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ABSTRACT: Lack of solution processability is the main bottle-
neck in research progression and commercialization of conducting
polymers. The current strategy of employing a water-soluble
dopant (such as PEDOT:PSS) is not feasible with organic solvents,
thus limiting compatibility on hydrophobic surfaces, such as three-
dimensional (3D) printable thermoplastics. In this article, we
utilize a colloidal dispersion of PEDOT particles to overcome this
limitation and formulate an organic paint demonstrating conformal
coating on 3D-printed objects. We start with synthesizing PEDOT
particles that possess a low electrical resistance (gap resistance of
4.2 ± 0.5 Ω/mm). A particle-based organic paint is formulated and
applied via brush painting. Coated objects show a surface resistance of 1 kΩ/cm, comparable to an object printed by commercial
conductive filaments. The coating enables the fabrication of pH and strain sensors. Highly conductive PEDOT particles also absorb
light strongly, especially in the near-infrared (NIR) range due to the high concentration of charge carriers on the polymer’s
conjugated backbones (i.e., polarons and bipolarons). PEDOT converts light to heat efficiently, resulting in a superior photothermal
activity that is demonstrated by the flash ignition of a particle-impregnated cotton ball. Consequently, painted 3D prints are highly
effective in converting NIR light to heat, and a 5 s exposure to a NIR laser (808 nm, 0.8 mW/cm2) leads to a record high-
temperature increase (194.5 °C) among PEDOT-based coatings.
KEYWORDS: PEDOT particles, aerosol synthesis, organic processability, thermal plastic, organic paint, 3D printing, flash ignition,
NIR photothermal

■ INTRODUCTION
Expanding the functionalities of three-dimensional (3D)
printed objects beyond their basic structural functions gains
importance as 3D printing becomes a popular method of
manufacturing.1 A common form of 3D printing, fused
deposition modeling (FDM), is inexpensive and works with
varying levels of resources, as it can be implemented at the
household level.2 FDM’s accessibility means it has the capacity
to make societal impacts across disciplines, especially with the
production of 3D-printed objects with high electrical
conductivity. The exploration of electronic and thermal
capabilities in 3D-printed materials is of paramount
importance for developing applications ranging from energy
storage to biotechnologies. Notably, 3D printing is used to
create custom, patient-specific medical constructs, such as
hearing aids and prosthetics, and to fabricate electrochemical
energy storage devices such as batteries and capacitors.3,4

However, 3D printing objects from commercially conductive
filaments has limitations. Conductive filaments typically consist
of carbon, which can be tough on the typically soft nozzles
used in FDM printers.5 Aside from FDM, other methods for
3D printing electronics have their own limitations. For

example, the use of surface direct write techniques to print
with conductive filaments can require expensive equipment,
the printers can get clogged, and the 3D printing capacity of
the technology that tries to circumvent those clogging issues is
often limited.6 Freeform 3D printing techniques using
conductive metal filaments and inks necessitate high-temper-
ature sintering; or exist in a liquid form, which limits their
practicality in applications.6 Conformally coating untreated
3D-printed thermoplastics with functional and robust film or
paint is needed to impart electrical conductivity and provide a
viable alternative to conductive commercial filaments.
Conducting polymers possess unique electronic, ionic, and

