaller intermolecular spacing in all three
directions.”® Such molecular structure changes of PANI with
the introduction of ultrathin PDA lead to substantial
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improvement in the electrochemical performance, as will be
discussed later.

Furthermore, the azimuthal scans of the (010), (100), and
(110) scattering show much stronger intensity close to the
equator (when the azimuth angle is close to 0° and 180°), as
shown in Figure 4f for (PANI—PDA), . The azimuthal scans
for PANI, and PANI, also show stronger intensity close to the
equator, but the difference is less pronounced (Figure S8).
This is a strong indication that the PANI chains have a
preferred orientation along the ¢ axis or perpendicular to the
substrate (Figure 4g), which is also called end-on orientation.”’
The 7—x stacking direction (a-axis direction) is parallel to the
substrate. The TEM image of a single layer PANI thin film
(Figure 4h) shows nanowrinkles on the sample. The SAED
pattern from the PANI film (Figure 4i) shows the (100)
diffraction ring (d = 4.4 A), which is consistent with the
GIWAXS results and indicates the end-on oriented PANI
chains organize into lamellas along the ¢ axis with various
tilting angles.

We also studied and compared the electrical conductivity of
the PANI and (PANI-PDA), thin films (Figure S9). The
PANI, has a conductivity of 1.85 X 107° S/cm, which is
consistent with acid-doped PANI. PANI, has an increased
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Figure 6. Electrochemical performance of the all-solid-state MSCs with PANL,, (PANI-PDA), g, and (PANI-PDA), electrodes. (a) CV curves of
the three types of MSCs obtained at a scan rate of 100 mV/s. (b) GCD curves of the three types of MSCs obtained at a current density of 1 mA/
cm? (c) The areal and gravimetric capacitances of the three types of MSCs as a functional of current density. (d) EIS curves of the three types of
MSCs, the inset shows the curves at the high-frequency range. (e) Cycling stability of PANI, and (PANI-PDA), ; MSCs tested at a current density
of 3 mA/cm?, the insets are the GCD curves during the first and last 12 cycles. (f) Ragone plot of the three types of MSCs.

conductivity to 6.09 X 107> S/cm. After introducing the
ultrathin PDA as the top layer, there is a pronounced drop in
conductivity. For instance, (PANI-PDA); has a conductivity
of 429 X 107" S/cm, (PANI-PDA), has a conductivity of
5.54 X 10™° S/cm. When PANI is the top layer, the electrical
conductivity is much higher: (PANI-PDA),; has a con-
ductivity of 3.64 X 107> S/cm. The electrical conductivity plays
an important role in their performance as the electrode
materials for MSCs, as will be discussed in the following
section.

Effect of Monolayer Graphene on the Performance of
PANI MSCs. The capacitance of PANI-based supercapacitors
usually has contributions from both electric double-layer
capacitance and pseudocapacitance. PANI, in its conducting
state (emeraldine salt), has good electrical conductivity so that
electric double-layer capacitance can play a major role. On the
other hand, PANI undergoes redox reactions with suitably
applied potential, which leads to pseudocapacitance.

We first investigated the effect of monolayer CVD graphene
on the electrochemical property and energy storage perform-
ance of in situ grown PANI thin films. To this purpose, we
fabricated two types of interdigital MSCs with PANI, and G-
PANI, as the electrode materials, respectively. The graphene
was characterized by Raman (Figure S10), which shows sharp
G and 2D bands with a high I, /I ratio. AFM characterization
shows a smooth and uniform morphology with a thickness of
1.0 nm.

Representative CV curves measured at a scan rate of 100
mV/s, with a potential window of 0—0.8 V, are shown in
Figure 5a. The PANI; MSC shows characteristic redox peaks
for PANI,, which is consistent with the pseudocapacitance
behavior of PANIL On the other hand, the G-PANI, MSC
shows a more rectangular-shaped CV curve with shifted redox
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peaks, the area within the curve is also significantly larger than
that of PANI,. This result indicates there is an additional
contribution of electrical double-layer capacitance from the
monolayer graphene besides the pseudocapacitance of PANL
The shape of the CV curve was better maintained at a high
scan rate for G-PANI, than PANI, (Figure S11), demonstrat-
ing improved stability of the thin PANI film when grown from
a monolayer graphene substrate.

