
Converting Iron Corrosion Product to Nanostructured Conducting
Polymers: Synthetic Strategies and Applications
Yifan Diao,$ Haoru Yang,$ Yang Lu, Hongmin Wang, Reagan Woon, Alina Chow, Chiemela Izima,
Brandon Chow, and Julio M. D’Arcy*

Cite This: Acc. Mater. Res. 2023, 4, 616−626 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

CONSPECTUS: Iron corrosion product, commonly known as
rust, forms from the chemical reaction between iron and oxygen in
the presence of water. It is a heterogeneous solid-state material
composed of multiple phases and is ubiquitous throughout the
universe. Sixteen distinct phases of iron corrosion product exist
naturally under different temperature, pH, and pressure. Rust
species such as hematite (α- Fe2O3), maghemite (γ-Fe2O3),
goethite (α-FeOOH), and lepidocrocite (γ- FeOOH), first
documented ca. 800 BCE, make up the solid-state chemical family
composed of iron oxides, oxyhydroxides, and hydroxides. On an
anthropogenic scale, rust represents a persistent problem to all
manner of engineering and industrial pursuits. Corrosion is gradual and nondiscriminatory, affecting iron structures of all shapes and
sizes from bridges and buildings to pipelines and wires that necessitates considerable spending on rust prevention and removal
techniques. The infamous “Rust Belt” is colloquially used to describe regions of the United States characterized by sharp industrial
decline and evokes images of derelict steel factories rusted over from decades of disuse. Therefore, iron corrosion product is
commonly regarded as a symptom of deterioration and a physical manifestation of neglect in the eyes of the public. Yet, invaluable
scientific potential exists within this “waste” material.
Rust is thermodynamically stable, inexpensive, easily processable, and an abundant source of ferric ions (Fe3+) and therefore serves
as an attractive oxidative candidate for developing chemical reactions. The ferric ion, with a standard reduction potential of +0.77 V,
is an oxidizing agent that is well-investigated in the syntheses of highly conductive conjugated polymers such as poly(3,4-
ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy). Additionally, hydrolysis products of ferric ions form various
nanostructures and provide diversified growing template for conducting polymers, including rod-shape akageneite (β-FeOOH),
fiber-shape goethite (α-FeOOH), 2D sheet iron oxychloride (FeOCl), and spherical/cubic hematite (α-Fe2O3).
In this Account, we introduce our unique synthetic strategies that involve rust and advance the state-of-the-art in chemical synthesis
of nanostructured conducting polymers. We utilize products from rust, droplets with rust, and interfaces containing rust to
synthesize nanostructured conducting polymer including rust-based vapor-phase polymerization (RVPP), aerosol vapor
polymerization (AVP), and condensing vapor-phase polymerization (CVPP). Owing to the high conductivity and high surface
area, nanostructured conducting polymers are emerging as hotspots for electrode materials in energy storage devices (i.e.,
supercapacitors) and solar cells. In the second part of this Account, we discuss how combining our unique synthetic strategies with
conventional materials and fabrication techniques produces devices with high figure of merit performance. These devices include a
brick supercapacitor as proof-of-concept energy storage masonry material, a 3D microsupercapacitor with a superior and low-cost
electrode engineering strategy as well as high energy density larger than a thin-lithium battery, and a dye-sensitized solar cell with an
efficiency superior to that of Pt with cost-effective fabrication.

1. INTRODUCTION
Iron corrosion is one of the most widely recognized oxidative
processes in nature, and its heterogeneous corrosion product,
rust, is ubiquitous throughout the universe. Rust is commonly
understood as the reddish-brown coating of ferric oxide/
oxyhydroxide/hydroxide that envelops and corrodes iron
surfaces as they react with oxygen in the presence of water.
Hematite (α-Fe2O3) (Figure 1), an iron oxide polymorph, is
the rusty mineral that gives Mars its distinctive red hue and

was recently found widespread at the Moon’s lunar poles.1

Here on Earth, rust can be found thriving in even the most
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unlikely climates. In the polar desert of Antarctica, five stories
of rusty red saltwater pour out from Taylor Glacier in a striking
sight known as “Blood Falls” which contains ferric ion-rich
saltwater.2 Although corrosion is a natural phenomenon that
produces remarkable natural wonders, humankind has long
regarded rust as an unwanted pestilence. Therefore, rust is
commonly regarded as a symptom of deterioration and a
physical manifestation of neglect in the eyes of the public. Yet,
ample value exists even within this “waste” material.
Currently, the value of rust originates from the fact that it is

a stable, low cost, and environmentally benign precursor, such
as hematite nanoparticles (Fe2O3 NPs), that bear catalytic
property3 and multistate redox activity.4 Rust-derived Fe2O3
NPs have been successfully applied as catalysts for organic
synthesis,5 photocatalysts for dye degradation,6 hydrogen
evolution,2 and redox-active electrodes for batteries.4 Here,
we provide another angle where the potential of rust and the
rusting process are harnessed, i.e. redox potential of Fe3+ that
activates radical polymerization of conducting polymers and
the rusting process that guides the growth of a nanostructured
conjugated polymer film.7