optical properties with the potential for advancing the next
generation of bioelectronics,7,8 energy harvesting/storage
electrodes,9−11 and electrochemical catalysts.12−14 Unfortu-
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nately, the recalcitrant insolubility for the vast majority of
conducting polymers remains a challenge stifling the develop-
ment of current and future applications. Among conducting
polymers, poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) is a solution-processable exception
commonly purchased as a water-based formulation15 suitable
for inkjet printing,16 drop casting, and spin coating.17,18 A
major limitation for PEDOT:PSS stems from its incompati-
bility with organic solvents, leading to coatings that readily
delaminate from untreated hydrophobic substrates such as 3D-
printed thermoplastics. An alternative to processing a solution-
based formulation is found by dispersing conducting polymer
particles as colloids;19 however, few reports in the literature
discuss the synthesis and optimization of solution-processable
conductive PEDOT particles.20−22 Here, we develop a
continuous aerosol synthesis that produces submicron
PEDOT particles of low electrical resistance (4.2 ± 0.5 Ω)
processable in organic solvents, affording a stable dispersion
(surfactant is unnecessary) for conformally coating untreated
3D-printed thermoplastics. A particle-based coating is robust,
electrically conductive (1 kΩ/cm), and enables the engineering
of stretchable resistive sensors. Moreover, our coatings are
highly photothermally active because PEDOT’s charge carriers
absorb light in the near-infrared (NIR) region. Exposing a
coating to a 5 s laser pulse (808 nm, 0.8 mW/cm2) raises its
temperature to 194.5 °C, the highest reported among PEDOT
coatings,23,24 with the potential for light-induced surface
sterilization applications.

■ MATERIALS AND METHODS
Iron(III) chloride (reagent grade, 97%), ethanol (200 proof,
anhydrous), and 3,4-ethylenedioxythiophene (EDOT, 97%) were
purchased from Sigma Aldrich and used without further purification.
Ultrapure water was obtained from a Millipore filter (18.2 MΩ). 3D
printing filaments were purchased from eSUN (PLA and PETG,

brand name: Inland) and Ninjiatek (TPU, brand name: NinjiaFlex).
Conductive PLA filaments were purchased from Proto-Pasta.

Particle Synthesis and Purification. A straight Vigreux tube 60
cm in length and 2.54 cm in diameter was held vertically as the reactor
and heated to 130 °C; the finger indentations inside the glass reactor
disturbed the gas streams for better reactant mixing. Iron(III) chloride
aerosol generated via a 1.7 MHz ultrasonic transducer was carried by a
125 sccm (standard cubic centimeter) N2 flow, and 3,4-ethyl-
enedioxythiophene (EDOT) vapor generated via bubbling the liquid
was carried by a 75 sccm N2 flow. Liquid EDOT was in a 50 mL
three-neck flask so that the addition of reactant was continuous. The
reactor was heated to 130 °C, while the EDOT monomer temperature
was 50 °C. Particles were collected as dispersion by directing aerosol
flow through three ethanol-filled scrubbing bottles connected in
series.

Solvent removal of collected PEDOT in ethanol dispersion was
carried out in a rotary evaporator at 50 mL aliquots. The remaining
dispersion was subsequently purified by centrifuging in 50% 1 M
hydrochloric acid and 50% ethanol until the supernatant became
colorless or light blue. Hydrochloric acid removed any iron from
particles and doped the polymer. The purified dispersion was
lyophilized resulting in a blue powder.

Spectroscopic Characterization. Scanning electron microscopy
and energy-dispersive X-ray spectroscopy data were collected using a
JEOL 7001LVF FESEM and a Thermofisher Quattro S ESEM,
respectively. The samples were prepared by dispersing PEDOT
particles in water and drop casting on gold-coated polyimide tape.
Optical microscopy images were collected using a Nikon microscope
(NIKON Eclipse, LV100ND) fitted with a Nikon Ds-Ri2 camera.
Powder X-ray diffraction spectra were collected using a Bruker d8
advance X-ray diffractometer at room temperature, with a Cu Kα
radiation source (λ = 1.5406 Å) and LynxEyeXE detector, operating
at 40 kV and 40 mA. Dry sample powders were cast onto a zero-
intensity silicon wafer and the sample holder was rotated at 30 rpm/
min with a scan step of 0.02°. Ultraviolet−visible−near-infrared
spectra were collected on a Cary 5000 ultraviolet−visible−NIR (UV−
vis−NIR) spectrophotometer using a parallel liquid cell. Solid
powders were dispersed in 1 M HCl aqueous solutions via bath
sonication and the spectra were immediately collected to minimize

