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C
onducting polymers as active mate-
rials for supercapacitors have gained
significant attention and the efforts

in using them in such devices have shown
great promise.1�3 These polymers have the
ability to be p- and n-doped, and they have
been shown to have high specific capacity,
energy density and exceptional stability.1

Using less costly and more readily available
polymeric materials when compared to
oxide-based materials like hydrous ruthe-
nium oxide make them an excellent choice
in enhancing charge capacity through
Faradaic redox reactions that provide in-
creased capacitance (pseudocapacitance).4

Importantly, Simon and Gogotsi have pro-
posed that the integration of ultrathin
pseudocapacitive materials within porous
carbon nanostructures could result in sig-
nificant improvement in energy density and
power density that can deliver both battery-
like (high capacity) and capacitor-like (high
rate) behavior in a single electrode.5 For
example, an ultrathin coating ofmanganese
oxidewithin a carbonnanofoamand a layer-
by-layer assembly of carbon nanotubes
yielded significant increases in energy den-
sity compared with just the bulk oxide
(∼50 vs 100 F/g).6,7 With conducting poly-
mers, although they have suitable electro-
chemical charge storage capacity and

reversibility, using liquid-based approaches
to fabricate conducting polymer pseudoca-
pacitors poses new challenges in materials
integration, particularly with ultrathin coat-
ings within high surface area capacitor elec-
trodes, which consequently hinder device
performance. The challenges are associated
with a lack of intrinsic solubility of many
conducting polymers in common solvents,
and the presence of liquid surface tension
that interferes with substratewettability and
conformal coating when working with poly-
mer solutions. Most of the reports to date
are limited to making planar electrodes or
bulk composites, and in a few cases where
the porous substrate was conductive en-
ough, electrochemical synthesis was used
for in situ polymerization.1,2,8�11 Interest-
ingly, when the polymer was made in the
form of nanostructures or grown over car-
bon nanotubes, graphene oxide and within
oxide nanostructures significant improve-
ments in energy density compared to the
bulk polymer have been reported.8,10,12�15

Some of the reported capacitance values are
far above the theoretical limit (350 F/g cal-
culated assuming one charge for every three
polymer repeat units based on the current
understanding of the redox capacity of
conducting polymers).16 This discrepancy
might be a result of thegreater experimental
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ABSTRACT In a single step polymerization and coating, oxidative chemical vapor deposition

(oCVD) has been used to synthesize unsubstituted polythiophene. Coatings have been conformally

coated within porous nanostructures of anodized aluminum oxide, titanium dioxide, and activated

carbon. Significant enhancement in charge capacity has been found with ultrathin polythiophene

coatings that preserve the surface area and pore space of the nanostructures. Pseudocapacitors

consisting of ultrathin polythiophene coated within activated carbon yielded increases of 50 and

250% in specific and volumetric capacitance compared with bare activated carbon. Devices were

stable up to the 5000 cycles tested with only a 10% decrease in capacitance.
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uncertainty introduced when a small mass of sample is
used in the electrochemical measurements.6,17

There is great promise for achieving enhanced
charge storage with building a pseudocapacitive con-
ducting polymer in a nanostructured architecture.
However, no systematic study has been done so far
to elucidate the underlying reasons behind this
improvement.18�20 One of the main obstacles is the
lack of scalable processing methods that can effec-
tively integrate ultrathin polymers conformally inside
nanostructured electrodes with high porosity and
tortuosity. In situ liquid synthesis through electroche-
mical polymerization though possible is constrained
by mass transfer limitations and solvent interactions
and is not easily scalable. Here, we propose oxidative
chemical vapor deposition (oCVD) as a viable means
for conformally coating porous carbon nanostructures
to create enhanced charge capacity as pseudocapaci-
tors. As a thin film deposition technique, oCVD has
shown to be a viable route for the liquid-free synthesis
of conducting polymers.21�25 Of particular advantage
is the ability of oCVD to synthesize and make use of
intractable and insoluble conducting polymers. For
example, unsubstituted polythiophene is among the
most challenging conjugated polymer to work with as
chains longer than eight units are practically insoluble
and make the processing of this material near impos-
sible. But polythiophene is an important energy sto-
rage material being both thermally and chemically
stable and can go through both n-and p-doping
repeatedly.3 Recently, we have shown oCVD as a viable
route for the synthesis and thin film formation of
unsubstituted polythiophene.26 By flowing vapors of
the thiophene monomer and a strong enough oxidant
such as vanadium oxytrichloride (VOCl3) into a low
pressure CVD reactor, the solid polymer thin film could
be formed spontaneously on a substrate surface. The
polymerization is a step growth process that is be-
lieved to follow an oxidative mechanism that allows
the dehydrocoupling of heterocyclic rings.27 Simulta-
neously, the deposited polymer is doped to its con-
ductive form with counterions like chloride that are
contributed by the oxidant.28 By tuning oCVD synthesis
conditions, we were able to systematically control
polymer conjugation length and film electrical con-
ductivity in the mS/cm range.26 Here, oCVD is demon-
strated as a facile and scalable approach to enable
simultaneously the polymerization and thin film de-
position of unsubstituted polythiophene for the
purpose of creating enhanced pseudocapacitors. By
using a new oxidant, antimony pentachloride (SbCl5),
we achieved unsubstituted polythiophene with con-
ductivity as high as 70 S/cm. We found that polythio-
phene can store more specific charge compared to
the theoretical limit set for the bulk material when the
polymer is in the form of an ultrathin coating within
a porous nanostructure. As a result, we were able to