Conjugated polymers, such as poly(3,4-ethylenedioxythio-
phene) (PEDOT) and polypyrrole (PPy), are a class of organic
semiconducting materials that possess both electrical and ionic
conductivity.8 Most conjugated polymers are synthesized using
oxidative radical polymerization which is initiated by oxidizing
monomers into reactive radicals. Polymer chains subsequently
grow via coupling between monomer radicals, followed by
removing excess protons.9 Oxidants and proton scavengers
thus play a pivotal role throughout the reaction.10 Commonly
used aqueous Fe3+ solution in a polymerization reaction often
involves complications such as liquid surface tension, pH, and
the hydrolysis of Fe3+.11 These constraints are mitigated with
powdery and mechanically robust solid-phase rust. Rust is
thermodynamically stable and naturally occurring source of
Fe3+, which makes it an ideal oxidant precursor for conjugated
polymer synthesis.12 Fe3+ ion hydrolysis products also provide
diversified growing templates due to the rich structural
chemistry of the rusting process,13 such as rod-shape
akageneite (β-FeOOH), fiber-shape goethite (α-FeOOH)/
lepidocrocite (γ-FeOOH), and spherical and cubic hematite

(α-Fe2O3). Researchers have reported using size-controlled
iron rust nanoparticles for templated conducting polymer
composite synthesis in the past decade.14−16 Akageneite (β-
FeOOH) contains chloride-filled channels in its crystal
structure, which makes it an ideal component in a nano-
composite with polyaniline for chromium ion removal.14 Other
phases such as lepidocrocite (γ-FeOOH) consists of two-
dimensional layered structure, and its interlayer distance is
useful for ion transport. A composite between polypyrrole and
lepidocrocite results in a supercapacitor electrode with high
capacitance and cycle stability.15

In our strategy, oxidative radical polymerization changes the
course of hydrolysis, captures nanostructured hydrolysis
intermediates to serve as the template, and further promotes
templated growth. The interplay between iron hydrolysis and
oxidative radical polymerization leads to highly conductive
conjugated polymers with varied nanostructures. In this
Account, we summarize recent progress in rust chemistry
and new strategies on synthesizing nanostructured conducting
polymers by investigating oxidative radical polymerization. We
introduce various synthetic approaches that take advantage of
iron corrosion as well as its product to generate distinct
nanostructured conducting polymers and demonstrate our
contribution to diverse applications in energy storage and solar
cells. Additional discussions on related synthetic techniques
and applications such as humidity sensing are in the
Supporting Information.

2. SYNTHESIS OF CONDUCTING POLYMER
NANOSTRUCTURES

Nanostructured conducting polymers are superior to conven-
tional bulk-phase conducting polymers and show improved
electrical conductivity, carrier mobility, electrochemical
activity, optical property, and biocompatibility thanks to the
well-defined nanostructure and high surface area.17 Depending
on applications, conducting polymers are synthesized as 0D
nanospheres, 1D nanofibers/rods/wires/tubes, 2D nanosheets,
3D porous structures, and nanohybrids with monolithic or
core−shell structures.18 However, structural defects, inhomo-
geneous aggregation, severe restacking, and poor contact
destroy the advanced properties of nanostructured conducting
polymers; therefore, controlling the morphology is of para-
mount importance.17

Among various synthetic strategies, vapor-phase polymer-
ization produces a contiguous crystalline film with minimal
boundary and showing the highest conductivity.18 Here, we
explore template-free vapor-phase polymerizations for synthe-
sizing conducting polymer nanostructured films/coatings. We
introduce strategies that utilize rust and droplets with rust to
synthesize nanostructured conducting polymers, including
rust-based vapor-phase polymerization (RVPP),7 aerosol
vapor polymerization (AVP),19 and condensing vapor-phase
polymerization (CVPP).20