Figure 1. (a) Flow process diagram of aerosol vapor phase polymerization reactor. (b) Purified and lyophilized particles are collected as a powder.
(c) Scanning electron micrograph of spherical and discrete PEDOT particles (scale bar is 1 μm). The inset shows particles dispersed in water. (d)
Current−voltage curves demonstrate ohmic behavior and a steeper slope (blue curve) for HCl-vapor-doped particles.
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the effect of particle precipitation; the data was collected in a quartz
cuvette. Each measurement requires a small amount of sample (<1
mg), allowing for batch processing.
Electrochemical and Thermogravimetric Characterizations

of PEDOT Particle Electrodes. The electrochemical setup consisted
of a PEDOT particle working electrode, an Ag/AgCl reference
electrode, a platinum mesh counter electrode, and an aqueous 1 M
H2SO4 electrolyte. Cyclic voltammograms were collected using a
BioLogic VMP3 multipotentiostat. The active mass of the working
electrode was determined via thermogravimetric analysis (TGA)
using a Discovery TGA (TA Instruments). The cycled electrode was
rinsed thrice using water and dried in air at 25 °C before loading onto
the sample pans (high-temperature Pt pans). The ramping recipe
consisted of two steps: (1) 50 to 110 °C at 20 °C/min then
maintained at 110 °C for 5 min to evaporate free water and (2) 110 to
500 °C at 15 °C/min then maintained at 500 °C for 30 min to burn
off all the active materials (Figure S8a). The total mass loss of the
second step was the total mass of PEDOT and PLA because both
PEDOT and PLA were fully degraded before the temperature reached
500 °C, while the mass loss of carbon paper was negligible (Figure
S8b). Air was required to fully burn off all active materials on the
carbon paper; if N2 was used, residual active materials would remain
in the electrode, resulting in inaccurate mass determination (Figure
S8c−f).
Paint Formulations and Functionalized 3D-Printed Objects.

Organic paint formulation for thermoplastics consisted of 33 wt %
PEDOT particles, 67 wt % polycaprolactone, and 1 mL of
trifluoroethanol (per 100 mg solids). All components were mixed
using bath sonication for 1 h and brush painted onto 3D prints to
form the coating. Organic paint formulation for carbon paper
electrode consisted of 90 wt % PEDOT particles, 10 wt % polylactic
acid, and 1 mL of chloroform. All components were thoroughly mixed
using bath sonication for 1 h, and a PEDOT particle electrode was
fabricated by drop casting 50 μL of the dispersion onto a piece of
carbon paper (1.5 cm × 1 cm). 3D-printed objects were designed in
Rhino or downloaded from the open-source website www.
thinginverse.com and sliced using the software Simplify 3D.
Makergear M2 was used as the FDM-based 3D printer.

An 808 nm laser was used as the NIR source, and an IR camera
(ICI 7320 USB camera) was used to monitor the temperature. An

aluminum foil was placed under the samples as background due to its
low infrared light absorbance.

■ RESULTS AND DISCUSSIONS
PEDOT Particles of High Electrical Conductivity.

PEDOT particles are synthesized when a stream of aerosolized
aqueous FeCl3 droplets reacts with EDOT vapor inside a flow
reactor (Figure 1a). The reactor is optimized from our
previous studies to achieve continuous polymerization (details
in materials and methods) within 1 min of residence time.25,26

Particles are collected in ethanol-filled scrubbing bottles, then
purified, and dried, resulting in a powder (Figure 1b)
comprised of spherical particles (Figures 1c and S1) readily
dispersible in water (Figure 1c inset). Electrical resistance,
measured by pressing particles over a 1 mm gap electrode
(Figure S2), is the lowest reported among PEDOT particles
(4.2 ± 0.5 Ω). A pressed pellet enhances probe contact,
facilitating I−V measurements that result in linear curves with
an ohmic window ranging between −2 and 2 V. The slope
increases upon exposure to HCl vapor (Figure 1d).
During synthesis, oxidative doping imparts electrical