The galvanostatic charge/discharge (GCD) curves at a
current density of 1 mA/ cm? are shown in Figure Sb. The
PANI, MSC has a distorted charging curve, and there is a large
instantaneous voltage drop (IR drop) at the beginning of the
discharging curve. On the other hand, The G-PANI, GCD
curve exhibit a trigonometric shape at different current
densities (see also Figure S11), and there is almost no IR
drop. This result indicates G-PANI; MSC has lower internal
resistance and better stability.

The areal and gravimetric capacitances of the PANI, and G-
PANI, MSCs were calculated based on the GCD curves
(Figure Sc). It can be seen that both MSCs show very stable
capacitance over the measured range of current density. The
PANI;, MSC has an areal capacitance of 3.4 mF/cm® and
gravimetric capacitance of 77.5 F/g at S mA/cm® The G-
PANI, MSC has an obviously higher areal capacitance of 4.6
mF/cm? and gravimetric capacitance of 107.0 F/g at the same
current density.

The electrochemical impedance spectroscopy (EIS) data of
PANI;, and G-PANI;, MSCs are shown in Figure 5d. The
equivalent series resistance (ESR) obtained from the x-
intercept of the Nyquist plot, which represents a summation
of various contributions, including the active material ohmic
resistance, the interface resistance of the active material/
current collector, the electrolyte ionic resistance, is 17.1 ohm
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for PANI; MSC, and 18.3 ohm for G-PANI, MSC. The
Nyquist plot of PANI; MSC shows a semicircle at the high-
frequency range and a straight line at the low-frequency range.
The G-PANI; MSC, on the other hand, shows almost no
semicircle in the Nyquist plot at the high-frequency range. The
slope of the straight line at the low-frequency range is also
obviously higher than that of PANI; MSC. Those results
indicate that G-PANI; MSC has better electrical conductivity
and lower charge-transfer resistance.”” The intimate contact
between continuous and large-area monolayer graphene and
thin PANI film improves the charge transfer efficiency and
reduces current leakage.

Electrochemical Performance of the (PANI-PDA),
MSCs. To improve the energy storage capability of the in
situ polymerized PANI-based MSCs, the thickness of the
PANI-based electrodes, as well as their molecular structures
and chain packing needs to be precisely controlled. We
achieved this by using the reactive LbL deposition of PANI
and PDA combined with a lithography patterned template as
described above. Besides its unique properties as a bioadhesive,
PDA is also considered as a disordered organic semi-
conductor.”” Its introduction to the multilayered PANI has
the potential to improve stability and electrochemical perform-
ance.

We compared the performance of three types of MSCs,
namely, (PANI-PDA),;, (PANI-PDA), and a control
sample PANI, which has two consecutive layers of PANI but
without PDA in between. CV curves for the three types of
MSCs at a scan rate of 100 mV/s (Figure 6a) show obvious
differences (see also Figure S12). The CV curve for PANIL,
MSC deviates from the rectangle shape and has two pairs of
broad redox peaks, which is attributed to the leucoemeraldine/
emeraldine/pernigraniline transitions of PANI, conﬁrmin§ the
pseudocapacitance behavior of the conducting polymer.’

Interestingly, after introducing an ultrathin PDA between
the two PANI layer, the (PANI-PDA), ; MSC exhibit a quasi-
rectangular shaped CV curve, with much a larger area within
the curve. The (PANI-PDA),MSC has a similar rectangle-
shaped CV curve except at the high potential range. The
current drop at high potential is most likely due to the
resistance increase when PDA is the top layer. The CV scans at
different current densities of those three types of devices are
shown in Figure S12.