2.1. Rust-Based Vapor-Phase Polymerization (RVPP)

Currently, polymerization from the vapor phase usually
requires a metal salts serving as the oxidizing agent, such as
Fe3+-containing salts.21 However, such an approach suffers
from the following: (1) Costly fabrication, since Fe3+-
containing salts are expensive and its corrosive properties
require safety precautions during handling.22 (2) Poor
reproducibility, since Fe3+ salts are hygroscopic, chemically
unstable, and undergo hydrolysis over time.11,13 (3) Limited

Figure 1. Schematic diagram of iron corrosion product (rust) as both
a source of Fe3+ for vapor-phase synthesis of conducting polymers and
templates for nanostructure formation. The nanostructured conduct-
ing polymers are utilized in energy storage devices, dye-sensitized
solar cells, and sensors. Reproduced with permission from ref 38.
Copyright 2020 Springer Nature. Reproduced with permission from
ref 55. Copyright 2019 Royal Society of Chemistry.
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Figure 2. (a) Schematic diagram of rust-based vapor-phase polymerization (RVPP) carried out in a sealed vessel. (b) Scheme of RVPP mechanism
entailing rust dissolution, Fe3+ hydrolysis, and oxidative radical polymerization of EDOT monomer into a doped form of PEDOT. (c) Scanning
electron micrograph shows that rust possesses sea-urchin-like microstructure and is converted to a nanofibrillar architecture with high packing
density of high aspect ratio nanofibers. (d and e) Photographs show that a rusted screw and red fired brick serve as substrates for RVPP, leading to
conformal blue texturized PEDOT coatings. Reproduced with permission from ref 7. Copyright 2019 American Chemical Society.

Figure 3. (a) Schematic diagram of PEDOT nanofiber growth mechanism, including forced hydrolysis of FeCl3 in water into β-FeOOH
nanospindles that templates the oxidative radical vapor-phase polymerization of EDOT into PEDOT nanofibers. The polymerization produces Cl−-
doped PEDOT and byproduct HCl that etches the β-FeOOH core and liberates more FeCl3 for reaction. Control of pH enables the synthesis of
(b) monolithic PEDOT nanofibers and (c) FeOxHyClz−PEDOT core−shell nanofibers. Hydrolysis of TeCl4 and SnCl4 lead to (d) TeOx−PEDOT
core−shell nanowires and (e) SnO2−PEDOT core−shell nanorods. (f) Hydrolysis of FeCl3 in organic solvent (ethanol) produces FeOCl 2D
nanostructure that templates 2D PEDOT nanoflower synthesis. (g) Modification of the reactor adding a N2 bypass increases mass transport
efficiency of EDOT vapor and enables the synthesis at temperatures lower than 130 °C. (h) Horizontally directed PEDOT nanofibers are
synthesized with nucleation control and self-assemble into a 3D network mat. Reproduced with permission from ref 10. Copyright 2018 American
Chemical Society. Reproduced with permission from ref 33. Copyright 2019 Royal Society of Chemistry.
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versatility, since Fe3+-containing solution and vapor are
affected by template hydrophilicity/hydrophobicity (droplet
morphology) and container materials (glass or stainless steel)
leading to nonuniform and unrepeatable polymer morphol-
ogy.23 We present a robust solid-state platform for synthesizing
nanostructured conducting polymer utilizing rust as a reactant,
named rust-based vapor-phase polymerization (RVPP).7 This
approach obviates the need of a corrosive salt, affords a stable
solid-state oxidant source for engineering facile reactions, and
provides a sustainable approach for the synthesis of organic
electronics using what is typically considered chemical waste.
Rust-based vapor-phase polymerization (RVPP) advances

the state-of-the-art in chemical synthesis via deposition of
freestanding nanofibrillar films of the conducting polymer
poly(3,4-ethylenedioxythiophene) (PEDOT) on a rust-con-
taining substrate. A nanofibrillar PEDOT film is synthesized by
placing a rusted steel sheet in a sealed vessel along with 20 μL
of concentrated hydrochloric acid and 200 μL of a 0.0034 M
EDOT in chlorobenzene solution (Figure 2a). As the
temperature initially ramps up, hydrochloric acid vapor
diffuses, dissolves rust, and liberates Fe3+ ions. Fe3+ ions
simultaneously undergo hydrolysis and oxidize monomer
molecules upon contact (Figure 2b). During oxidative radical
polymerization, some Fe3+ ions oxidize monomer 3,4-ethyl-
enedioxythiophene (EDOT) molecules to EDOT+• radical
cations. These radicals couple together and form the
conjugated PEDOT backbone via step-growth polymer-
ization.24 Throughout this process, monomer−radical coupling
and deprotonation occur repeatedly. Other Fe3+ ions undergo
hydrolysis due to elevated temperature, forming sea-urchin-like
structures (Figure 2c, left), and templates the growth of
PEDOT into a nanofibrillar morphology (Figure 2c, right)
doped by chloride ions.
Due to this solid-phase conversion, chemistry enabled by