create pseudocapacitors with enhanced charge
storage that is 2.5 fold higher than a conventional
supercapacitor and with respectable stability up to
5000 cycles.

RESULTS AND DISCUSSION

The goal was to utilize the oCVD process for the
deposition of conjugated polymer thin films within
porous nanostructures to enable us to study the charge
storage of electrochemically active polymers in con-
fined nanostructures. The simultaneous oCVD polym-
erization and thin film formation of unsubstituted
polythiophene was carried out in a laminar flow CVD
reactor using thiophene and antimony pentachloride
(SbCl5) as the monomer and oxidant, respectively. The
range of oCVD conditions of precursor flow rates,
reactor pressure, and substrate temperature was ex-
amined carefully to identify the window in which the
polymerization reaction was limiting, particularly im-
portant with deposition within porous nanostructured
substrates, to maximize the diffusion of reactive spe-
cies to the surface.
The oCVD synthesized polythiophene films adhered

well to the underlying substrates, and none of the
common solvents we tested, including tetrahydrofur-
an, chloroform, methanol, and methyl formamide,
were able to dissolve the films. Nevertheless, washing
the samples helped with removing the oxidant residue
and dedoping of the film. As seen in Figure 1a, the

Figure 1. Characteristics of polythiophene synthesized by
oCVD using thiophenemonomer and antimony pentachlor-
ide oxidant. (a) Raman spectrum of an as-deposited doped
film on silicon acquired with a 488 nm laser. (b) FTIR
spectrum of an as-deposited doped film on silicon. (c)
UV�vis spectrum of an as-deposited doped film on quartz,
which has beendedoped. (d) Cyclic voltammogramof an as-
deposited film on FTO glass.
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Raman spectrum of an as-deposited film acquired with
a 488 nm laser has the fingerprint expected of poly-
thiophene with a high degree of polymerization and
a correspondingly high conductivity of 50�70 S/cm.29

Since oCVD enables the simultaneous doping of con-
jugated polymers through the oxidant during film
deposition to yield the conductive doped form, Raman
spectra acquired with a 633 nm laser were further used
to investigate the dependence of film structure on
resulting electrical conductivity, see Supporting Infor-
mation Figure S1. The left shift of the quinoid peak
(∼1420 cm�1) as shown in Supporting Information
Figure S2 in the samples deposited by varying oCVD
processing conditions (in this case reducing oxidant
flow rate with all other conditions unchanged) matches
the increase in film electrical conductivity, which agrees
with our observations previously.30 Figure 1b shows
the Fourier transform infrared (FTIR) spectrum of an
as-deposited film resembling that of polythiophene
in its doped form, with significant doping induced
vibrations broadening the C�C stretch region around
1100�1500 cm�1.31 However, the CH bending and
stretching modes of polythiophene around 800 and
3000 cm�1, respectively, are observable. As shown
in Figure 1c, the UV�vis spectrum of an as-deposited
film after dedoping the film to its undoped form (by
exposure to 2.0 M methylamine in methanol for 2 min
followed by washing with neat methanol) shows an
absorption peak (λmax) around 510 nm that corre-
sponds to an appreciable conjugation length. By ad-
justing the reactant concentration in oCVD, λmax of the
resulting films could be blue-shifted by as much as
40 nm with a corresponding lowering of film conduc-
tivity, indicating we have good control over the poly-
mer conjugation length. Figure 1d shows the cyclic
voltammogram of an as-deposited polythiophene film
measured in an electrolyte of 0.5 M tetraethylammo-
nium tetrafluoroborate (TEABF4) in acetonitrile. The
p-doping (oxidation) and dedoping (reduction) peaks
are clearly observed at 0.8 and 0.25 V vs Ag/AgCl,
respectively, and are accompanied by a color change
from red in the undoped state to deep blue in the
doped form. The locations of these peaks match re-
ported values of p-doping and dedoping peaks for
unsubstituted polythiophene.32

