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ABSTRACT Nanostructures of the conducting polymer poly(3,4-
ethylenedioxythiophene) with large surface areas enhance the
performance of energy storage devices such as electrochemical
supercapacitors. However, until now, high aspect ratio nanofibers of
this polymer could only be deposited from the vapor-phase, utilizing
extrinsic hard templates such as electrospun nanofibers and

anodized aluminum oxide. These routes result in low conductivity

and require postsynthetic template removal, conditions that stifle
the development of conducting polymer electronics. Here we
introduce a simple process that overcomes these drawbacks and results in vertically directed high aspect ratio poly(3,4-ethylenedioxythiophene)
nanofibers possessing a high conductivity of 130 S/cm. Nanofibers deposit as a freestanding mechanically robust film that is easily processable into a
supercapacitor without using organic binders or conductive additives and is characterized by excellent cycling stability, retaining more than 92% of its
initial capacitance after 10 000 charge/discharge cycles. Deposition of nanofibers on a hard carbon fiber paper current collector affords a highly efficient and
stable electrode for a supercapacitor exhibiting gravimetric capacitance of 175 F/g and 94% capacitance retention after 1000 cycles.
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energy storage devices that provide on-

demand high power density and repre-
sent an important technology that comple-
ments new sustainable energy sources.' A
supercapacitor is composed of a highly
stable electrode that can be cycled thou-
sands of times without affecting energy
storage efficiency, thereby enabling ex-
tended device lifetime.? In order to rapidly
store or deliver current, the electrode requires
a capacitive material such as a transition
metal oxide, carbon allotrope, conducting
polymer, or a mixture thereof."> Among
these materials, a conducting polymer is
an attractive candidate due to its excellent
solution-based processability, reversibility

S upercapacitors are electrochemical
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between redox states, and metallic con-
ductivity.* ¢ A conducting polymer super-
capacitor is actually a pseudocapacitor;
however, by convention, this device is also
referred to as a supercapacitor. The con-
ducting polymer poly(3,4-ethylenedioxy-
thiophene) (PEDOT) possesses the highest
conductivity (4500 S/cm) among all con-
ducting polymers, albeit only when depos-
ited from the vapor phase.” Deposition of
PEDOT from the vapor phase is compatible
with most electrode materials and leads to
strong adhesion between polymer and cur-
rent collector. In spite of these advantages,
the majority of state-of-the-art symmetric
supercapacitors are based on electrochemi-
cally deposited PEDOT,*~>2 a highly capacitive
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material. Solution-based oxidation of PEDOT, on the
other hand, typically leads to supercapacitors with a
specific capacitance lower than 150 F/g; a notable
exception of 400 F/g sadly renders the supercapacitor
electrode unstable in water.’

Electrochemical deposition affords intimate electri-
cal contact leading to low contact resistance between
polymer and current collector and is therefore a pop-
ular synthetic strategy for developing a state-of-the-art
symmetric PEDOT supercapacitor.” Although some
high-performance results were obtained,*~® the PED-
OT electrodes were only several hundreds of nano-
meters in thickness, leading to low areal capacitance
that is not suitable for practical applications.'® Fur-
thermore, supercapacitors produced from this tech-
nique suffer from poor chemical and cycling stability,
another problem that limits the versatility of PEDOT
supercapacitors.

The vapor-phase deposition of PEDOT is a new
strategy that is underutilized in the fabrication of
supercapacitors. Earlier work in vapor-phase deposi-
tion demonstrates a templated route to a nanofibrillar
PEDOT supercapacitor disappointedly possessing low
specific capacitance of 20 F/g and low conductivity of
60 S/cm."! Current vapor-phase research efforts lead to
bulk PEDQT, a supercapacitor with specific capacitance
of 92 F/g, and a highly conductive form of the polymer
(140 S/cm).2 Here we demonstrate a state-of-the-art
supercapacitor composed of a high packing density of
one-dimensional PEDOT nanostructures deposited
from the vapor phase on hard carbon fiber paper
current collectors. The PEDOT film is 20 um thick,
comparable to the thickness of electrodes commonly
used in commercially available supercapacitors, making
it potentially useful for practical applications. This sym-
metric supercapacitor is characterized by high capaci-
tance (175 F/g), high conductivity (130 S/cm), and
excellent electrochemical stability, retaining 92% capa-
citance after 10 000 cycles. Advantageously, high aspect
ratio PEDOT nanofibers deposit from the vapor phase
without the need for a prefabricated extrinsic template.