conductivity to the polymer chains by introducing mobile
charge carriers (polarons, bipolarons).27 According to the
Drude model (σ = qnμ),28 high electrical conductivity is
achieved when charge-carrier concentration (n) and mobility
(μ) are maximized (q is a unit charge). To achieve high
electrical conductivity, a polymer’s molecular structure must
possess (1) a long conjugation length to accommodate a high
concentration of charge carriers (doping level)29,30 and (2)
ordered chain packing (crystallinity) enabling high mobility of
charge carriers.31 The oxidative radical polymerization of
conducting polymers follows a step-growth mechanism30,32 in
concomitant with oxidative doping after each step of chain
coupling.30 Therefore, synthetic conditions are of paramount
importance for controlling a polymer’s molecular structure and
its electrical properties. Our synthesis requires (1) aerosoliza-

Figure 2. (a) Powder X-ray diffraction patterns for PEDOT particles synthesized under varying EDOT-to-Fe3+ ratios. (b) UV−vis−NIR spectra for
PEDOT particles synthesized under varying EDOT-to-Fe3+ ratios and EDOT monomer. (c) Plot shows that electrical resistance is inversely
proportional to the UV−vis−NIR integrated area under the curve (450−1370 nm).
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tion of oxidant (FeCl3 solution) and (2) vaporization of liquid
monomer (EDOT), the former is achieved using an ultrasonic
transducer and the latter by heating a nitrogen-pushed
bubbler.25 The product that flows out of the aerosol reactor
is comprised of a mixture of PEDOT particles, unreacted liquid
oxidant droplets, monomer vapor, and byproducts (reduced
oxidant or EDOT oligomers).
Particles collected in the ethanol dispersion show a blue

color, characteristic of doped PEDOT. The color of ethanol
also changes due to excess oxidant (yellow) or excess
monomer (purple) (Figure S3). The morphology of washed
particles also varies as the ratio between EDOT and Fe3+
changes. The synthesized particles are perforated spheres when
the reactor contains a much higher concentration of EDOT
than Fe3+. Shriveled/walnut-shaped particles are formed when
excess Fe3+ is present in the reactor (Figure S4). We added an
additional figure to the Supporting Information File to
demonstrate this in detail. The crystallinity, doping levels,
and electrical resistance of PEDOT particles are studied as a
function of stoichiometry by varying the EDOT-to-Fe3+ ratio
(0.25, 1, 5, 9, 20) using samples labeled PEDOT (1:4),
PEDOT (1:1), PEDOT (5:1), PEDOT (9:1), and PEDOT
(20:1), respectively. Polymer crystallinity is examined via
powder X-ray diffraction (XRD), a fast and nondestructive
technique.33,34 All XRD patterns exhibit three peaks (charac-
teristic of PEDOT),35 where the first two (2θ = 6.5° and 2θ =
12.8°) represent edge-on packing for the (100) and (200)
planes, respectively (interplanar distance = 1.32 nm). The third

peak (2θ = 25.9°), due to face-on π−π stacking of the (020)
plane, exhibits a d-spacing (0.41 nm) smaller than that of a
single crystalline PEDOT nanowire.31 This short π−π distance
facilitates high charge mobility,28 leading to high electrical
conductivity in the particles. The packing of polymer chains is
independent of stoichiometry as demonstrated by a negligible
difference in the number and position of XRD peaks (Figure
2a). Our PEDOT particles possess higher crystallinity than
those synthesized from solution phase26,36,37 due to size-
constrained polymerization at the micron-sized aerosol
droplet’s surface facilitating π−π stacking.31

The doping level of PEDOT particles is quantitatively
probed via UV−vis−NIR absorption spectroscopy. Particles
are doped in a 1 M HCl solution (0.1 mg/mL) to eliminate
variations in the spectra due to unleveled protonic doping.25