Because of the insolubility of polythiophene in
common solvents, the typical methods to measure
polymer molecular weight, e.g., by gel permeation
chromatography (GPC) or solution viscometry, were
not possible. Qualitatively, the Raman and UV spectra
in Figure 1 indicate that the polythiophene has a
degree of conjugation greater than several monomer
repeat units long. As amore quantitativemeasure, FTIR
was used to determine the degree of polymerization,
which has been found to correlate with the ratio of the
intensity of the IR bands at 690 and 790 cm�1,29 giving
an estimate in the range of 26�29 thiophene units.

With the use of a transition metal halide oxidant to
enable oxidative polymerization of thiophene, the
oxidant has been found to also complex with the
polymer during film growth, which leads to doping
of the polythiophene and the observed electrical
conductivity.26 This is evidenced by the presence of
antimony and chlorine within the as-deposited film
from spectral data (see Supporting Information). How-
ever, washing of the films with tetrahydrofuran (THF)
or methanol helped to remove the oxidant com-
pletely and consequently leads to dedoping of the
polythiophene and a corresponding loss in electrical
conductivity.26 It should be noted that although the
doped form of the polythiophene is characterized here
by Raman and FTIR spectroscopy to reveal the level of
doping (see Figure 1 discussion), the electrochemical
measurements presented hereon are solely on the
dedoped form of the polythiophene after thorough
solvent washing to remove any trace of the antimony
oxidant. This eliminates any effect or interference
the oxidant might have on these subsequent
measurements.
Chemical vapor deposition is well-known to produce

conformal coatings on topographically complex sub-
strates. Even with porous structures where the aspect
ratio (length-to-diameter) of the pores can exceed
1000:1 and pore sizes are on the nanometer scale,
CVD is able to achieve uniform and conformal coating
on the pore walls, and if so desired, the pore spaces
can even be entirely filled.33,34 Here, we demonstrate a
unique way to integrate unsubstituted polythiophene
within porous nanostructures with exceptional control
over film thickness and coating conformality by simple
adjusting of oCVD synthesis parameters. We have
chosen to deposit within anodized aluminum oxide
(AAO) membranes having well-defined pore geome-
tries in order to investigate the oCVD parameter space
that leads to effective polymer integration. By reducing
total pressure and oxidant concentration so as to be in
the reaction-limited regime that favors mass transport
inside the pores, we obtained conformal growth of the
polymer within porous nanostructures with average
deposition rates as low as 0.5 nm/min (deposition rate
was estimated by taking the ratio of film thickness
measured by cross-sectional SEM and film deposition
time). Figure 2 shows 57 μm thick AAO membranes
with a nominal pore diameter of 200 nm, comparing
the white uncoated membrane (Figure 2a) to the
polythiophene coated one which in the as-deposited
doped form has a dark grayish blue color (Figure 2b),
and the polythiophene coated disc after dedoping to
yield the orange-red undoped state (Figure 2c). Cross-
sectional scanning electron microscopy (SEM) images
show that the vertically aligned pore channels of the
AAO membrane (Figure 2d) have been conformally
coated with polythiophene, in this case with a film
thickness of∼30 nm (Figure 2e). This uniform coating is
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observed throughout the entire thickness of the AAO
membrane, see Supporting Information Figure S3,
and demonstrates oCVD's ability to create conformal
films along pore walls inside porous nanostructures by
manipulating the rate of polymerization at the surface
relative to mass transport dynamics. The presence of
polythiophene all the way through the AAO mem-
brane thickness was confirmed by performing energy
dispersive X-ray spectroscopy (EDS) over the cross
section of AAO disk coated with polythiophene. The
concomitant presence of aluminum and sulfur of uni-
form signal intensity along the cross section suggests
a well controlled coating along the wall within the
nanopores, see Supporting Information Figure S4. In
contrast, under faster reaction conditions at higher
oxidant flow rates, preferential deposition on the outer
membrane surface rather than inside the pores led to
nonconformal coating and eventually premature pore
blockage, see Supporting Information Figure S5.
With the ability to create conformal coatings inside