PEDOT's long-term environmental stability, narrow
band gap,” and high electrical conductivity'? afford
an ideal prototypical organic material for electro-
chromic,'® solar cell,'*"> and fuel cell applications'®
as well as supercapacitors. Electrochemical charge
storage in PEDOT is a surface phenomenon that
strongly depends on the electrical conductivity and
surface area of the polymer electrode.’**® Here, high
aspect ratio nanofibrillar morphology increases the
surface area of the polymer active layer, optimizes
surface-based electronic properties, and enhances
current transport.'’'® The growing importance of
one-dimensional morphologies in conducting poly-
mers has driven innovation and discovery of a plethora
of strategies for synthesizing PEDOT nanofibers. Three
common approaches are solution-based oxidation,'®
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electrochemical synthesis,'® and vapor-phase deposi-
tion.">?° However, until now, high aspect ratio PEDOT
nanofibers could only be deposited from the vapor-
phase utilizing templates such as anodized aluminum
oxide or pre-electrospun nanofibers which lead to a
material of low conductivity and require postsynthetic
template removal. Such conditions stifle the develop-
ment of conducting polymer electronics.

Among the various protocols, vapor-phase deposi-
tion is an attractive candidate because it leads to a
highly conductive thin film of PEDOT characterized by
smooth and flat nanoscale morphology.”?' The excep-
tionally high uniformity, optoelectrical stability, and
low optical density of a vapor-deposited film make this
synthetic strategy a powerful tool'? (see Supporting
Information). Attempts at direct nontemplated deposi-
tion of PEDOT nanoarchitectures from the vapor phase
have unfortunately resulted in low aspect ratio nano-
structures such as dendritic snowflakes,” as well as low
conductivity nanobowls?' and basalt-like nanopores.'®
Deposition of high aspect ratio nanostructures occurs
from the vapor phase with the assistance of prefabri-
cated electrospun nanofibrillar templates; however,
PEDOT nanofibers suffer from low electrical conductiv-
ity. A uniform array of high aspect ratio nanobundles
can also be deposited from the vapor phase by utilizing
anodized alumina oxide as an extrinsic hard template.?
However, these templates need to be removed and
require an additional postsynthetic step.3~2°

Here we demonstrate an innovative, simple, and
direct route to both high conductivity and high aspect
ratio architectures of PEDOT from the vapor phase,
obviating the need for template removal. Our protocol
is an evaporative vapor-phase polymerization (EVPP)
that results in a robust thick freestanding film com-
posed of a vertically directed anisotropic nanoscale
architecture that peels off of a substrate and can serve
as the active layer in an electrochemical supercapaci-
tor. This strategy advances the state-of-the-art by
demonstrating that vapor-phase deposition is a facile
and powerful technique for directly depositing high
aspect ratio one-dimensional nanostructures.

RESULTS AND DISCUSSION

EVPP is carried out at ambient pressure inside a
chemical vapor deposition chamber (Supporting In-
formation Figure S1) utilizing an aqueous microdroplet
of oxidant (FeCls) placed on a gold-coated substrate
under an atmosphere of chlorobenzene vapor carrying
the monomer (ethylenedioxythiophene) (Figure 1a).
The temperature is ramped up from 25 to 130 °C at
approximately 400 °C/h, reaching 130 °C within 12 min,
and is kept at 130 °C for 33 min (Figure S2). This 45 min
polymerization results in a disk-shaped PEDOT film
with a 1 cm diameter (Figure 1b) characterized by a
highly texturized topography, as shown by optical
microscopy (Figure 1¢).
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Figure 1. Evaporative vapor-phase polymerization (EVPP) leads to high aspect ratio PEDOT one-dimensional nanoribbons
and nanofibers. (a) Flow-process diagram of EVPP-PEDOT nanofibers shows oxidant droplet's color change from orange to
blue during polymerization. (b) Final product is a mechanically robust freestanding disk-shaped film that is approximately
1 cm in diameter and can be easily picked up using tweezers. (c) Low-magnification optical microscopy shows this blue
colored disk-shaped film is composed of highly texturized vertically directed anisotropic one-dimensional architectures. (d)
Top view scanning electron micrograph (SEM) of EVPP-PEDOT shows vertically directed high aspect ratio nanoribbons. (e)
Low-magnification tilted SEM image shows large-scale morphology composed of a high packing density of vertically directed
high aspect ratio nanofibers and nanoribbons. (f) Chemical composition of EVPP-PEDOT is determined using X-ray
photoelectron spectroscopy and elemental analysis. The elemental analysis shows a C/S ratio of 6.4 that is in close agreement
with the expected theoretical value of 6.0 for PEDOT. The high-resolution peaks for O1s and S2p have the correct intensity,
shape, and position. (g) UV—vis absorption spectrum for EVPP-PEDOT is characterized by a metallic state that is typical of a
highly doped and conductive form of PEDOT.

