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ABSTRACT: Controlling mesoscale organization in thick films of electroactive polymers is crucial
for studying and optimizing charge and ion transport in these disordered materials. Conventional
approaches focus on directing long-range polymer aggregation and/or crystallization during film
formation by using interfaces, flow and/or shear forces. Here, we describe an alternative method that
takes advantage of naturally textured biological substrates and vapor-coating to structure thick-
conjugated polymer films. Reactive vapor-coating is a technique that enables in situ synthesis of
doped conjugated polymers inside a reduced-pressure reactor. Reactive vapor deposition conformally
coats the surface of plant matter, such as leaves and flower petals, with conducting polymer films while
leaving these living substrates undamaged. Importantly, the intricate surface features of plant matter
are faultlessly reproduced in the coating, effectively creating thick, high-surface-area, electrochemically
active conducting polymer electrodes on plant matter. A microstructured, 10 μm thick film of p-
doped poly(3,4-ethylenedioxythiophene) on a pilea involucrata leaf acts as an all-polymer
pseudocapacitor with a higher areal capacitance (142 mF/cm2) than an analogous film on a planar
plastic substrate lacking microstructure (50 mF/cm2). Taken together, reactive vapor deposition and
microstructured plant matter present a unique combination of processing technique and substrate than can yield a diverse
library of controllably microstructured electronic polymer films.

KEYWORDS: biorenewable substrate, conjugated polymer, reactive vapor deposition, pseudocapacitor, areal capacitance,
flexible electronics

■ INTRODUCTION

Electrochemical capacitors (ECs) are a promising subset of
energy-storage devices that are well suited for integrating with
a variety of portable energy-harvesting technologies.1−13 ECs
are subdivided into electrochemical double-layer capacitors,
which depend on surface ion adsorption for charge storage and
pseudocapacitors, which use fast redox reactions to store
charge.1−4 Redox-active (i.e., pseudocapacitive)-conjugated
polymers possess advantageous mechanical properties that
can, in theory, enable lightweight, flexible charge-storage
technologies.14−19 However, despite creative optimizations of
structure, composition, and processing conditions,20−22 all-
polymer and/or polymer-composite electrodes have not
matched the charge-storage capacity of double-layer capacitors
made with various carbon allotropes and/or two-dimensional
materials.23

A major limitation is that only thin polymer films (<100
nm), or “low mass loading”, can be used to create functional
electrodes14−19 because effective strategies to control and
optimize mesoscale (micron-millimeter) structure in thick
polymer films are unknown. In turn, low mass loadings limit
the maximum attainable capacitance and energy/power density
of polymer-based devices. To increase the electrochemical
capacitance of all-polymer electrodes, selected investigations
have focused on enlarging the electrode surface area by
creating thin polymer films on electrically conductive, three-

dimensional scaffolds.20,24,25 Though interesting, these strat-
egies fail to fundamentally address the low mass loading
limitation of polymer electrodes: as polymer coating
thicknesses are increased past approximately 100 nm, bulk
properties start to dominate and high internal resistances are
inevitably manifested.23

In this report, we demonstrate that biological substrates can
be used to impart mesoscale organization in thick (greater than
1 μm), electroactive polymer films. Reactive vapor deposition
is a technique that enables in situ synthesis of doped
conjugated polymers inside a reduced-pressure reactor and
nondestructively creates conformal conducting polymer coat-
ings on judiciously chosen, textured plant matter. Conducting
polymer-coated flower petals and plant leaves act as all-
polymer, pseudocapacitive electrodes that display higher areal
capacitances as compared to analogous electrodes created on
conventional, planar plastic substrates. Taken together, reactive
vapor deposition and microstructured plant matter present a
unique combination of processing technique and device
substrate with the potential to create lightweight and portable
charge-storage solutions.
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■ RESULTS AND DISCUSSION

Reactive vapor deposition of persistently p-doped poly(3,4-
ethylenedioxythiophene) (PEDOT-Cl) is carried out in a
previously reported, custom-built reactor (Figure 1).26,27 The
monomer, 3,4-ethylenedioxythiophene (EDOT) and oxidant,
iron(III) chloride, are simultaneously introduced as vapors into

a stainless steel chamber held at 300−500 mTorr, where
surface-restricted oxidative polymerization proceeds.26,27 A
higher flow rate of the oxidant, as compared to the monomer,
is typically used to afford p-doped conducting polymer films. A
postdeposition rinse effectively removes excess oxidant,
residual oligomers, and other metal byproducts from the

Figure 1. (a) Illustration of reactive vapor deposition chamber. (b) Reaction sequence during reactive vapor deposition and structure of
persistently p-doped conducting polymer film used as a pseudocapacitor.