porous nanostructures, we turned our focus to study
the effect of a porous nanostructure on the electro-
chemical behavior of polythiophene films. Here, oCVD
was used to deposit polythiophene films on planar
FTO substrates as well as inside 4 μmmesoporous TiO2

layers supported on FTO substrates. The TiO2 layers
consisted of a network of 25 nm TiO2 interconnected
nanoparticles spin coated from a suspension onto FTO
glass and annealed at 450 �C to remove the solvent,
resulting in a mesoporous network structure. Confor-
mal coating inside mesoporous layers as thick as 4 μm
as evidenced by EDSmapping over the cross section of
TiO2 layer (see Supporting Information Figure S6) was
obtained at a slow deposition rate of 1 nm/min (based
on estimating an average film thickness by knowing

the mass of deposited polymer, the total available
substrate surface area, and assuming a polymer den-
sity, see below).43 Cyclic voltammetry was used to
derive the specific capacitance of the polymer using
the following equation:

Csp ¼ 1
Rm

Z
i dV

ΔV
(1)

where R is the scan rate, m only considers the mass
of the polymer, i and V are the current and voltage on
the voltammogram, and ΔV is the window over which
cyclic voltammetry was performed. The TiO2 porous
layer itself was found to contribute minimal capaci-
tance (<1 F/g) so the capacitance measurements are
expected to only probe the effect of the polymer.
Figure 3a gives the specific capacitance (per mass of

the polymer) for polythiophene thin films deposited on
planar substrates and inside mesoporous TiO2 nano-
structures. Clearly, there is a dependence of the specific
capacitance on polymer thickness both on the planar
substrate (250 and 800 nm) and within the nanostruc-
ture (4 and 6 nm). Film thickness of polythiophene on
the flat substrates was measured directly through
cross-sectional SEM while that inside the nanostruc-
tures was estimated by measuring the mass gain due
to the polymer after oCVD using thermogravimetric
analysis (TGA) and relating it to polythiophene density
(1.2 g/cm3) and the nanostructure specific surface area
(55 m2/g,).34,35 For polythiophene deposited on planar
substrates, the specific capacitance of thin films (down
to 25 nm as the minimum film thickness practically
possible for electrochemical measurements) over the
1.5 V window was found to be 150 F/g and for thicker
samples (>450 nm) this value was reduced to 75 F/g.
To understand this difference, the anodic peak current
taken from the cyclic voltammogram was traced as a
function of scan rate, see Figure 3b. For a planar thin
film (250 nm), the linear response is characteristic of
a reaction limited behavior in the redox process. In
contrast for a thick film (800 nm), the deviation from a
linear response indicates that ion diffusion and pene-
tration inside the polymer becomes limiting. This is
confirmed by the linear relationship obtained by
plotting the peak current with the square root of the
scan rate predicted for the ion diffusion limited case,
and which allows an estimate of the BF4

� ion diffusion
coefficient of 8.9 � 10�9 m2/s to be obtained from
solving the diffusion equation under semi-infinite con-
ditions that yields an equation relating peak current
with scan rate

Ip ¼ (2:69� 105)n3=2AcD1=2ν1=2 (2)

where Ip is the peak current (amps), n is the number of
electrons transferred, A is the electrode surface area
(cm2), c is the salt concentration (mol/cm3), D is the
ion diffusion coefficient (cm2/s), ν is the scan rate (V/s),

Figure 2. Conformal coating of polythiophene within por-
ous nanostructures using oCVD. (a) Uncoated anodized
aluminum oxide (AAO) membrane, 57 μm thick and
200 nm pore diameter. (b) Polythiophene coated AAO in
the as-deposited doped state of the polymer. (c) Polythio-
phene coated AAO in the undoped state of the polymer
after dedoping. (d) Cross-sectional SEM of an AAO mem-
brane showing the porous channels (darker shade). (e)
Cross-sectional SEM of a polythiophene coated AAO mem-
brane showing conformal and uniform coating along the
porewalls (coating thickness notedby the red arrows). Scale
bars in the SEM images are 200 nm.
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and the proportionality constant is 0.4463(F3/RT)1/2