A scanning electron micrograph (SEM) of a free- determined by X-ray photoelectron spectroscopy
standing film of EVPP-PEDOT shows that the final (XPS) (Figure 1f). Characteristic bonding in the O1s
product is characterized by a topography composed region associated with the dioxane ring appears at
of wrinkles that are up to 50 um in width and up to 533.2 eV and can be assigned to the oxygen ether
1 mm in length (Figure S3). These wrinkles are densely group (C—0—C), while the peak at 531.7 eV (C—0)
coated by high aspect ratio vertically directed one- pertains to PEDOT in the doped state.?® The spin-sulfur
dimensional rigid nanoribbons (Figure 1d and coupling, S2ps,; (163 eV) and S2p;,, (165 eV), is also
Figure S4a,b) that are up to 5 um in diameter and up present.'® An EVPP-PEDOT film contains a negligible
to 100 um in length and by high aspect ratio vertically amount of iron and possesses a CI/S ratio of 0.2 due to
directed nanofibers that are up to 250 nm in diameter the counteranion CI~ when doped.?” Atomic concen-
and up to 10 um in length (Figure 1e and Figure S4c,d). trations demonstrate a C/S ratio of 6.4 that is typical for

Dimensional analysis of SEM images shows nanorib- PEDOT®® and in close agreement with its theoretical
bons composed of bundles of nanofibers with an value of 6.0; this minor discrepancy is possibly due to
aspect ratio of up to 250 (Figure S4ef). adventitious hydrocarbon contamination. Extensive

Spectroscopic analysis for a washed sample (see probe sonication of EVPP-PEDOT in chlorobenzene leads
Supporting Information) shows that the chemical to fragmentation and affords a colloidal dispersion for

composition of EVPP-PEDOT is typical of PEDOT as ultraviolet—visible (UV—vis) absorption spectroscopy
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Figure 2. Structural analysis of EVPP-PEDOT. (a,b) Close-up sequence of SEM images demonstrates a high packing density of
both vertically directed high aspect ratio nanoribbons and nanofibers. (c and Inset) Top view SEM image shows nanofibers
entangled with nanoribbons that possess a diameter of up to 200 nm. (d) Energy-dispersive X-ray spectroscopy demonstrates
that iron is present in EVPP-PEDOT after the methanol wash (green); however, this metal is undetectable after washing with
acid (blue). (e) X-ray powder diffraction of an EVPP-PEDOT shows an intense (100) peak due to preferential orientation of
polymer chains on a gold substrate. (f) Electron diffraction confirms that EVPP-PEDOT is a polycrystalline material.

(Figure 1g) showing a w—s* transition in the 650 nm
region associated with the conductive metallic state
for PEDOT.*®

Unlike traditional vapor-phase deposition protocols
that require a dry and homogeneous precoat of the
oxidant, EVPP is simpler and requires only pipetting of
the aqueous oxidant droplet on a substrate (see Meth-
ods and Supporting Information). EVPP is a rapid
versatile process that leads both to freestanding films
and to conductive nanofibrillar coatings on various
substrates. One-dimensional nanostructures of EVPP-
PEDOT deposit as the oxidant droplet evaporates,
inducing precipitation of anisotropic FeCl; crystallites
that serve as both nucleation sites and intrinsic tem-
plates (Figure S5). This dual role for FeCls, as oxidant
and intrinsic template, is an integrated advantage
making nanofibrillar deposition a simple process. Con-
trolling the precipitation of FeCl; microcrystals directs
the formation of nanofibers and nanoribbons. The
reduced oxidant is purified by rinsing in methanol
and/or in a 1—6 M HCl aqueous solution.

A homogeneous film composed of high packing
density of vertically directed high aspect ratio nano-
structures can be repeatedly deposited and patterned
from run to run. Maintaining a constant droplet dia-
meter during evaporation controls both the density of
nucleation and area of deposition leading to reprodu-
cible nanofibrillar morphology. In order to sustain a
constant diameter, the point of contact of a droplet
between air, liquid, and solid is anchored by droplet/
substrate interactions that arise from surface rough-
ness and chemical heterogeneities in a process known
as pinning (see Supporting Information). Various
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substrates such as glass, quartz, silicon, silicon dioxide,
mica, indium tin oxide coated glass, highly oriented
pyrolytic graphite, tin metal, and gold-coated surfaces
were tested. Silica, metal oxides, and freshly cleaved
silicate substrates lead to complete droplet spreading
of an oxidant droplet due to their hydrophilic proper-
ties; graphite presents a hydrophobic surface that
leads to droplet beading. All of these substrates require
tailoring of their surface energy via chemical treat-
ment, making pinning and high aspect ratio nano-
structures difficult to control, whereas tin reacts with
FeCls, resulting in an amorphous polymer morphology.
Only the gold-coated substrate provided a reproduci-
ble pinning mechanism.