Figure 2. Vapor-deposited conducting polymer coatings on plant matter. (a−c) Smooth, flexible polyimide film substrate. (d−f) Lotus leaf
substrate. (g−i) Sunflower petal substrate. (j−l) Pansy petal substrate. (m−o) Calathea zebrina leaf substrate. (p−r) Pilea involucrata leaf substrate.
For each panel: (left) scanning electron microscope (SEM) image of a pristine substrate, (center) optical images of a partly coated sample, (right)
SEM image of the substrate coated with a 10 μm thick film of PEDOT-Cl.
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films (Figure S1), while minimally altering their doping level,
as previously reported.27

A 10 μm thick, redox-active PEDOT-Cl film27 is used
throughout this report to maximize the mass loading of the
electroactive material and because that is the thickest coating
afforded by our chamber. These thick PEDOT-Cl films are not
observed to delaminate from any of the substrates investigated
here. As revealed by four-point probe measurements, the sheet
resistance of a 10 μm thick PEDOT-Cl film on polyimide is 2
Ohms/square (conductivity 500 S/cm), meaning that this film
has a low enough resistance to serve as an all-polymer,
pseudocapacitive electrode without the need for a metal charge
collector or a conductive carbon complement (Figure S2).21,22

Small selections of plant leaves and flower petals are
identified as potential microstructured substrates on which to
grow PEDOT-Cl films. Lotus leaves display ordered arrays of

sharp pillars on their surface, which is responsible for their
uniquely superhydrophobic surfaces. The surfaces of pansy and
sunflower petals and leaves of the calathea zebrina plant
contain pyramidal mesa structures. The leaves of pilea
involucrata plants are densely textured with diverse surface
features of varying sizes, in addition to an entangled mesh of
fibers above the surface. Calathea zebrina and pilea involucrata
are commonly available houseplants, and sunflowers are
steadily stocked by florists. Dried, food-grade lotus leaves
and pressed pansies are used in this study, due to availability.
Figure 2 shows scanning electron microscope (SEM) images

of plant matter before and after vapor-coating with PEDOT-Cl
and optical images of plant matter partially coated with
PEDOT-Cl (the dark blue areas are PEDOT-Cl coated and
the other areas were masked with Teflon tape to prevent
coating). SEM images of a PEDOT-Cl film deposited on

Figure 3. Symmetric-electrode pseudocapacitors. (a, b) Cyclic voltammograms of various symmetric-electrode, all-polymer pseudocapacitors in
aqueous sulfuric acid electrolyte at a scan rate of 20 mV/s. The electrodes are polyimide, plant leaf, or flower petal substrates vapor-coated with a
10 μm thick film of PEDOT-Cl. Current densities are normalized to the total electroactive area of each substrate. (c) Areal capacitance of
symmetric-electrode pseudocapacitors. (d) Areal energy density and power density of symmetric-electrode pseudocapacitors calculated from cyclic
voltammograms. (e) Charge−discharge cycle stability of symmetric-electrode pseudocapacitors measured at a scan rate of 1 V/s in aqueous sulfuric
acid electrolyte. (f) Bending stability of a PEDOT-Cl-coated pilea involucrata leaf electrode. The bending angle is 10°.
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polyimide are also shown for comparison. It is important to
note that none of the substrates is carbonized, chemically
altered, or otherwise damaged after being subjected to reactive
vapor deposition. The optical images of partly coated plant
matter in Figure 2 reveal that the uncoated parts of each leaf
and flower petal look undamaged after being exposed to typical
coating conditions. The substrates taken from live plants,
sunflower petal, calathea zebrina leaf, and pilea involucrata leaf,
lose less than 5% of their starting water content after being
subjected to the standard vapor deposition conditions (heat
and vacuum for approximately 40 min) used in this study.
Stress−strain curves for a sunflower petal and pilea involucrata
leaf before and after PEDOT-Cl coating (Figure S3) confirm
that the process of reactive vapor deposition and the resulting
PEDOT-Cl coating do not render these substrates brittle.
SEM images reveal that continuous, uniform coatings are