rust provides an opportunity for integrating conducting
polymer with any rust containing materials. As a proof of
concept, a corroded metal screw (Figure 2d) and a brick
(Figure 2e) are successfully converted to a PEDOT-coated
screw and PEDOT-integrated brick.
2.2. Hydrolysis-Assisted Vapor-Phase Polymerization
(HVPP)

Core−shell system is promising due to its hybrid functionality
in both core and shell that shows a synergistic effect in energy
storage,25 photothermal therapy,26 electromagnetic absorp-
tion27 and photoluminescence.28 Current synthetic strategies,
including hard-templating, soft-templating, and template-free,
suffer from restricted scale, high-cost, and difficulty in template
elimination.18 To overcome those limitations, we developed
hydrolysis-assisted vapor-phase polymerization (HVPP) by
utilizing a FeCl3 droplet.

10

Fe3+ dissolved in water undergoes hydrolysis, producing
hexa-aqua complexes [Fe(H2O)6]3+ which readily undergo
substitution reactions (olation and oxolation) and form Fe−
OH−Fe and Fe−O−Fe polymers (Figure 3a).11 Hydrolysis-
assisted vapor-phase polymerization (HVPP) “hijacks” the
formation of inorganic polymers during hydrolysis to template
conducting polymer synthesis. A Cl−-rich environment and low
pH contribute to the precipitation of β-FeOOH nanospindles
at elevated temperature (130 °C). During synthesis, β-FeOOH
nanospindles serve as preferential nucleation sites, resulting in
1D conducting polymer nanofibers of a high aspect-ratio
(∼500). The pH offers control over the structure of 1D

conducting polymer nanofibers because iron species are etched
at a faster rate under low pH. This leads to formation of
monolithic PEDOT nanofibers (Figure 3b), while higher pH
leads to FeOxHyClz−PEDOT core−shell nanofibers (Figure
3c).29 Core−shell nanofibers are further controlled by utilizing
a two-salt system with FeCl3 as the oxidant for polymerization
while more hydrolysis-prone salts such as TeCl4 and SnCl4 are
introduced to serve as templates.30 This system promotes
forced hydrolysis of TeCl4 and SnCl4 to produce TeO2
nanowires (Figure 3d) and SnO2 nanorods (Figure 3e) that
serve as cores in inorganic oxide−PEDOT core−shell hybrid
nanomaterials.31 Alternatively, nanostructure is controlled by
the polarity of the solvent. For example, hydrated solvents such
as ethanol and nitromethane produce 2D FeOCl templates
that result in 2D PEDOT nanoflowers (Figure 3f).32

Altering the stoichiometry and temperature affects initial
nucleation of β-FeOOH and determines the growth direction
of PEDOT nanofibers. Under high FeCl3 concentration
(saturated) and low temperature (95 °C), hydrolysis is stifled
and β-FeOOH nanospindles nucleate in a slow and
heterogeneous manner on the substrate. Horizontally directed
nanofibers develop along the substrate, minimizing the overall
system energy and eventually self-assembling into a porous
mat. Mass transport of EDOT vapor is enhanced with N2 gas
flow because the low temperature diminishes evaporation of
the monomer solution (Figure 3g). Horizontally directed
PEDOT nanofibers possess a high aspect-ratio of ∼1000 with
high packing density and form a 23 μm thick 3D network
(Figure 3h).33

3. STRUCTURE DESIGN AND ENGINEERING IN
CONDUCTING POLYMER-BASED DEVICES

3.1. Energy Storage: Supercapacitors

A supercapacitor or electrochemical capacitor is an energy
storage device consisting of two electrically conductive
electrodes separated by an electrolyte with mobile ions.34

This device features fast charging−discharging rates and long-
term cycle stability because nanostructured electrodes provide
large surface area that stores energy in both electric double
layers and redox-active sites; additionally, high free volume
mitigates mechanical deformation and facilitates ion trans-
port.35