(C3/2 mol�1 J�1/2) in which F (96485.33 C/mol) is
Faraday's constant, R (8.314 J mol�1 K�1) is the gas
constant and T (300 K) is the temperature of measure-
ment.36 This value is in the range of diffusion coeffi-
cient values reported for thiophene polymers in planar
geometry.37 The difference in specific capacitance
between thin and thick polythiophene films is also
seen for the case of the polymer deposited within
the mesoporous TiO2 nanostructures. As the polymer
thickness increased from 4 to 6 nm, the latter being
close to the limit at which the pores become filled, the
specific capacitance was significantly reduced from
250 to 75 F/g, see Figure 3a. By plotting the anodic
peak current as a function of scan rate, as seen in
Figure 3c, again the thicker coating this timewithin the
nanostructure shows that the redox process is highly
diffusion limited. Plotting the current with the square
root of the scan rate yields a linear behavior for the ion
diffusion limited process, leading to a diffusion coeffi-
cient for BF4

� ions to be 8.2 � 10�8 m2/s, which is an
order higher than that for the dense, thick planar

polythiophene film but is comparable to that reported

for the diffusion of ions in a liquid electrolyte within

nanoporous electrodes.38 This suggests that diffusion

in this case is limited by ion diffusion in the liquid

and not in the polymer, presumably due to the much

narrower pore channels with the thicker polymer coat-

ing inside the porous nanostructure.
What is more important with the results in Figure 3a

is the significant enhancement in specific capacitance
when a thin polythiophene film is inside the meso-
porous TiO2 layer compared to a thin film on a planar
substrate, where in both cases ion diffusion is not
limiting. If the thin polythiophene film inside the
nanostructure were solely dictated by reaction con-
trolled redox processes, then the expected specific
capacitance (per mass of polymer) should be similar
to that of the thin planar film. However, the measured
capacitance for the film inside the porous nanostruc-
ture is almost 1.6 times higher. The data suggests that
the three-dimensional nanostructured pore surface
adds a significant component to the electrochemical
behavior of polythiophene that is not available on a

Figure 3. Effect of polymer thickness and 3D nanostructure on the specific capacitance of oCVD polythiophene. (a) SEM
images (scale bar is 200 nm) and specific capacitance values of thin (250 nm) and thick (800 nm) films on planar FTO
electrodes, and of thin (∼4 nm) and thick (∼6 nm) films insidemesoporous electrodes of TiO2; specific capacitance is based on
permass of polymer and reportedwith 2 standard deviations. The current density of the anodic (doping) peak as a function of
scan rate for different thickness of films on (b) planar substrates and (c) within mesoporous nanostructures.
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two-dimensional planar surface. There are reports to
indicate that a nanoconfinement effect can signifi-
cantly increase the electrical double layer capacitance
(EDLC) in nanoporous electrodes. This has been attrib-
uted to enhanced collision frequency of ions with the
pore walls as ions diffuse within a porous media
(analogous to gas phase Knudsen transport) as well
as enhanced charge screening with the electric field
distribution inside the nanoporous structure.39 This
increase in double layer capacitance due to nanocon-
finement has been shown to be a strong function of
roughness (defined as the ratio of actual to geometric
surface area) and ion concentration in the bulk.40

There is the possibility that the polythiophene might
have a double layer capacitance component that
could lead to the nanoconfinement enhanced capa-
city as observed in other double layer nanoporous
structures41,42 since we see a flat rectangular portion
in the cyclic voltammograms (see Supporting Informa-
tion Figure S7) that suggest some double layer con-
tribution. It is also possible that the faradaic processes
in polythiophene could be augmented in a nanocon-
fined polymer. The increase in faradaic current could
arise from more stable and reversible oxidation of the
polymer. In the bulk, further oxidation can be achieved
at higher electrode potentials; however, in the case of
unsubstituted polythiophene this easily leads to over-
oxidation in the presence of solvent nucleophiles that
results in irreversible polymer degradation.43,44 How-
ever, with the polymer confined in the nanopores,
more oxidation could potentially be achieved without
irreversible chemical degradation since the pores
might hinder nucleophiles present in the bulk solution
from interacting with the polymer.16,39,45 For our case,
the enhanced charge capacity most likely comes from
both additional faradaic contributions and double
layer capacitance of the polythiophene rather than
solely from an electrical double layer (it should be
noted that the bare TiO2 nanostructure had negligible
measurable capacitance). Although it is possible that
the much smaller thickness of polythiophene within
the nanopores compared to that on a planar substrate
might itself lead to the observed increase in capacity
(rather than any effect attributed to pore confinement),
we believe that this is not the case based on the fact
that we did not see any thickness dependency on the
specific capacitance of the polymer on a planar sub-
strate for coating thickness in the range of 25�450 nm
where ion diffusion is not limiting. We believe that the
observed augmentation of the specific capacitance of
the polymer within the nanoporous electrode is most
likely related to the nanostructural template where
the template contribution itself to the total electrode
capacitance is insignificant.
Given the ability to significantly enhance charge