conformally created on each substrate. Further, the structure of
the underlying surface features for each leaf or flower petal is
preserved after vapor-coating. Figure S4 shows a high-
magnification SEM image to highlight the uniform and
conformal coating on a single, sharp feature on a lotus leaf
surface. SEM images of various features from the comparatively
complicated surface of a pilea involucrata leaf are provided in
Figure S5, in each case, the PEDOT-Cl coating tightly
conforms to the topography and crevices of the surface features
without filling any interstitial spaces.
These vapor-coated leaves and flower petals can serve as

high-surface-area electrochemical electrodes for pseudocapaci-
tive charge-storage devices. The PEDOT-Cl coating is the only
electroactive component in this system and its associated redox
reactions, electrochemical oxidation (doping) of residual
PEDOT to the mixed polaron and bipolaron states of
PEDOT-Cl (Figure 1) and electrochemical reduction
(dedoping) of the bipolaron and/or polaron states of
PEDOT-Cl to neutral PEDOT, serve as the chemical
mechanisms by which charge can be stored in these films.
The pseudocapacitive performance of PEDOT-Cl electrodes

is first quantified by performing two-electrode cyclic
voltammetry (CV) in a liquid electrolyte (0.5 M aqueous
H2SO4). On polyimide, nearly rectangular CV curves up to 500
mV/s and nearly triangular charge−discharge curves are
recorded (Figure S6). No noticeable voltage drop is observed
in the charge−discharge curve at a current density of 0.29 A/
cm3, further confirming the low internal resistance of the 10
μm thick vapor-deposited PEDOT-Cl electrode material.
Additionally, 68% of the initial capacitance (31 vs 21 F/cm3)
is retained as the current density is increased from 0.29 to 2.32
A/cm3. Volumetric capacitances and energy and power
densities calculated from these cyclic voltammograms by
taking into account the total volume of two PEDOT-Cl
electrodes are summarized in Table S1. Volumetric capaci-
tances calculated from galvanostatic charge−discharge results
are summarized in Table S2.
Cyclic voltammograms (Figure 3) and galvanostatic charge−

discharge curves (Figure S7) of symmetric-electrode pseudo-
capacitors consisting of 10 μm thick PEDOT-Cl electrodes on
plant matter reveal their increased energy-storage capacity as
compared to polyimide substrates. An approximately linear
correlation between the areal capacitance and the total surface
area of the leaf and petal substrates is observed. A higher
density of large-sized surface features leads to increased
polymer mass loading and therefore higher areal capacitances
(Table 1). The highest areal capacitances are obtained for

PEDOT-Cl-coated pilea involucrata leaves: an areal capaci-
tance of 142 mF/cm2 is measured, which is 3 times that of
PEDOT-Cl electrodes on polyimide (50 mF/cm2). Accord-
ingly, the areal energy density and power density exhibited by
pilea leaf-based pseudocapacitors are increased by a factor of 3
compared to polyimide devices (Table 1). The areal
capacitances of the PEDOT-Cl-coated leaves and petals
reported herein are higher than those of state-of-the-art
electrode materials, such as laser-scribed graphene (Careal 4−
5 mF/cm2)12 and hydrated graphite oxide (Careal 0.25 mF/
cm2)28 and are similar to that of carbide derived carbon films17

(Careal 240 mF/cm2 obtained from three-electrode CV
measurements).
Moreover, above 94% of the initially observed capacitance of

the vapor-deposited PEDOT-Cl film is maintained after 10
000 charge−discharge cycles on both polyimide and pilea
involucrata substrates (Figure 3e). The recorded capacitances
for PEDOT-Cl-coated pilea involucrata leaves are sometimes
observed to increase upon continued charge−discharge
cycling. This likely occurs because repeated charging−
discharging actions rupture a few leaf cells, causing release of
electrochemically active intracellular media and small mole-
cules29 into the conducting polymer film, which effectively
increases the mass loading of redox-active materials and
therefore electrode pseudocapacitance. Bending stability tests
display the same phenomenon: the surface sheet resistances of
PEDOT-Cl-coated pilea involucrata leaves are sometimes
observed to decrease upon repeated bending (Figure 3f). Here,
the mechanical force experienced during bending likely
ruptures leaf cells and releases ion-conductive intracellular
media into the conducting polymer film, leading to overall
decreased resistances. Alternatively, mechanically induced
annealing of the PEDOT-Cl coating could also be operative.
Three solid-state charge-storage devices are fabricated using