3.1.1. Stationary Supercapacitor Based on Red Brick.
Finding a solution for large-scale energy storage is of
paramount importance in accordance with the development
of renewable energy. Molten electrodes used for commercial-
ized large-scale energy storage, such as the sodium−sulfur
battery, feature low cost, high energy density, long cycle life,
and high Coulombic efficiency.36 However, the high operating
temperature (≥300 °C) raises maintenance cost, safety issues,
and battery corrosion; development of a room temperature
sodium−sulfur battery is in its infancy.37 Other electro-
chemical energy storage technologies such as lithium ion
batteries are unsuitable for large scale applications due to the
high price and low lithium abundance. We propose a concept
of storing energy in building walls by creating an electro-
chemically active coating on construction materials.38

Fired red brick is a 5000-year-old construction material
containing fused particles of SiO2, Al2O3, and α-Fe2O3.

39

Polymer nanofibers are deposited within the inorganic matrix
of a brick to develop supercapacitors. This process is initiated
by the liberation of Fe3+ from the hematite in a brick. The
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brick’s microporous structure enables facile diffusion of reagent
vapors that contributes to robust adhesion with PEDOT. A
PEDOT-coated brick is converted to a working electrode for
carrying out cyclic voltammetry (three-electrode geometry) by
attaching a Pt current lead with polyimide tape (Figure 4a).
Two-electrode supercapacitors are fabricated using gel (poly-
(vinyl alcohol) + 1 M H2SO4) electrolytes. while application of
gel electrolyte to one brick face allows charge storage on the
opposite face (Figure 4b). Gel electrolyte is utilized to enhance
device stability and minimize electrolyte leakage, acting as both
a binder and separator to mimic a “brick−mortar−brick”
structure. Gel electrolyte is selected because of its excellent
processability and ionic conductivity, and epoxy is utilized as a
sealant (Figure 4c), producing a stable waterproof super-
capacitor. The supercapacitor exhibits an areal capacitance of
0.868 F/cm2 and areal energy density of 121 μWh/cm2.
Connecting three devices creates a waterproof system as
evidenced by identical cyclic voltammograms before and after
being submerged (Figure 4d) and extends the voltage window
to 3.6 V, lighting up a green LED (Figure 4e). The brick
supercapacitor is operational between −20 and 60 °C and
remains stable after three heating−cooling cycles (Figure 4f).
Gel electrolyte and epoxy sealing enable 10 000 charge−
discharge cycles with ∼90% capacitance retention (Figure 4g).
The device is easily scaled up and modularized for powering
microdevices embedded in the wall (Figure 4h).
3.1.2. Three-Dimensional Nanofibrillar Microsuperca-

pacitor. Microsupercapacitors (μSCs) are an attractive
alternative to batteries for electrochemical energy storage in
miniaturized portable electronics due to their high-power
density and extended cycling stability. The challenge for this
device is poor energy density, and an efficient approach is to
generate 3D structures in an electrode that offer high surface
area for charge storage.40 Current fabrication strategies, such as

inkjet printing,41 laser scribing,42 or electrochemistry,43 require
prefabricated templates that unfortunately possess low packing
density and low aspect ratio scaffolds with low surface area.44

We introduce an electrode engineering platform to produce
3D nanofibrillar PEDOT μSCs by combining conventional
microfabrication and rust-based vapor-phase polymerization
(Figure 5a).45 Microfabrication of an interdigitated electrode
requires spin coating photoresist on SiO2 and photolithog-
raphy to produce an interdigitated pattern via laser writer. A
chromium adhesion layer, gold current collector, and iron
oxide (Fe2O3) oxidant precursor are sequentially deposited,
forming an Fe2O3-coated electrode. PEDOT nanofibers are
deposited (via RVPP) and remain intact after lift-off as
interdigitated electrodes that adhere to the current collector
(Figure 5b).
A μSC is composed of two five-finger electrodes

homogeneously coated with PEDOT nanofibers; each finger
and interdigitated gap are 200 μm wide (Figure 5c). A high
packing density of vertically aligned nanofibers (Figure 5d) is
produced due to polymerization in confined volume within the
photoresist trenches. A single nanofiber possesses an aspect
ratio ∼100 (10 μm length, 100 nm diameter) (Figure 5e) and
core−shell structure (Figure 5f). Energy-dispersive X-ray
spectroscopy elemental maps show a homogeneous distribu-
tion signal of sulfur, confirming the uniformity of PEDOT
nanofibers (Figure 5g).
The interdigitated (L0) and fractal (L1) electrodes are

compared to evaluate the electrochemical performance of the
μSC configuration (Figure 5h). These devices possess a 200
μm gap and are characterized by equivalent series resistance
(ESR) of ∼13 Ω and ∼17 Ω, respectively. Unlike 2D
electrodes, where ESR increases with complexity in electrode
geometry, L1 possesses lower ESR than L0 and a 10%
capacitance increase because its vertically directed nanofibrillar