The GCD curves for the three types of MSCs are shown in
Figure 6b (see also Figure $12). PANI, MSC shows a distorted
charge curve and a large IR drop in the discharge curve. On the
other hand, the (PANI-PDA), ; MSC exhibit almost perfectly
triangular charge and discharge curves with very small IR drop.
The (PANI-PDA), MSC also shows a triangular-shaped curve
but with a larger IR drop, which is again attributed to the
increased resistance with the PDA layer is on top. The areal
and gravimetric capacitance was calculated from the GCD
curves and summarized in Figure 6¢c. (PANI-PDA),; and
(PANI-PDA), MSCs have much higher capacitances than the
PANI, MSC. For instance, the areal capacitances of PANI,,
(PANI-PDA), , and (PANI-PDA), MSCs at 5 mA/cm? are
25.9, 31.0, and 33.2 mF/cm?; the gravimetric capacitances are
65.0, 86.4, and 84.1 F/g, respectively. Furthermore, the
(PANI-PDA), ; MSC shows outstanding stability in capaci-
tance over the measured range of current density. In
comparison, the PANI, MSC has a noticeable decrease in
capacitance with increasing current density.

The EIS curves for PANI, MSC, (PANI-PDA), and
(PANI-PDA),MSCs also show significantly different charac-
ters (Figure 6d). PANI, MSC shows a large semicircle in the
high-frequency range of the EIS curve, the (PANI-PDA),
MSC shows no semicircle at all, and the (PANI-PDA), MSC
shows a very small semicircle. Moreover, the slopes of the
straight-line part of the EIS curves are quite different, with
PANI, MSC has the smallest slope, and (PANI-PDA), § has
the largest slope. This result is another strong evidence that the
introduction of ultrathin PDA dramatically improves the ion
transport in the electrode materials. Our lithography-based
MSC fabrication approach allows flexible design of the
interdigital device geometry. For instance, the electrode finger
width, finger spacing, and the number of fingers can all be
adjusted by using different photomasks. Generally, an increase
in figure number or narrowing the finger width can efficiently
decrease the ionic diffusion pathway and reduce electrolyte
resistance with low ion transport limitations. >

The significant improvement in electrochemical perform-
ance of PANI after the introduction of the PDA layer can be
related to the dramatic changes in morphology and molecular
structures as demonstrated with SEM and GIWAXS. The
second layer of PANI in PANI, shows a rod-shaped
morphology with a large diameter. In contrast, the second
layer of PANI in (PANI-PDA), ; and (PANI-PDA), shows
near-spherical 3D assembled structures composed of PANI
nanofibers. As a result, the (PANI-PDA),: and (PANI—
PDA), have much higher active surface area, which facilitates
ion and charge transport,55 as well as a larger contribution
from electrochemical double-layer capacitance. The GIWAXS
results show that the PANI chains in (PANI—PDA), 5 have a
more compact molecular organization than PANI,, which is
another factor promoting the ion and charge transport. In
addition, the enhanced hydrophilicity of (PANI-PDA),
enables intimate contact between the gel electrolytes and the
electrodes.

MSCs based on conducting polymers, including PANI,
usually have poor long-term cycling stability because of the
swelling and shrinking of the polymers during the doping/
dedoping process. The long-term cycle stability data for PANI,
MSC are shown in Figure Ge; the capacitance has a substantial
drop after the first 1000 cycles to 65% of its initial value and,
then, remains stable at around 64% with further cycles. On the
other hand, the (PANI-PDA),; MSCs show obviously
improved cycling stability. The capacitance drop after 1000
cycles is improved to 74% of the initial value, and it is stably
maintained at 71% with 2000 and further cycles. This result is
significant considering that there is no additional carbon or
other inorganic materials added to the PANI; only an ultrathin
(~15 nm) PDA layer was introduced between the PANI layers.
The cycling stability of the (PANI-PDA), MSCs can be
further improved when combing with inorganic nanomaterials
to make hybrid electrodes.*®

The Ragone plot showing both the energy and power
density of the three types of MSCs is in Figure 6f. It can be
seen that PANI, MSC has an obvious decrease in energy
density at high power density. The (PANI-PDA), ; MSC has
superior stability with a minimum drop in energy density. The
(PANI-PDA), MSC has a noticeable decrease in energy
density at high power density due to the increased resistance
induced by the top PDA layer.