PEDOT-Cl electrodes deposited on polyimide, pressed pansy
petal, and pilea involucrata leaf substrates (Figure 4). A
poly(vinyl alcohol)−sulfuric acid (PVA−H2SO4) gel is used as
the solid-state electrolyte. For polyimide- and pansy petal-
based devices, this gel electrolyte also serves as an effective
electrode separator. For the comparatively rough pilea
involucrata leaves, a porous Celgard 3500 membrane soaked
with PVA−H2SO4 gel is used as an electrode separator. The
completed pansy petal and pilea involucrata leaf devices are
packaged by laminating between two 10 μm thick poly-
(ethylene) films. An optical image of a laminated pilea
involucrata leaf-based pseudocapacitor is shown in Figure 4e.
The current−voltage responses and galvanostatic charge−
discharge curves of the solid-state devices match those
obtained in liquid electrolytes. The charge−discharge cycle

Table 1. Areal Capacitance and Energy and Power Densities
Derived from Cyclic Voltammograms (20 mV/s Scan Rate)
of Two-Electrode Pseudocapacitors in 0.5 M H2SO4
Electrolyte Using Various PEDOT-Cl-Coated (10 μm)
Substrates as the Working and Counter Electrodes

substrate C (mF/cm2) E (μW h/cm2) P (mW/cm2)

polyimide 50 10.0 0.6
calathea zebrina leaf 86 17.2 1.1
lotus leaf 98 19.6 1.2
sunflower petal 110 22.0 1.3
pansy petal 128 25.6 1.5
pilea involucrata leaf 142 28.4 1.7
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stability of the pilea involucrata device is shown in Figure S8.
Similar to liquid electrolyte devices, the capacitance is observed
to occasionally increase with extended cycling and less than 5%
loss in overall capacitance is observed after 10 000 charge−
discharge cycles.
The performance of these solid-state charge-storage devices

is contextualized using Ragone plots normalized to the area
(Figure S9a) or volume (Figure S9b) of the entire device. The
solid-state PEDOT-Cl pseudocapacitors presented here rank
among the highest known energy and power density devices
containing aqueous or solid-state electrolytes.5−13,17,28,30−34 A
volumetric energy density of 4.7 mW h/cm3 is achieved in
pansy petal-based pseudocapacitors (power density 0.14 W/

cm3) (Tables S3 and S4). A volumetric power density of 3.2
W/cm3 is obtained with polyimide substrates (energy density
0.36 mW h/cm3) (Tables S5 and S6). An areal energy density
of 29 μW h/cm2 (power density 0.9 mW/cm2) and areal
power density of 26 mW/cm2 (energy density 3.0 μW h/cm2)
are obtained on pilea involucrata leaf and polyimide substrates,
respectively (Tables S7 and S8).

■ CONCLUSIONS
The naturally occurring surface features of selected plant leaves
and flower petals can be exploited to create high-surface-area,
microstructured all-polymer electrodes. The surfaces of plant
matter can be nondestructively coated using reactive vapor

Figure 4. Solid-state electrochemical charge-storage devices. (a−j) For each panel: (left) cross-section of solid-state charge-storage device, (center)
current−voltage response of the solid-state device, (right) galvanostatic charge−discharge curves for the solid-state device. PVA−H2SO4 gel was
used as the electrolyte in all solid-state devices. (e) Optical images of a packaged solid-state pseudocapacitor constructed with PEDOT-Cl-coated
pilea involucrata leaves.
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deposition, creating leaf- and petal-based all-polymer electro-
chemical electrodes in one step. Pseudocapacitive devices
comprised of polymer-coated plant matter boast larger areal
mass loadings of the electroactive material (Table S9) and
proportionately higher areal capacitance compared to flat,
planar substrates. Further, these plant-based pseudocapacitors
display remarkable cycle stabilities, affirming that practical,
lightweight (Table S10) charge-storage devices can be
sustainably created using plant matter substrates and vapor-
printed electroactive polymers.

■ MATERIALS AND METHODS
General Considerations. All chemicals were purchased from

Sigma-Aldrich or TCI America and used without further purification.
Field-emission scanning electron microscopy was performed using a
Magellan 400. Film thicknesses were measured on a Veeco Dektak
150 profilometer. Sheet resistance and conductivity were measured
using a home-built four-point probe station. Calathea zebrina leaves,
sunflower petals, and pilea involucrata leaves were freshly cut from
living plants, rinsed with water, and air-dried before use. Dry lotus
leaves and pressed pansy petals were purchased and used without
cleaning. Polyimide substrates were rinsed with isopropanol and air-
dried before use.
Film Preparation. Films of p-doped poly(3,4-ethylenedioxythio-