Figure 4. Red fired brick-based PEDOT supercapacitor. (a) Working electrode configuration containing a nanofibrillar PEDOT-coated brick and a
Pt current lead. (b, c) Two-electrode supercapacitor configuration utilizing gel electrolyte sealed in epoxy. (d) Cyclic voltammograms of a single gel
electrolyte supercapacitor with extended voltage window up to 1.2 V and a tandem device containing three supercapacitors showing a 3.6 V voltage
window. Epoxy seal contributes to a waterproof device exhibiting identical cyclic voltammograms before/after being submerged under water. (e)
The waterproof device lights up a green LED when submerged under water. (f) The gel electrolyte supercapacitor stores charge at temperatures
between −20 and 60 °C and (g) remains stable after 10 000 charge−discharge cycles in ambient conditions. (h) A modularized tandem brick
supercapacitor lights up a green LED. Reproduced with permission from ref 38. Copyright 2020 Springer Nature.
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structure provides accessible ion pathways. These results
highlight the synergistic convergence between fractal geometry

and 3D nanofibrillar electrode architecture, demonstrating low
impedance, high capacitance, and a cost-effective fabrication

Figure 5. (a) Fabrication process and structural characterization of a 3D nanofibrillar PEDOT μSC. (b) Digital photograph shows the μSC
configuration consisting of two electrodes with gold pads and each possessing five PEDOT-coated fingers. (c) A scanning electron micrograph
shows a close-up of 200 μm wide polymer-coated fingers and demonstrates a gap void of the polymer. (d) Cross-sectional electron micrograph
captures device layers (augmented by color) and the active polymer coating composed of a carpet of vertically directed PEDOT nanofibers. (e)
Transmission electron micrograph and (f) high-angle annular dark-field STEM image of single fibers confirm a core−shell structure. (g) EDX maps
for a nanofiber show an elemental composition consisting of S. (h) Schematic representations of interdigitated (L0) and fractal electrodes (L1)
possessing a 200 μm gap. (i) After 10 000 cycles with a gel electrolyte, 94% of original capacitance is retained and rectangular-shaped cyclic
voltammograms are obtained at scan rates of 10, 20, and 50 V/s. (j) Volumetrically normalized Ragone plot compares our μSCs with a 2D lithium
film battery, Al electrolytic capacitor, and activated carbon commercial supercapacitor as well as 2D PEDOT-, PANi/rGO-, Co(OH)3/rGO-, and
MnO2/rGO-based microsupercapacitors. Reproduced with permission from ref 45. Copyright 2020 John Wiley and Sons.

Figure 6. (a) Schematic diagram of PEDOT-based dye-sensitized solar cell fabrication. (b) Scanning electron micrograph of PEDOT film on FTO
substrate. (c) Cyclic voltammograms of Pt and PEDOT film as counter electrodes for DSSC at a scan rate of 50 mV/s. (d) Nyquist plots of the
symmetric CE−CE cells and the equivalent circuit models for the I−/I3− reaction. (e) Photocurrent−voltage characteristics of DSSCs with PEDOT
and Pt CEs under AM 1.5 and schematic of a DSSC using a PEDOT film as a CE (inset). Reproduced with permission from ref 49. Copyright 2020
Elsevier.
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strategy. A 1 M H2SO4/poly(vinyl alcohol) (PVA) gel
electrolyte is applied to minimize electrolyte leakage and
enhance cycling stability, allowing a μSC to retain 94% original
capacitance after 10 000 cycles whereas liquid water-based
devices retain 90%. The gel μSCs exhibit symmetric
rectangular CVs (50 V/s scan rate) due to a highly ordered
nanofibrillar surface area as well as low electronic and ionic
resistances (Figure 5i). A Ragone plot compares power density
to energy density and evaluates energy storage metrics after
normalizing figures of merit by volume or area (Figure 5j). A
device with a 250 nm polymer coating exhibits a volumetric
energy density of 16.1 mWh/cm3 while a coating thickness of
900 nm achieves an areal energy density of 1.9 mWh/cm2.
These values represent the highest performance for conducting
polymer-based μSCs, surpassing Li-thin film battery metrics.42