Another advantage of our reactive LbL approach for the
fabrication of micropatterned PANI—PDA electrodes is that it
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Figure 7. Mechanical flexibility of the (PANI-PDA), MSCs. (a) Photos of the devices in the different bending states. (b) CV curves for the
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angles, and the current density is 2 mA/cm?® (d) Capacitance changes of PANI, and (PANI-PDA), ; MSCs as a function of bending angles.

can be applied to a wide variety of substrates, including rigid
and flexible ones. We studied and compared the performance
of the flexible PANI, and (PANI-PDA), ; MSCs when they
are subjected to bending deformations. The flexible MSC
device was placed on a flexible polyester carrier substrate, and
the bending angle is measured and calculated from the bending
extent of the substrate (Figure 7a).

The (PANI-PDA), s MSC shows excellent stability against
bending even at large angles. For instance, the capacitance
retention is at 95% at a large bending angle of 120°. The CV
and GCD curves are very close to that of the flat state when
the bending angle is smaller than 120° (Figure 7b and c). The
GCD curve at 120° bending shows a higher IR drop in the
discharge part, which indicates an increase in the internal
resistance at very high bending angles, but the overall
capacitance is still well maintained (Figure 7d).

In comparison, the PANI, MSC has a substantial drop in
capacitance when subjected to bending deformation. The CV
curves show larger decreases in the area, and the GCD curves
have larger decreases in charge/discharge time with increasing
bending angle (Figure S13). As a result, the capacitance of
PANTI, MSC drops to 82% and 73% of its initial value when the
bending angles are 50° and 120°, respectively. The better
electrochemical performance of the (PANI-PDA), MSCs
during mechanical deformation is attributed to the introduc-
tion of an ultrathin PDA layer, which acts as an efficient
bioadhesive between PANI layers. In addition, the morpho-
logical and molecular structure changes in PANI induced by
the ultrathin PDA are also important reasons.

Furthermore, the output potential and current window of
the (PANI-PDA), MSC can be increased by connecting
multiple devices in series or parallel configuration. We showed
that by connecting multiple (two, three, and four) (PANI—
PDA), MSCs in series, it provided a corresponding multiple
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times higher operation potential window (Figure S14). When
two MSCs were connected in parallel, the current density and
the discharge time increased to 2-fold of those in a single MSC
device. Our lithography-based microfabrication enables facile
design and production of the connected MSC arrays on a large
scale for practical applications.

B CONCLUSION

In conclusion, a new approach to control the molecular
structure and enhance the electrochemical performance of
PANTI was developed. This approach is based on the reactive
LbL deposition of alternating layers of PANI and ultrathin
PDA by in situ polymerization of their monomers. All-solid-
state MSCs were fabricated by combining the reactive LbL
deposition of (PANI-PDA), electrodes with lithography
patterning. The presence of an ultrathin PDA layer significantly
affects the molecular structure, intermolecular spacing, and
morphology of the PANI, as confirmed by SEM, AFM, and
GIWAXS characterization. The morphological and structural
changes lead to substantial improvement in the performance of
the MSCs based on (PANI-PDA), electrodes. We also
discovered that using continuous monolayer graphene as the
polymerization template for PANI results in enhanced charge
transfer efficiency and electrochemical stability. Our findings
are valuable for the rational design and structural control of
conducting polymer using biomaterials, as well as the
fabrication of miniaturized and flexible energy storage devices
with hierarchical structures.

B EXPERIMENTAL SECTION

Materials. Dopamine hydrochloride, ammonium persulfate, poly-
(vinyl alcohol) hydrolyzed (M, = 85000—124000 Da) were
purchased from Sigma-Aldrich. Sodium chloride was purchased
from EMD chemicals. Tris-HCl was purchased from Thermo
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Scientific. Aniline was purchased from Millipore Sigma. Formic acid
and sulfuric acid were purchased from Fisher Scientific. Acetone and
isopropanol were purchased from VWR. S1805 photoresist, MF319
developer, SU-8 2075 photoresist, and SU-8 developer were
purchased from Kayaku Advanced Materials, Inc. CVD graphene
was purchased from ACS Material, LLC.