Results show that the EDOT-to-Fe3+ ratio controls the area
under the curve in the free charge-carrier region (450−1370
nm) (Figure 2b). This region is chosen because it maximizes
the signal-to-noise ratio. The integrated area under the curve
(baseline against the lowest point on a spectrum) exhibits an
inverse and proportional relationship with PEDOT’s electrical
resistance (measured using a 1 mm gap electrode) (Figure 2c)
due to polaronic and bipolaronic charge carriers. A larger area
corresponds to a greater charge-carrier concentration based on
the Beer−Lambert law,38 resulting in lower electrical
resistance. Neutral π−π* is not considered a charge carrier
in PEDOT chains,27 but it aids in determining the extent of
conjugation because the spectrum for EDOT lacks π−π*

Figure 3. (a) Photograph of a PEDOT particle-based dispersion and illustration of its composition. (b) Diagram showing the dissolution of
polylactic acid surface and the formation of a coating. (c) Conformal coating on a 3D-printed object is (d) impervious to delamination after
repeated Scotch tape tests. (e) Plot of a coating’s two-point electrical resistance versus particle mass loading. (f) Particle-coated thermoplastic
polylactic acid block (inset) exhibits linear I−V curves after exposure to vapors of different pH values. (g) Resistance versus strain plot for a
particle-coated thermoplastic polyurethane film (top inset) serving as a strain sensor (bottom inset). (h) Strain sensor is stable over 200 cycles (the
inset shows the hysteresis profile).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c18328
ACS Appl. Mater. Interfaces 2023, 15, 3433−3441

3436

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18328/suppl_file/am2c18328_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18328/suppl_file/am2c18328_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18328/suppl_file/am2c18328_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18328?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transitions, as well as polarons and bipolarons (Figure 2b
bottom curve). Therefore, a magnitude of 500 for the
integrated area under the curve in the free charge-carrier
region serves as an indicative test for selecting PEDOT batches
of high conductivity.
PEDOT Particle-Based Coatings on Untreated Ther-

moplastics. To produce a homogeneous conductive coating
on untreated 3D-printed thermoplastics (Figure 3a), such as
polylactic acid (PLA), polyethylene terephthalate glycol
(PETG), and thermoplastic polyurethane (TPU), a paint
formulation comprised of PEDOT particles, trifluoroethanol
(solvent) and polycaprolactone (thickener), is developed. The
formulation obviates the need for a primer39 because
trifluoroethanol partially dissolves the thermoplastic, resulting
in strong particle adhesion to a 3D-printed object. Trifluor-
oethanol’s moderate evaporation rate (vapor pressure of 7 kPa
at 20 °C)40 facilitates the deposition of PEDOT and prevents
particles from agglomerating during drying41 (Figure 3b). Our
coating is conformal (Figure 3c), and particles remain adhered
after repeated scotch tape tests (Figure 3d), whereas a
PEDOT:PSS produces a nonconformal coating that readily
delaminates from the surface of a 3D-printed object after
drying (Figure S5). At 20 wt % particle loading, a percolation
network42 is achieved and the coating becomes conductive,
while a 30 wt % particle loading (PEDOT:polycaprolactone
volume ratio of 1:2) produces a 1 kΩ electrical resistance
(measured via two-point technique with a 1 cm gap) (Figure
3e). Increasing the loading beyond 30 wt % induces cracks
during drying and results in a partially insulating coating. Our
electrical resistance is lower than that of a 3D-printed object
produced from a commercial conductive 3D printing filament
(1.8 kΩ). Moreover, applying our formulation obviates the
issues of nozzle cracking and low printing fidelity that often

accompany 3D printing with a conductive filament laden with
carbon particles.43,44

Coating a 3D-printed object with our formulation enables
the engineering of a chemically resistive pH sensor. PEDOT
particles are sensitive to pH changes, acidic pH lower
PEDOT’s resistance due to protonic doping45 while bases
increase its resistance due to dedoping.46 Changes in electrical
resistance are measured using a two-point current−voltage
technique after exposure to acid (HCl) or base (NH4OH)
vapors (Figure 3f inset); a linear correlation with the steepest
slope corresponding to the lowest electrical resistance is
obtained upon exposure to the HCl vapor (pH = 1) (Figure
3f).
A particle-based formulation also enables the engineering of