phene) (PEDOT-Cl) were directly deposited on 25 μm thick
polyimide substrates or plant matter using a previously described
reaction chamber and process parameters8 (Figure 1).26,27 Typically,
the oxidant flux was 1.5 times higher than the monomer flux. A
significantly lower monomer rate resulted in a nonuniform film over a
5 × 5 in.2 substrate, whereas a significantly higher monomer rate
sacrificed the conductivity of the resulting PEDOT-Cl film. Argon gas
was used to maintain the total pressure in the chamber of 300 ± 10
mTorr, and the substrate stage temperature was strictly maintained at
150 °C during deposition. Nominally fragile plant matters were found
to survive these chamber conditions with minimal damage and
undetectable loss of natural water content (substrate stage temper-
atures of 170−180 °C were found to decrease the water content of
plant matter and make them brittle). After the oxidant crucible was
depleted of material, the vacuum was maintained until the substrate
stage was cooled below 60 °C. The resulting PEDOT-Cl films were
immersed in 1 M H2SO4 for 15 min to completely remove trapped
iron salts and other reaction byproducts, as previously established
(Figure S1).26,27 Films obtained using this method remained p-doped
even after rinsing/drying. Because of the iron(III) chloride oxidant
used, chloride counterions were present in the as-deposited films.
Morphologically uniform 10 μm thick films could be created on a

variety of substrates over a total lateral area of up to 10 cm × 10 cm
(limited by the size of the substrate stage). The maximum film
thickness reported here, 10 μm, is not determined by an innate
material or process characteristic but rather by the practical fill
capacity of the electrical furnace used in our chamber to vaporize
FeCl3. Use of a larger furnace with higher fill capacity should allow
access to thicker films.
Electrochemical Analysis of Symmetric PEDOT-Cl Pseudo-

capacitors. Symmetric PEDOT-Cl pseudocapacitors with 0.5 M
aqueous H2SO4 or polymer gel electrolyte were characterized by two-
electrode cyclic voltammetry and galvanostatic charge−discharge
measurements using a WaveNow potentiostat and by electrochemical
impedance spectroscopic analysis performed at open-circuit potential
with a 10 mV amplitude.
Calculations. The volumetric or areal capacitances of symmetric

devices were calculated from two-electrode cyclic voltammetry
measurements using eq 1 or from galvanostatic charge−discharge
curves using eq 2.

C
j v

v V

d
(F/cm ) or (F/cm )device

3 2∫
=

Δ (1)

where V is the voltage, ν is the scan rate, ΔV is the voltage window,
and j is the current density normalized to the total volume of two
PEDOT electrodes (Table S1), to the total area of two PEDOT
electrodes (Table 1), to the volume of the stacked device (Tables S3,
S5, and S7), or to the area of the stacked device (Tables S4, S6, and
S8).

C
I T

V
(F/cm )device

3= Δ
Δ (2)

where Δt is the discharge time, ΔV is the voltage window, and I is the
applied current density normalized to the total volume of two
PEDOT electrodes (Table S2).

The energy density and power density were calculated using eqs 3
and 4, respectively.

E
C V0.5

3600
(W h/cm ) or (W h/cm )devices

2
3 2=

Δ
(3)

where ΔV is the voltage window and Cdevice is the volumetric or areal
capacitance of symmetric devices calculated from two-electrode cyclic
voltammetry measurements using eq 1.

P
E

V
3600

(W/cm ) or (W h/cm )3 2ν=
Δ (4)

where E is the energy density normalized to the volume or area of a
symmetric device, ν is CV scan rate, ΔV is voltage window.

Fabrication of Solid-State PEDOT-Cl Pseudocapacitors. The
gelled electrolyte was prepared by pouring 1 g of poly(vinyl alcohol)
(PVA) (89 000−98 000, 99%, Sigma-Aldrich) into 10 g of 1 M H2SO4
solution. The mixture was heated at 90 °C under vigorous stirring for
2 h. Solid-state device electrodes were prepared by pouring the
polymer gelled electrolyte (100 μL/cm2) onto PEDOT-Cl-coated
substrates and drying in air for 2 h. Two electrodes were then
assembled face-to-face and left in air overnight until the electrolyte
solidified. For the pilea involucrata leaf-based pseudocapacitor, the
same volume of the PVA−H2SO4 mixture was cast on a Celgard 3500
separator instead of being poured directly onto the coated leaf. The
gel-soaked membrane was then sandwiched between two PEDOT-Cl-
coated pilea involucrata leaves to create the final device. This extra
step was necessary to avoid physical contact between the two fuzzy
electrodes.
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