Placing an aqueous droplet of FeCl; on a gold sur-
face etches the coinage metal even at room tempera-
ture and leads to the formation of Au(l) species in
solution.>® Droplet pinning results from the formation
of solutes during chemical etching of the gold
substrate®! and from the accumulation of solids during
evaporation.3? FeCl; crystallites present at the droplet/
substrate interface are reduced to FeCl, during polym-
erization (Figure S6); both of these solids induce pin-
ning. Utilizing a gold substrate therefore affords a
constant contact area mode of evaporation, a disk-
shaped film (Figure S7), and a homogeneous large-
scale topography of vertically directed high aspect
ratio nanoribbons and nanofibers (Figure 2a—c, inset).
Replacing FeCl; with HAuCl, (chloroauric acid) results
in an over oxidized brown material that lacks nano-
fibers likely because of its higher standard oxidation
potential (E, = +1.50 eV) compared to that of FeCls
(Eg = +0.77 eV).
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Throughout the first stages of deposition, a blue
polymer skin forms at the edge of the evaporating
droplet; this smooth and hardened exterior shell grows
radially inward as the reaction progresses, thereby
enveloping the droplet's central portion (Figure S8).
Within the first 15 min of polymerization, the majority
of the sample becomes wet and coated by hollow
protrusions (Figure S9a); these grow in size and num-
ber as the polymerization progresses (Figure S9b,c).
Hollow structures span a diameter ranging from
500 nm to 1 um and form as the oxidant aqueous
solution evaporates through the hardened polymer
shell. During polymerization, the deposition chamber
is saturated with chlorobenzene vapors carrying
monomer molecules. The contact of chlorobenzene
with an aqueous oxidant droplet leads to an interfacial
surface tension gradient. Hollow protrusions are the
result of surface free energy minimization as the aqu-
eous oxidant solution evaporates, diffuses, and poly-
merizes through the chlorobenzene/monomer-coated
hardened polymer shell. Other solvents were also
tested such as dimethylformamide, toluene, dichloro-
methane, chloroform, carbon tetrachloride, and 1,2-
dichlorobenzene; however, only chlorobenzene led to
high aspect ratio nanofibers possessing high conduc-
tivity. Chlorobenzene is a low surface tension (33 mN/m)
halogenated aromatic solvent that can dissolve low
molecular weight thiophene oligomers and is charac-
terized by a sufficiently low boiling point (130 °C)
for vapor-phase synthesis without causing polymer
degradation.

The role of oxidant concentration was tested with
0.0266, 0.0532,0.133, 0.266, 0.532, and 1.33 M aqueous
solutions of FeCl; utilizing a 150 uL droplet. The
nanofibrillar aspect ratio increased proportionally with
concentration up to 0.266 M, while a 2-fold increase led
to aggregation, and 1.33 M resulted in complete stifling
of nanofibrillar growth. Keeping the concentration con-
stant (0.266 M) and using a larger droplet (1000 ulL)
led to a thinner film of wider diameter that suffered
from brittleness. EVPP-PEDOT lacked nanostructures
when excess water vapor was introduced into the CVD
chamber (Figure $10) or when FeCls was replaced with
iron(lll) p-toluenesulfonate. Alternatively, a partially
dried oxidant droplet produced an aggregated mor-
phology, but after rehydration inside a humidity cham-
ber, it yielded both nanofibers and aggregates. A
rehydrated droplet does not regain its original sphe-
rical shape and is characterized by a heterogeneous
distribution of oxidant and water; a relative humidity
ranging between 35 and 65% is necessary for synthe-
sizing high-quality PEDOT nanofibers®® (see Support-
ing Information).

Energy-dispersive spectroscopy shows that EVPP-
PEDOT nanostructures deposit on an underlying oxi-
dant intrinsic template (Figure S11) that can be par-
tially dissolved by methanol (Figure 2d, green line) and
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completely removed in a hydrochloric acid solution
(Figure 2d, blue line) during purification. Removal of
the intrinsic template relaxes the architecture and
induces entanglement between nanofibers and nano-
ribbons (see Supporting Information, Figure S12). A
washed EVPP-PEDOT film (see Supporting Information)
has crystallites with a preferred orientation as demon-
strated by X-ray powder diffraction (Figure 2e). The
peak centered at 6.7° 26 is characteristic of the (100)
spacing due to the interchain distance between layers
of ;i-stacked chains ranging between 1.33 and 1.39 nm
for CI”-doped PEDOT. The peak at 26.7° 20 is due to the
face-to-face packing distance between chains and is in
the 0.3—0.4 nm range;'?33 EVPP-PEDOT is a polycrys-
talline material as demonstrated by electron diffraction
(Figure 2f).

Temperature versus sheet resistance was studied by
carrying out syntheses at 70, 80, 90, 110, and 130 °C,
resulting in film sheet resistances at 45 min of 300, 300,
180, 50, and 5 Q/square, respectively. A substrate
temperature above 100 °C increases the reaction rate
of polymerization, promoting deprotonation and the
evaporation of scavenged protons as HCl; this mini-
mizes acid-catalyzed side reactions that can degrade
the polymer structure, resulting in a longer conjugated
backbone and higher conductivity.'? The conductivity
of a washed sample (see Supporting Information) was
determined by two-probe current—voltage (/—V) mea-
surements (Figure 3a) as well as by a four-point probe
configuration using a thickness of 20 um as deter-
mined via profilometry (Figure 3a, bottom right). The
sheet resistance of an EVPP-PEDOT film is at least
5 times lower than flexible fabrics coated with vapor-
phase PEDOT.?> The conductivity of a disk-shaped
freestanding film of EVPP-PEDOT is 130 S/cm and
superior to templated PEDOT grown on electrospun
nanofibers of polyacrylonitrile or poly(vinyl alcohol)
with corresponding values of 1—-82% and 61 S/cm,**
respectively.