a strain sensor when applied as a coating to an untreated 3D-
printed stretchable polyurethane substrate (Figure 3g top left
inset). Electrical resistance is measured during repeated
stretch-release cycles using a multimeter (Figure 3g bottom
right inset). The relative resistance change (ΔR/R0) is highly
reproducible within a wide strain range (0−80%) and
comparable to that of a strain sensor fabricated from silver
nanowires, reduced graphene oxide, and polyurethane.47 ΔR/
R0 follows an approximately linear trend that increases with
greater strain (Figure 3g). A sharp jump in slope is observed
when strain increases from 33 to 50% due to the formation of
cracks (Figure S6) that disrupt the conductive percolation
network. The measurement is reproducible because PEDOT
particles strongly adhere to polyurethane surfaces and the
conductive percolation network is restored once the polyur-
ethane returns to its original shape.48 The strain sensor is
stable for up to 200 cycles (at 80% strain) (Figure 3h).
Interestingly, the coating also enables monitoring of strain

Figure 4. (a) Cyclic voltammograms of carbon paper and PEDOT particle-coated carbon paper produced via drop casting (electrode). (b) Specific
capacitance plot for electrodes produced using particles synthesized from various EDOT-to-Fe3+ ratios (calculated from cyclic voltammograms at
25 mV/s). (c) Cross-sectional scanning electron micrograph for an electrode fabricated via drop casting (blue arrows indicate particles, scale bar =
10 μm). (d) Illustration of electrophoretic deposition. (e) Cross-sectional scanning electron micrograph for an electrode fabricated via
electrophoretic deposition shows particles integrated within carbon fibers (blue arrows indicate particles, scale bar = 10 μm). (f) Capacitance
retention plot compares electrodes fabricated via electrophoretic deposition versus drop casting.
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sensor hysteresis, exhibiting a ∼20 s delay when returning to its
original shape after experiencing 33% strain (Figure 3h inset).
PEDOT Particle-Based Coatings on Carbon Fiber

Paper. Carbon fiber paper is an ideal substrate for electro-
chemical applications, and our particles produce robust
coatings on carbon substrates when formulated using chloro-
form (solvent) and polylactic acid (ion-permeable binder).49

An electroactive and mechanically robust particle-based
coating on carbon fiber paper is comprised of 10 wt % particle
loading, and the working electrode is fabricated via drop
casting. A three-electrode configuration is employed for
measuring the gravimetric capacitance (details in materials
and methods), and a quasi-rectangular cyclic voltammogram
(25 mV/s) reveals the capacitive behavior of PEDOT
particles50,51 with negligible contribution from carbon paper
(Figure 4a). Redox peaks at 0.4V (vs Ag/AgCl), likely
stemming from residual iron species, diminish as the scan
rate increases to 1000 mV/s because faradic processes occur
faster in PEDOT than in iron species.51 The PEDOT (1:1)
sample possesses the highest gravimetric capacitance (80 F/g
at 25 mV/s) and the lowest electrical resistance among all
samples (Figure 4b) and represents the state-of-the-art among
reported PEDOT particle-based electrodes.52,53

Fabricating electrodes via drop casting presents two
drawbacks: (1) particles aggregate on the carbon paper surface
(Figure 4c) and (2) an insulating binder is required for
immobilizing particles. Both stifling features are detrimental to
charge transport between the polymer and current collector,54

causing the cyclic voltammogram to shrink to a fusiform shape
with a 55% capacitance loss when the cycling rate increases to
1000 mV/s (Figure S7a,b). Electrophoresis is a deposition
technique that overcomes the challenges in drop casting by
obviating the need for insulating binders. In the electrophoretic
deposition, an electrical field is applied across a colloidal
dispersion, allowing positively charged particles to migrate to
the negative substrate. As a result, a stable coating is formed
and able to undergo repeated electrochemical cycling.54

Electrophoretic deposition at 40 V/cm is utilized to deposit
positively charged particles to fabricate a working electrode,
and a porous carbon paper serves as a current collector
(PEDOT (1:1) sample, dispersed in acetonitrile, 1 mg/mL)
(Figure 4d). A homogeneous particle coating is deposited
throughout the porous carbon current collector (Figure 4e),
facilitating facile charge transport at the interface. Moreover,
small capacitance loss (<20%) (Figure 4f), with a quasi-
rectangular cyclic voltammogram (collected from 25 to 1000
mV/s) (Figure S7c), indicates a high-performance electrode.