3.2. Dye-Sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) are an attractive alternative
to traditional photovoltaic devices due to their low cost, simple
manufacturing process, and high theoretical photoelectric
conversion efficiency.46 DSSCs typically consist of a TiO2
electrode sensitized with an absorbing layer, an electrolyte, and
a Pt counter electrode (CE). The CE acts as the reducing
agent in a redox couple, collects electrons from the external
circuit, transmits them back into the cell, and reflects
unabsorbed light back into the cell to enhance utilization of
sunlight energy.47 An ideal CE possesses high catalytic activity,
high conductivity, high reflectivity, high surface area, high
electrochemical and mechanical stability, low cost, and good
adhesion to the substrate.48 We fabricate a cost-effective DSSC
with a PEDOT CE49 by sputtering a 40 nm thick Fe2O3
oxidant layer on a piece of fluorine-doped tin oxide (FTO) and
then converting the Fe2O3 layer to polymer via chemical
synthesis (Figure 6a). A high surface area PEDOT nanofibrillar

film is deposited via RVPP7 onto the FTO glass substrate and
is characterized by a conductivity of 1021 S/cm (Figure 6b).
To evaluate the electrochemical performance of a PEDOT

vs Pt CE, cyclic voltammetry is carried out to probe the charge
transfer process and electrocatalytic activity in iodine redox
electrolyte with a three-electrode system. The anodic (Jpa) and
cathodic (Jpc) peak correspond to the oxidation of I− and the
reduction of I3−, respectively (Figure 6c). There is a significant
increase in the Jpc for PEDOT (6.0 mA/cm2) compared to the
Pt electrode (2.7 mA/cm2), indicating excellent electrocatalytic
ability of the PEDOT film to reduce I3−.50 Moreover, the lower
peak potential separation (ΔEpp = potential difference between
the Jpa and Jpc) for PEDOT indicates a faster reaction rate for
the reduction of I3− to I−. These results suggest that a PEDOT
CE is a highly efficient electrochemical catalyst due to fast
electron transport at the electrode/electrolyte interface,
resulting in an increased rate of reduction of I3− to I−. Nyquist
plot is introduced to evaluate the impedance of Pt and PEDOT
cells (Figure 6d), and the equivalent RC circuit model (Figure
6d inset) is used to obtain the EIS parameters (RS, Rct, Zw) by
fitting the impedance spectra to the equivalent model. The Rs
value refers to the equivalent series resistances (ESR: x-axis
intercept) and is associated with the contact resistance
between current collector and CE, the resistance of CE, and
the resistance of electrolyte and CE interface. Our PEDOT CE
possess a lower ESR (4.3 Ω) compared to Pt (9.2 Ω). The
diameter of the semicircle represents both the charge transfer
resistance (Rct) at the CE/electrolyte interface and the redox
species (I−/I3−) diffusion resistance (Zw) in the electrolyte.
The Rct for the PEDOT film (7 Ω) is six times lower than that
for the Pt film (42 Ω), suggesting a higher charge transfer
process at the electrolyte/PEDOT CE interface due to the

Figure 7. Nanofibrillar PEDOT coatings for a kirigami humidity dosimeter. (a) A kirigami PET film is sputtered with a 60 nm Fe2O3 layer and
subsequently undergoes rust-based vapor-phase polymerization that produces (b) homogeneous PEDOT nanofibrillar electrode. (c) Photograph of
humidity dosimeter in its 2D state attached to a surgical mask. (d) Front and side view of our device stretching to accommodate 3D deformation
from surgical mask. (e) Resistance changes and (f) response times compared between PEDOT nanofibers and PEDOT:PSS as a function of relative
humidity. Reproduced with permission from ref 55. Copyright 2019 Royal Society of Chemistry.
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high conductivity and catalytic activity of the PEDOT that
facilitates electron transfer.51

A DSSC full cell is fabricated utilizing FTO/TiO2 as the
working electrode and PEDOT as the CE (Figure 6e inset),
and the photovoltaic performance is evaluated under ambient
conditions. The photocurrent density−photovoltage (J−V)
(Figure 6e) shows similar open-circuit voltage for both cells;
the PEDOT−DSSC possesses a high short-current density
(20.24 mA/cm2) which is slightly lower than Pt−DSSC due to
PEDOT’s higher intrinsic electrical conductivity. However, a
higher fill factor (FF) (65%) value is observed for PEDOT film
due to its low Rct and excellent electrochemical catalytic
activity, attributed to the increased contact area between the
PEDOT CE and electrolyte.52 As a result, the PEDOT−DSSC
exhibits 8.4% higher efficiency compared to the values reported
in the literature.
3.3. Kirigami Humidity Dosimeter