Analysis of nonwashed (black) and methanol-
washed (green) EVPP-PEDOT samples shows a differ-
ence in their Raman spectra (excitation wavelength
676 nm) (Figure 3b). Both samples exhibit a strong
absorption in the 1423 cm ™' region that is character-
istic of symmetric C,=Cy(—0) stretching and indica-
tive of a high level of oxidation.** Broadening of the
1501 cm™ ' asymmetric C=C stretching mode is char-
acteristic of alcohol-washed PEDOT.3* The band from
the Cs—Cg stretch at 1365 cm ™', the inter-ring stretch
at 1264 cm™ ', and the oxyethylene ring deformation
peak at 990 cm~', as well as the C,—C, inter-ring
stretch at 1257 cm™" are all characteristic of PEDOT.**
The Fourier transform infrared spectrum (Figure 3c)
shows a C=C peak at 1523 cm ™' due to conjugation,
indicating high conductivity.>®

The properties of EVPP-PEDOT look promising for
many applications. In particular, the high electrical
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Figure 3. Conductivity and spectroscopic characterization. (a) Current—voltage (/I—V) curve of EVPP-PEDOT is measured by
(top left) clamping gold electrodes on a squared freestanding film. Utilizing an average film thickness of 20 um as determined
via profilometry (bottom right) leads to a conductivity of 130 S/cm; this value is corroborated by utilizing four-point probe
geometry. (b) Overlapped Raman spectra of nonwashed (black) and methanol-washed (green) samples show characteristic
asymmetric (1501 cm ') and symmetric stretches (1457 and 1423 cm ') associated with a doped conductive state. (c) Fourier
transform infrared spectrum shows broad absorption peaks between 1450 and 700 cm ™' and a C=C peak at 1523 cm ",

indicative of conjugation.

conductivity, surface area, and electron mobility are
interesting for energy conversion and storage applica-
tions.2%3¢738 Among various energy storage devices,
supercapacitors have recently attracted significant
attention due to their high power density and long
cydling stability.>® PEDOT supercapacitors store charges
via fast and reversible redox reactions (doping and
dedoping) occurring primarily at the surface of PEDOT
electrodes." However, the limited conductivity and
surface area of a conventional formulation such as
PEDOT poly(styrenesulfonate) (PSS) has limited the
charge storage capacity of PEDOT supercapacitors,
thus precluding their widespread application. The
nanostructured architecture of EVPP-PEDOT along
with its high surface area and high electrical conduc-
tivity could provide a solution to this problem. To test
the performance of washed EVPP-PEDOT (see Methods
section) films in supercapacitors, a device was fabri-
cated as shown in Figure 4a. Unlike PEDOT/PSS, the
EVPP-PEDOT supercapacitor shows near ideal rectan-
gular cyclic voltammogram (CV) profiles, indicating
excellent capacitive behavior and low internal resis-
tance (Figure 4b)." Facile electron and ion transport
kinetics result in fast electrochemical switching and
highly reversible doping/dedoping reactions that lead
a PEDOT pseudocapacitor to behave capacitively.>>5°
Remarkably, the nanostructured EVPP-PEDOT super-
capacitor exhibits about 3 times the capacity of bulk
PEDOT/PSS (Figure 4c). These conclusions were also
confirmed from the galvanostatic charge/discharge
(CD) curves (Figure 4d). The EVPP-PEDOT supercapa-
citor shows nearly ideal triangular CD curves with only
a small voltage drop at the beginning of each dis-
charge curve, which again confirms superior capacitive
behavior. These linear and symmetric CD curves are
characteristic of PEDOT pseudocapacitors possessing
high Coulombic efficiency and excellent reversibility.>®'
Furthermore, the EVPP-PEDOT supercapacitors can be
operated at high charge/discharge rates without suf-
fering any significant loss in their charge storage
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capacity. For example, Figure 4e shows that an EVPP-
EPDOT supercapacitor can be operated at charge/
discharge rates that are 100 times faster, while main-
taining more than 83% of its full capacity. Meanwhile, a
PEDOT/PSS supercapacitor can only maintain 39% of
its capacity when operated under the same conditions.