Particle Coatings with High Photothermal Activity. A
PEDOT particle-based coating is photothermally active in the
near-infrared region. After a 5 s laser exposure (808 nm laser,
0.8 W/cm2 power density) (Figure 5a), a freestanding PEDOT
particle−polycaprolactone composite film (24 °C) heats up to
218.5 °C. This temperature increase (194.5 °C) is higher than
that of a Norit carbon/polycaprolactone composite film (124
°C) or a PEDOT:PSS film (9.7 °C). PEDOT particles are the
major contributors to the temperature increase, and a pure
polycaprolactone film shows a <5 °C increase after the same
exposure (Figure 5b). Our coating’s temperature increase is
also higher than those of other reported PEDOT films23,24

because particle boundaries lower the heat dissipation rate,
creating a heat confinement effect.55 The light from a camera
flash ignites a cotton ball impregnated with PEDOT particles
(Supporting Movie).
The spread of COVID-19 since 2020 affects human life

profoundly and masks are an effective prevention against the
spreading of the virus. Unfortunately, the increased use of
disposable masks also generates a large amount of plastic waste
and is forcing us to look for alternatives. 3D printing is a
promising technique for fast prototyping reusable masks.
However, masks are reusable only if the surface is effectively
disinfected after each use. Utilizing the photothermal property
of PEDOT coatings as a fast, nondestructive microbial ablation
method, a proof-of-concept reusable mask is proposed.56

Brushing the PEDOT particle-based formulation on the air
filter cap of a 3D-printed polyethylene terephthalate glycol
mask (Figure 5c inset) and exposing it to a laser for 100 s (808
nm, 0.8 W/cm2) increase the surface temperature to 150 °C, a
temperature that is sufficient for inactivating COVID-19.57

The temperature increase is lower than that of a freestanding
PEDOT particle−polycaprolactone composite film because the
3D-printed polyethylene terephthalate glycol mask absorbs
heat. The surface temperature drops after the laser is turned off
(Figure 5c), and the mask structure and particle coating
remain intact.

■ CONCLUSIONS
We develop a continuous synthesis of PEDOT particles with
an optimized low resistance of 4.2 ± 0.5 Ω measured by a 1
mm gap electrode. Tuning the EDOT-to-Fe3+ ratio reveals that
stoichiometry affects PEDOT’s crystallinity, doping level, and
electrical and electrochemical properties. Results show that a
balanced EDOT-to-Fe3+ ratio (1:1) leads to the highest
charge-carrier concentration responsible for the lowest
electrical resistance among samples. A highly stable electrode

Figure 5. (a) Illustration of the photothermal experiment (808 nm laser). (b) Temperature distribution for films comprised of PEDOT−
polycaprolactone, Norit carbon−polycaprolactone, PEDOT:PSS on glass, and pristine polycaprolactone after a 5 s laser exposure (power density
0.8 W/cm2). (c) Temperature profile for a PEDOT-coated 3D-printed polyethylene terephthalate glycol mask during and after laser exposure
(inset shows a photograph of the mask).
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is fabricated via electrophoretic deposition of PEDOT particles
on carbon fiber paper. The electrode is characterized by cyclic
voltammetry and possesses a state-of-the-art gravimetric
capacitance for PEDOT particles. Particles are readily
processable as a colloidal dispersion and we formulate an
organic paint that conformally coats 3D-printed thermoplastic
objects, resulting in a low electrical resistance (1 kΩ/cm),
comparable to prints produced from commercial conductive
filaments. A particle coating enables the fabrication of 3D-
printed pH sensors, strain sensors, and affords a light-induced
method for triggering rapid heating of a PEDOT-coated
surface.
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