In Situ Polymerization of Aniline at Low Temperature.
Polyaniline with high molecular weight and crystallinity was
synthesized directly on the substrate by oxidative polymerization of
aniline at low temperature in the presence of acid and salt. The target
substrate was placed inside the reaction container before the
polymerization starts. Aniline monomer (0.2 mL) was dissolved in
formic acid (S M aqueous solution) and sodium chloride (4.2 M).
Ammonium persulfate was used as the oxidant. The high
concentration of NaCl salt was to ensure that the reaction medium
was in the liquid state at a low temperature. The monomer and
oxidant solutions were precooled to 0 °C. After mixing, the reactor
was kept at —20 °C for 3.5 h. Then, the substrate was removed from
the reaction, rinsed with formic acid (5 M) aqueous solution and DI
water, and dried under ambient condition.

Self-Polymerization of Dopamine. The self-polymerization of
dopamine was conducted to form an ultrathin polydopamine layer
directly on the target materials. Dopamine hydrochloride (3 mg/mL)
was dissolved in 0.01 M Tris-HCI buffer solution with a pH of 8.5,
and the target substrate was immersed in the solution. The reaction
was conducted for 16 h at room temperature. The substrate was then
removed from the solution, rinsed thoroughly with DI water, and
dried under ambient condition.

Fabrication of Microsupercapacitors. The fabrication process
of the MSCs is shown in Figure 1b. The MSCs can be fabricated on
both rigid substrates (Si wafer) and flexible substrates (polyimide
film). The micropatterned Cr/Au (5/50 nm) current collector was
deposited on the substrate by photolithography, followed by thermal
evaporation and metal lift-off. The substrate with micropatterned
current collector was then used for the second step of photo-
lithography to generate SU-8 patterns that cover the whole substrate
except the current collector area. The substrate was then used to
deposit PANI and PDA by the reactive LbL deposition process as
described above. After the desired number of layers of PANI and PDA
were deposited, the sacrificial SU-8 pattern was removed from the
substrate by delaminating in acetone. Then the device was rinsed with
acetone and isopropanol, then dried with compressed air. Finally, the
PVA/H,SO, gel electrolyte was applied to the top of the
micropatterned electrodes. The fabrication of G-PANI MSC follows
the same procedure, except that there was an additional CVD
graphene transfer and patterning step before the deposition of PANI
layer.

Characterization. Atomic force microscopy (AFM) character-
ization was done with the NT-MDT SMENA system, the images were
acquired in tapping mode with 300 kHz resonance frequency Si
cantilevers, and the scan rate was set at 0.5 Hz. Scanning electron
microscopy (SEM) was conducted using JEOL-7401 FE-SEM at an
accelerating voltage of 10 kV. UV—vis spectra were collected with the
Agilent Cary-60 Spectrometer. Electrical conductivity measurements
were conducted with a Keithley 2400 source meter. Sample weight
measurements were conducted with a Sartorius microbalance.

Grazing incidence wide-angle X-ray scattering (GIWAXS) experi-
ments were carried by using Rigaku RAOID II, equipped with Hypix-
600 detector and FR-X rotating-anode X-ray source (4 = 0.154 nm)
under the working voltage of 45 kV and current of 66 mA. The
incident X-ray hit on the sample with the scattering angle 26 varied
from 0.8° to 40°. The samples for GIWAXS were prepared by the
same reactive LbL deposition method on a silicon wafer as described
above.

Transmission electron microscopy (TEM) bright-field images and
selected-area electron diffraction (SAED) patterns were obtained by a
JEOL-1400 TEM at an acceleration voltage of 110 kV. The d-spacing
of the SAED patterns in PANI was calibrated with an aluminum
standard.

Electrochemical Measurement. The measurements were
conducted with a CHI 660D electrochemical workstation and a
Gamry reference 3000 electrochemical workstation. Cyclic voltam-
metry (CV) was measured at different scan rates ranging from 1 to
100 mV/s. Galvanostatic charge and discharge (GCD) was measured
at different current densities from 1 to 10 mA/cm? Electrochemical
impedance spectroscopy (EIS) was recorded between a frequency
range of 0.1 Hz—1 MHz. The capacitance calculation from the
measured data was described in the SI.
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