The improved rate capacity of the EVPP-PEDOT
supercapacitor can be explained by the short ionic
diffusion pathway during the charge/discharge pro-
cesses (Figure 4f). Charging the bulk of PEDOT/PSS
electrodes requires the transport of ions into the bulk
of the electrode material, resulting in a slow charge/
discharge process. In contrast, the nanoscale architec-
ture of EVPP-PEDOT facilitates ion transport kinetics.
As a result, a high charge storage capacity and fast
charge/discharge performance can be achieved with
an EVPP-PEDOT supercapacitor. A comparison of the
energy density and power density of the tested PEDOT
supercapacitors is presented in a Ragone plot shown in
Figure 4g. The nanostructured EVPP-PEDOT superca-
pacitor exhibits both higher energy and power densi-
ties when compared to a conventional PEDOT/PSS
supercapacitor. Moreover, the EVPP-PEDOT superca-
pacitor shows excellent cycling stability, retaining
more than 92% of its initial capacitance after 10000
charge/discharge cycles (Figure 4h). The image in
Figure 4i demonstrates a practical application where
an EVPP-PEDOT supercapacitor is used to light up a red
LED for 5 min (Supporting Information movie S1).
Notably, EVPP-PEDOT films are freestanding and me-
chanically robust and are used directly as supercapa-
citor electrodes without the need for organic binders
or conductive additives generally used in conventional
supercapacitors.

In order to increase gravimetric capacitance, the
device geometry is re-engineered by directly deposit-
ing the active PEDOT layer on a current collector from
the vapor phase. This synthetic strategy increases
interfacial adhesion and reduces ohmic loss. Evapora-
tive vapor-phase polymerization is carried out by
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Figure 4. Fabrication of EVPP-PEDOT supercapacitors. (a) Schematic diagram of supercapacitor structure; each electrode has
a mass of 1.5 mg. (b) Cyclic voltammograms (CVs) show the performance of EVPP-PEDOT supercapacitor at 2 mV/s; the
performance of conventional PEDOT poly(styrenesulfonate) (PSS) supercapacitors is also displayed for comparison. (c)
Average specific capacitance values as extracted from CVs demonstrate that EVPP-PEDOT exhibits a storage capacity of 70 F/g
compared with only 24 F/g for PEDOT/PSS. (d) Galvanostatic charge/discharge (CD) curves for EVPP-PEDOT supercapacitor at
a current density of 0.2 mA/cm?. (e) Specific capacitance values of the tested supercapacitors (n = 5) at different charge/
discharge rates. (f) (Right) Schematic diagram of ion transport during the charging of the different PEDOT supercapacitors
illustrates how EVPP-PEDOT's architecture can increase the active surface area of the electrode and maximizes ion access. (g)
Energy density and power density of the different supercapacitors. (h) Cycling stability of an EVPP-PEDOT supercapacitor,
tested for 10 000 cycles at a current density of 1.8 mA/cm?. (i) Two supercapacitors connected in series and charged up at a
constant voltage of 2 V for a few seconds are able to light up a red light emitting diode (LED) for 5 min.

placing a droplet of an oxidant aqueous solution on a
current collector and by heating to 130 °C. These
corrosive conditions oxidize current collectors, such
as nickel foam, aluminum foil, as well as steel mesh,
and result in non-nanofibrillar bulk PEDOT. Inorganic
carbons such as amorphous particles, graphite, and
carbon fibers are, on the other hand, inert materials
compatible with EVPP's synthetic conditions and can
be readily coated with nanofibers. Additionally, high
electrical conductivity makes many of the inorganic
carbons ideal materials for current collectors. Among
them, carbon fiber paper is an attractive candidate,
affording a stable, mechanically robust, and three-
dimensional surface area that maximizes PEDOT/
electrolyte interface.* Deposition on carbon fiber paper
results in a thin nanofibrillar polymeric coating that
covers only the surface of the current collector in direct
contact with the oxidant solution. During synthesis,
oxidant solution diffuses down and through the por-
ous current collector resulting in a thick film of EVPP-
PEDOT at the bottom of the evaporation chamber. A
thin nanofibrillar coating on a three-dimensional cur-
rent collector improves material utilization, maximizes
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surface area of electrochemical interaction, and leads
to a higher capacitance.'

Similar to EVPP-PEDOT deposition on gold, control-
ling the spreading of the oxidant droplet on a current
collector induces nucleation, patterns deposition, and
leads to a homogeneous coating from run to run. The
uniformity of deposition is crucial for reproducibility
and repeatability of electrochemical experiments.
Nanofibrillar deposition is controlled by patterning
the placement of the oxidant droplet on the carbon fiber
paper utilizing a 5 min epoxy mask that restricts droplet
spreading. The epoxy affords a chemically and physically
stable dielectric for corrosive electrolytes. By restricting
the number of nucleation events during polymerization,
EVPP results in a homogeneous coating of high packing
density of vertically directed nanofibers. The epoxy coat-
ing is a simple strategy that ensures control of nanostruc-
ture deposition, synthetic repeatability, and results in a
uniform and patternable nanofibrillar coating.