storage with ultrathin oCVD polythiophene within por-
ous TiO2 nanostructures, we investigated further by

using oCVD to integrate polythiophene thin films with-
in the nanostructure of activated carbon electrodes to
create pseudocapacitor devices. Unsubstituted poly-
thiophene was conformally coated within the porous
activated carbon by oCVD at various deposition times
using a constant set of oCVD deposition conditions
(1 Torr pressure, 0.3 sccm oxidant flow rate, 2.5 sccm
monomer flow rate, and 30 �C substrate temperature)
to obtain electrodes with differentmass loadings of the
polymer within the matrix. Figure 4a�d shows the top-
down SEM images of the activated carbon particles in
the fabricated electrodes before and after oCVD with
several mass loadings of polymer to activated carbon
(1:1, 1.5:1, and 2.7:1). As seen in Figure 4a, uncoated
activated carbon particles have a very rough surface
consisting of microscale topologies and mesopores.
With an increasing amount of polythiophene as in
Figure 4b,c, the surface morphology becomes notice-
ably smoother, and eventually at high enough loading
of thepolymer as in Figure 4d the coating is sufficient to
cover the microscale features and fill in many of the
pores. As shown in Supporting Information Figure S8,
the STEM image of a microtomed section of a lightly
coated activated carbon electrode shows the polymer
is present inside the porous particle and not only on
the outer surface, which again demonstrates the utility
of oCVD in integrating ultrathin polythiophene within
porous nanostructures. As shown in Figure 4e, specific
capacitance values of oCVD polythiophene coated
activated carbon pseudocapacitors are highly depen-
dent on the mass loading of polymer. In particular,
at a polymer-to-activated carbon mass ratio of ∼1.5,
specific capacitance reaches amaximum, a value∼50%
higher than that for bare activated carbon (145 vs

92 F/g). More significantly, this capacitance translates
to over a 250% increase in volumetric capacitance since
the volume contribution of the ultrathin polymer coat-
ing is negligible (120 vs 47 F/cm3). Figure 4f shows cyclic
voltammetry sweeps of the polythiophene coated
activated carbon at the 1.5:1 mass ratio over a 4.0 V
window at different scan rates. The dependency of the
peak current value upon the scan rate is not entirely
linear, but there is no sign of diffusion limitations up to
100mV/s. Thepseudocapacitor is shown tobe stable up
to the 5000 cycles tested with a small 10% capacitance
drop during the first 100 cycles, see Figure 4g.
Looking back at each cyclic voltammogram in

Figure 4f, we observe that the signal has both char-
acteristics of a pure electrical double layer capacitor
(EDLC) and faradaic processes associated with a pseu-
docapacitor. The flat portion of the curves around 0 V is
characteristic of the rectangular plot typically obtained
with an EDLC such as activated carbon, while the peaks
noticeable toward either edge of the voltage window
relate to the redox reactions of a pseudocapacitor like
polythiophene. This suggests that the ultrathin poly-
thiophene coating did not completely block access to
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pores so that a considerable portion of the activated
carbon surface is still available for ions to dock at the
surface and contribute to charge storage in electrical
double layers. This area could be mainly from the
micropores that are inaccessible to oCVD for conformal
polymer coating, and therefore, activated carbon re-
mains accessible to ions. However, when the polymer
coating becomes too thick, these pores no longer
become accessible, and further, the surface features
in activated carbon become more rounded and ill-
defined. This could lead to lower capacitance due to
pore blockage, less surface area and even the onset of
diffusion limitations. This could explain the behavior
observed in Figure 4e, in which the maximum capaci-
tance observed with polymer mass loading could be
understood as an initial increase in the contribution
from pseudocapacitance with having more redox ac-
tive polymer to an eventual decrease in capacitance
due to a drop in surface area and pore blocking with
thicker polymer coatings.
The enhanced capacitance observed with thinner