Wearable healthcare monitors are emerging as hotspots in
scientific research due to their extended applications in medical
science and smart electronics.53 Kirigami, the art of paper
cutting, is an emerging approach to constructing stretchable
3D architectures out of simply cutting planar sheets. Under
external strain, cuts made in thin films undergo in-plane
rotation and out-of-plane buckling that expand to 3D
structures.54 However, these thin film electrodes suffer from
limited surface area and are characterized by poor sensitivity.
The field of kirigami is consequently experiencing a lack of
applications in healthcare-sensing devices. We demonstrate
refined control over deposition of conducting polymer
nanofibers on kirigami film for humidity dosimeters via our
previously reported rust-assisted vapor-phase polymerization
(RVPP).55

A conformal PEDOT nanofibrillar film is produced by
sputtering an oxidant precursor (Fe2O3) onto a kirigami
polyethylene terephthalate (PET) film (Figure 7a) via
previously reported synthesis (RVPP).7 Scanning electron
micrographs (SEM) in Figure 7b show homogeneous PEDOT
(blue) thin films with nanofibers growing up to an aspect ratio
of 50, generating a high surface area, high packing density, and
conducting network. Due to the global outbreak of COVID-19,
the ability to detect whether one’s mask has been exposed to
respiratory droplets from coughing or sneezing is also of
considerable importance.56 Our nanofibrillar PEDOT kirigami
electrode serves as a flexible chemoresistive sensor by
monitoring the relative humidity change on the mask to
detect droplet attachment.57 The stretchable 2D kirigami
electrode is easily integrated onto the 2D mask via platinum
current leads, Kapton tape, and a multimeter (Figure 7c), and
it shows clear compatibility mechanically with a surgical mask
at a thickness of only 0.5 mm and a mass of 0.16 g.
For comparison, we introduce our nanofibrillar PEDOT

electrode and compared it against PEDOT:PSS thin film
electrodes for testing humidity levels. Figure 7d shows that the
resistance decreases with increasing humidity for both
electrodes due to (1) polymer swelling-induced electron
transfer through conjugation length, and (2) formation of a
water layer that induces electron hopping and facilitates
electron transfer. Importantly, the nanofibrillar PEDOT film
exhibits remarkable decrease in resistance at the initial
humidity range (around 40% relative humidity) and exhibits
faster response (<2 s) in comparison to the PEDOT:PSS thin
film (Figure 7e).58 The heightened response of our electrode is

a consequence of the larger surface area generated by high
aspect ratio nanofibers that provide more accessible pathways
for water vapor to traverse.59 This is congruent with the porous
nature of nanofiber films, in which gas molecules or aerosol
droplets can rapidly diffuse in and out of the nanofibers
(Figure 7f).60 Our PEDOT nanofibrillar humidity dosimeter
exhibits better performance in both sensitivity and response
time than conventional PEDOT:PSS films as well as
commercial humidity sensors, qualifying it as an ideal
humidity-sensing dosimeter accessory for surgical masks.

4. CONCLUSIONS AND OUTLOOK
Iron corrosion products are useful materials owing to their
interesting properties. They are both ideal solid-state sources
of Fe3+ ions for carrying out chemical synthesis and templates
for nanostructured conducting polymer synthesis. Our
technique provides a simpler approach to synthesizing highly
conductive PEDOT and polypyrrole nanostructures ranging
from nanofibrillar and nanotubular film to submicron particles.
Vapor-phase synthetic techniques such as HVPP and RVPP
produces homogeneous nanostructured PEDOT films. The
polymer film is composed of 1D nanofibers with high packing
density and possesses enhanced electrical conductivity. Our
vapor-phase deposition technique is applicable to both
inorganic (silicon, conductive FTO glass, fired brick) and
organic (PET) substrates. We demonstrated the versatility of
vapor-phase-synthesized conducting polymer films with a
variety of applications such as energy storage, solar cells, and
sensing. Future research will include overcoming challenges in
mass transport of reactants to facilitate scaling up of our vapor-
phase techniques. Potential solutions include utilizing active
transport methods, such as flowing vapors with a carrier gas.
We envision that the enriched product forms of nano-
structured conducting polymer will enhance performance in
fields of energy storage, electro/photocatalysis, sensing,
electromagnetic interference shielding, and mixed ionic−
electronic electronics.
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