Scanning electron microscopy aids the study of
morphology evolution during evaporative vapor-
phase polymerization of PEDOT on a hard carbon fiber
paper current collector. SEM images of a reaction
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Figure 5. Helium ion micrographs (HIM) show the morphological evolution of nanofibrillar EVPP-PEDOT on a hard carbon
fiber paper current collector. (a) During the first 10 min of evaporative vapor-phase polymerization, the majority of the
surface layer of the carbon fiber paper current collector is coated by small particles of EVPP-PEDOT. (b) At 20 min, these small
particles have grown into low aspect ratio nanofibers. Note that only the surface carbon fibers of the current collector are
coated with nanofibers. (c,d) Sequence of HIM images at 45 min shows the architecture of the current collector. (c) Large-scale
deposition of carbon fiber paper is homogeneous and composed of high aspect ratio PEDOT architectures characterized by
(d) high packing density of one-dimensional microstructures and (e) nanostructures.
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Figure 6. Fabrication of high-performance supercapacitors composed of nanofibrillar EVPP-PEDOT on hard carbon fiber
paper current collectors. (a) Schematic diagram of supercapacitor structure shows a sealed plastic container and electrodes
separated by a single layer of Celgard 3501. A 5 min epoxy coat protects the electrical connections from the corrosive nature
of a6 M HCl aqueous electrolyte. (b) Cyclic voltammograms at scan rates ranging between 5 and 50 mV/s and with a potential
window of 1 V. The specific capacitance extracted from CVs shows a storage capacity of 175 F/g at 5 mV/s for a 0.45 mg EVPP-
PEDOT mass. (c) Discharge curves at various current densities show a linear and ideal capacitive behavior as well as a specific
capacitance of 160 F/g at 1 A/g current density. (d) Galvanostatic charge/discharge cycles at current density of 1 A/g show
ideal reversible behavior via triangular-shaped plot. (e) Rate-dependent specific capacitance shows that a 1000-fold increase
in the current density lowers the capacitance by only 9%. (f) A 94% capacitance retention after 1000 charge/discharge cycles
at a current density of 1 A/g demonstrates the excellent electrochemical stability of EVPP-PEDOT.

quenched at 10 min of initiating polymerization show and this large-scale deposition is characterized by a

the carbon fiber paper current collector coated by
small particles of polymer (Figure 5a). At 20 min, low
aspect ratio nanofibers have begun to coat the surface
of the current collector (Figure 5b). At 45 min, the entire
surface of the current collector is coated (Figure 5c),
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high packing density of high aspect ratio EVPP-PEDOT
nanofibers (Figure 5d,e).

A high-performing supercapacitor is composed of a
sealed and robust plastic cell housing two symmetric
washed EVPP-PEDOT nanofiber-coated carbon fiber
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current collectors (Figure 6a). This cell utilizes a6 M HCI
aqueous electrolyte that provides high ionic conduc-
tivity, low resistance, and increases the rate of charge/
discharge for reversible processes such as doping and
dedoping in a conducting polymer. Rectangular cyclic
voltammetric plots demonstrate near ideal capaci-
tance behavior at different scan rates under constant
sweeps by showing equivalent currents in both direc-
tions (Figure 6b). The specific capacitance is 175 F/g at
5 mV/s in the potential range of 0—1 V for an electrode
with a mass loading of 0.45 mg. Galvanostatic dis-
charge plots at various current densities in a potential
window of 1V exhibit ideal linear behavior (Figure 6c).
The specific capacitance is 160 F/g at a current density
of 1 A/g and similar in magnitude to capacitance
calculated from cyclic voltammograms. Galvanostatic
charge/discharge plots at a current density of 1 A/g
show ideally polarized electrode behavior, a reversible
capacitance, and a linear potential change during
charge/discharge cycles (Figure 6d). Increasing the
current density by 3 orders of magnitude from
0.1 to 100 A/g shows a decrease in the specific capac-
itance from 165 to 150 F/g (Figure 6e). This slight
change represents only a ~9% decrease and indicates

METHODS

Synthesis. High aspect ratio nanofibrillar PEDOT was depos-
ited via evaporative vapor-phase polymerization inside a small
chemical vapor deposition (CVD) chamber equipped with
heaters and thermocouples connected to a PID controller for
accurate and constant homogeneous heating. The CVD cham-
ber's walls and lid were electrically heated to avoid condensa-
tion and allow reactant vapor to build up. The substrate was a
2 x 3 cm? piece of a gold-coated polyimide flexible tape (Astral
Technology Unlimited, Inc.) and rested inside the CVD chamber.
Typically, a 150 uL droplet of a 0.266 M aqueous solution of
FeCl; (3.99 x 10~° mol) was placed at the center of the flexible
substrate. A chlorobenzene solution containing the monomer
3,4-ethylenedioxythiophene (EDOT) inside the CVD chamber
was distributed in two glass reservoirs totaling 500 uL of a
0.0674 M (total number of moles = 6.74 x 10~°). Then, the CVD
chamber lid was closed and the temperature ramped up from
25 to 130 °Cat approximately 400 °C/h and reached 130 °C after
12 min; the reaction was then kept at 130 °C for 33 min, making
the total reaction time 45 min (Figure S2). The final EVPP-PEDOT
film was dried at 130 °C for 30 min.

Characterization. Four-Point Probe Conductivity Measure-
ments. Four-point probe conductivity was determined using a
MMR Technologies Inc. Hall and van der Pauw measuring
station. Spring-loaded gold probes contacted four electrodes
5 mm apart from each other arranged in a squared geometry; a
thermally evaporated electrode was 1 mm x 1 mm x 500 nm.