polymer films in TiO2 nanostructures as well as the
optimal polymer loading for maximizing capacitance
seenwith the activated carbon electrodes indicate that
care must be taken when designing and optimizing
electrodes that integrate electroactive materials. The

design should be one where a sufficient wall-to-wall
distance (in the sub-10 nm range) is available to
guarantee the electrical double layer action and main-
tain perm-selectivity, ion diffusion and access to the
pores. Any volume expansion of the electrode and
electroactive polymer materials during charging must
be considered to avoid pore blockage, mass transfer
limitations, and the loss of the double layer.

CONCLUSIONS

We have demonstrated oCVD's unique ability to
synthesize unsubstituted polythiophene based on
the direct vapor-to-solid oxidative polymerization of
thiophene monomer using antimony pentachloride
oxidant. Ultrathin polythiophene films have been suc-
cessfully integrated within high aspect ratio porous
nanostructures of AAO, TiO2 and activated carbon by
operating oCVD under slow kinetics that favor reactant
mass transport. Significantly, ultrathin conformal poly-
thiophene coatings that preserve the high surface area
of the porous nanostructures showed enhanced capa-
citance 1.6 times over that of planar films that could be
attributed to nanoconfinement effects not available in
open planar geometries. As a result, type I symmetric
pseudocapacitors consisting of polythiophene coated
activated carbon electrodes displayed significantly

Figure 4. Electrochemical behavior of oCVD polythiophene coated activated carbon. SEM images of activated carbon
electrodes (a) without coating and coated with polythiophene at polymer-to-activated carbonmass ratios of (b) 1:1, (c) 1.5:1,
and (d) 2.7:1 (insets show a magnified region of the surface morphology of each sample; scale bar is 1 μm and 50 nm for the
inset). (e) Cyclic voltammograms of the 1.5:1 mass ratio pesudocapacitor recorded at different scan rates between �2 and
þ2 V. (f) Specific capacitance values based on per total mass of electrode for different polymermass loadings. Measurements
were made at 100 mV/s for five different samples at each loading with the error bars representing two standard deviations.
(g) Capacitance of the same sample measured up to 5000 cycles (at 100 mV/s).
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greater energy storage capacity compared to bare
activated carbon, with an increase of 50 and 250%
in specific and volumetric capacitance, respectively, at
an optimal polymer-to-activated carbon mass ratio of
1.5:1. Capacitance was stable up to the 5000 cycles
tested with a small decrease of 5% within the first
100 cycles. The capacitance enhancement could be

attributed to the preservation of nanostructure surface
area and accessible pore space that is afforded by
ultrathin films. oCVD promises to be a valuable syn-
thesis and processing pathway for making conductive
polymers and creating enhanced energy storage solu-
tions that takes advantage of nanostructured device
architectures.

METHODS
oCVD Synthesis of Unsubstituted Polythiophene. To enable the

oCVD polymerization of unsubstituted polythiophene, thio-
phene monomer (Aldrich, 97%) and antimony pentachloride
oxidant (Acros Organics, 95%) were used as received. Vapors of
thiophene and antimony pentachloridewere generated bymild
heating of the source liquids to 35 �C, andmetered into the CVD
reactor through precision needle valves to achieve flow rates of
2.0�5.0 and 0.1�1.0 sccm (standard cm3 per min), respectively.
Total pressure in the reactor was automatically maintained at
set points in the range of 0.5�1.5 Torr using a downstream
throttle valve, while substrate temperature was controlled in
the range of 25�30 �C using backside contact with a recirculat-
ing thermal fluid. Polymer synthesis and film deposition were
performed on various substrates, including planar silicon, fluor-
ine-doped tin oxide (FTO) glass (Hartford Glass), mesoporous
TiO2 nanoparticle layers on FTO using previously published
methods,34 and activated carbon on either FTO or stainless steel
plates (see below).