Two-Point Probe Conductivity Measurements. Gold-coated
patterned electrodes on SiO,/Si were utilized for measurements
of /—V curves. An EVPP-PEDOT film was purified and dried
overnight and then analyzed via Gamry's Instruments electro-
chemical measurement system (PCl4 potentiostat/galvanostat)
installed in a PC.

Film Thickness. The thickness of an EVPP-PEDOT film was
measured by contact profilometry using a Veeco Dektak 150
surface profiler. Samples were washed in methanol and acid
and dried. The edge of an EVPP-PEDOT film was anchored onto
a silicon wafer with adhesive tape in order to hold samples
during analysis.
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an excellent rate response. Furthermore, this super-
capacitor is stable after 1000 charge/discharge cycles
at a current density of 1 A/g and exhibits 94% capaci-
tance retention (Figure 6f).

CONCLUSION

This study introduces a direct route to freestanding
films of PEDOT nanofibers possessing high conductiv-
ity (130 S/cm) and leads to highly efficient nanofibrillar
electrodes exhibiting a specific capacitance of 175 F/g.
Deposition from the vapor phase leads to strong
adhesion between the deposited coating and the
current collector, resulting in a low internal resistance.
By utilizing hard carbon fiber paper as the current
collector, a three-dimensional architecture is homoge-
neously coated by nanofibers, thereby maximizing
interfacial contact area for efficient supercapacitors.
EVPP is simple, reproducible, and obviates the need for
an extrinsic hard template, resulting in homogeneous,
highly conductive, high aspect ratio one-dimensional
nanoarchitectures. The oxidant FeCls is commonly
used for the synthesis of many types of conducting
polymers and affords a chemical handle for developing
EVPP into a universal deposition technique.

Fabrication of PEDOT Supercapacitors. A PEDOT/PSS super-
capacitor was produced from an aqueous suspension of
commercially available poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (1.0 wt % in water, Sigma-Aldrich). The
suspension was mixed with a polyvinylidene fluoride binder
(90/10%) and sonicated for 30 min. This suspension was then
coated onto a flexible gold-coated polyimide sheet and dried at
60 °C for 6 h in air and used as the electrodes. The weight of the
active material in the electrode was calculated from the mass
difference before and after coating using a high precision
microbalance with a readability of 1 ug (Mettler Toledo, MX5).
Celgard 3501 was used as a separator and 1.0 M tetrabutyl-
ammonium hexafluorophosphate in propylene carbonate as
the electrolyte. On the other hand, the vapor-phase polymeri-
zation resulted in mechanically robust freestanding PEDOT
films, which were directly used as supercapacitor electrodes
without using polymer binders, conductive additives, or current
collectors.

In an attempt to improve the electrochemical properties of
this supercapacitor, EVPP-PEDOT was grown on top of a carbon
current collector. Hard carbon fiber paper current collectors
(Spectracarb 2050A, produced by Engineered Fibers Technol-
ogy, with a surface area of 0.25—0.30 mz/g) were flexible,
mechanically robust, and cut with scissors into 8 mm x
50 mm sizes. Current collectors were rinsed in ethanol for
5 min, dried on a hot plate at 130 °C for 30 min, and masked
with a thin film of 5 min epoxy that exposed bare carbon at
the tip of the current collector (8 mm x 15 mm). After
deposition, the electrodes were soaked for 12 h in an aqu-
eous solution of 6 M HCl in order to remove reduced oxidant,
and the weight of the active material was determined utiliz-
ing a TA Instruments' Discovery TGA microbalance with a
0.001 ug resolution. The electrochemical cell of the super-
capacitor contained a 6 M HCl aqueous electrolyte and was
fabricated with one layer of Celgard 3501 encased in a sealed
Kapton tape electrolyte pocket. The potentiostat lead and the
current collector were connected with silver colloidal paste
and with a protective thick coat of 5 min epoxy that ensured
electrical stability.
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Electrochemical Measurements. All measurements were car-
ried out on a VersaSTAT3 potentiostat/galvanostat (Princeton
Applied Research), using a two-electrode configuration.

X-ray Photoelectron Spectroscopy. Analysis was carried out
using an AXIS Ultra DLD, Kratos Analytical. Samples were dried
on a hot plate at 130 °C for 30 min and dried inside a desiccator
for 12 h prior to analysis. Note that EVPP-PEDOT is hydrophilic
and can readily absorb moisture from the atmosphere.

Powder X-ray Diffraction. Phase identification was carried
out on an EVPP-PEDOT film via an X'Pert Pro powder X-ray
diffraction system (PANalytical, Netherlands) by utilizing a Cu
Ko X-ray beam (1 = 1.5418 A).

Raman Spectroscopy. Raman characterization was carried
out using a Renishaw 1000 instrument, with a 50x objective
lens, and peak fitting required using the instrument's software.
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