Polymer Film Characterization. Fourier transform infrared (FTIR)
spectra were acquired on a Thermo Nicolet 6700 spectrometer
in normal transmission mode using an MCT/A detector at a
resolution of 4 cm�1 averaged over 64 scans. UV�vis spectra of
deposited films on quartz glass were acquired jn the range
of 280�800 nm with 1 nm resolution using a Shimadzu UV-
1700 spectrophotometer. Raman spectra were collected on a
Renishaw RM1000 microspectrometer using either a 488 nm Ar
ion laser 488 nm with ∼1 μm lateral spot size and 11 mW total
power or a 633 nmHe�Ne laserwith∼2μmlateral spot size and
20 mW total power. Film conductivity was estimated through
measuring sheet resistivity from an Alessi four-point probe
connected to a Keithley 2400 source meter and film thickness
from cross-sectional SEM averaged over 5 different locations
along the same line as the four-point probe pins.

Activated Carbon Electrode Fabrication. The activated carbonmat
was fabricated according to published protocol using YP-50
particles (Kuaray Chemical, average particle size 5�15 μm,
1500�1800 cm2/g specific surface area with nominal pore size
of 0.5�2 nm) and 5.0% binder (60 wt % PTFE suspension in
water) to obtain 100 μmthick electrodes.46 Thematwas cut into
1 cm2 size for oCVDcoating and electrochemical characterization.

Thickness Estimation. The thickness of the polymer within
porous nanostructures was estimated based on the mass of
deposited polythiophene within the electrodes. The polymer
mass was measured by TGA analysis after soaking each sample
for a day in methanol to remove any antimony oxidant residue
followed by drying in air for at least 1 h. To calculate the polymer
film thickness, the polymerwas assumed to be spread uniformly
within the porous electrode and the density of polythiophene
was taken as 0.92 g/cm3 based on blanket thick film deposition.
Total surface area of the nanostructured electrode was esti-
mated using the TiO2 electrode matrix weight measured from
the final plateau value of the TGA curve and the specific area of
the TiO2 electrode derived from N2 adsorption isotherms
(aBET ∼55 m2/g). Using the total electrode surface area and
the mass and density of the deposited polymer, the thickness
was back calculated. For the planar samples, film thickness was
measured using SEM along the cross section of the sample and
averaged over 5 different positions.

Polymer Integration within Nanostructured Electrodes. Polythio-
phene was integrated within various porous nanostructures,

including anodized aluminum oxide (AAO) disks (Whatman,
0.2 μm pore size and 60 μm thickness), mesoporous titanium
dioxide coated on FTO glass (20 nm nominal pore size and 4 μm
thickness), and activated carbon electrodes. The oCVD deposi-
tion conditions were tuned for different substrates to achieve
conformal coating that was evaluated based on SEM imaging
and gravimetric analysis, assuming constant density for poly-
thiophene of 0.92 g/cm3 estimated from blanket thick film
deposition. Optimal conditions were found when total pressure
was set at 500 mTorr and the substrate temperature was
kept constant at 30 �C. For the AAO membranes, flow rates
of thiophene and antimony chloride were 2.0 and 0.1 sccm,
respectively. For the mesoporous TiO2 electrodes, flow rates
were 5.0 and 0.2 sccm, respectively, and for the activated carbon
electrodes, flow rates were 4.0 and 0.2 sccm. Nitrogen was used
as an inert patch flow to keep the total flow rate fixed at 5 sccm.

Capacitance Measurements. Before performing any electroche-
mical tests, the samples were soaked in tetrahydrofuran (THF)
for 3 h to clean the surface and dried in a vacuum oven for 8 h
to remove the THF completely. The electrochemical charge
storage capacity of the polymer films deposited on planar
electrodes and within porous nanostructured electrodes was
then investigated in a three electrode setup using cyclic vol-
tammetry. Voltage was swept over a potential window of 1.5 V
(�0.5 to þ1.0 V) vs Ag/AgCl in a liquid electrolyte of 0.5 M
TEABF4 in acetonitrile and using an oversized activated carbon
as the counter electrode. The electrochemical performance of
the activated carbon electrodes after polythiophene dedoping,
THF washing, and drying were tested in a symmetric two
electrode Swagelok cell using 1 M TEABF4 in acetonitrile as
the electrolyte.47 A voltage range of�2 toþ2 V was found to be
an appropriate window over which the fabricated electrodes
were stable (this was based on separate cyclic voltammetry
measurements made beforehand in a three electrode setup
where the electrodes were used in a symmetric configuration
and the voltage on the electrode was probed independently vs
an Ag/AgCl electrode).48 Specific capacitance of the assembled
Swagelok cells was derived from cyclic voltammetry using the
total mass of the electrode (including the polymer, activated
carbon and binder).
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