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ABSTRACT: Oxidative chemical vapor deposition (0CVD) offers unique advantages as a
liquid-free processing technique in synthesizing and integrating conducting polymers,
including polyaniline (PANTI), by enabling conformal coatings onto nanostructured substrates,
like carbon nanofibers. With relatively thick nanofiber mats, the challenge is to ensure uniform
coating thickness through the porous substrates. Here, the substrate temperature during oCVD
is found to be a primary factor influencing PANI coating uniformity. Coating uniformity is
enhanced by operating at a higher substrate temperature, where monomer adsorption is
believed to be limiting relative to intrinsic reaction kinetics. Also, a higher substrate
temperature leads to significantly less PANI oligomers and more PANI in the emeraldine
oxidation state. A systematic study of oCVD kinetics with substrate temperature shows a
reaction-limited regime at lower substrate temperatures with an activation energy of 12.0 kJ/
mol, which is believed to be controlled by the self-catalyzed PANI polymerization reaction that
transitions at higher substrate temperatures above 90 °C to an adsorption-limited regime as
indicated by a negative activation energy of —18.8 kJ/mol. Overall, by operating within an
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adsorption-limited oCVD regime, more uniform oCVD PANI coatings on electrospun carbon nanofiber mats have been achieved.

B INTRODUCTION

carbon materials, including activated carbon, carbon cloth,

Polyaniline (PANI) coatings onto substrates with a high
surface area have found applications in many fields, including
electrocatalysts for oxygen reduction reaction processes,' ~ gas
sensors,’® supercapacitors,”” and lithium sulfur bat-
'9=12 However, conventional liquid-based coating
methods cannot make very conformal, uniform, and thin
coatings onto high specific area substrates, which can
negatively impact performance in application areas. These
methods can result in coating irregularities, aggregation, cracks,
and nonconformal coatings because of poor surface wettability
and liquid surface tension forces.'”

teries.

»1* Specific examples of
PANI coatings on carbon nanomaterials have directly shown
that liquid-based methods often result in nonconformal and
nonuniform coa.tings.ls_17 To overcome these challenges, the
oxidative chemical vapor deposition (oCVD) process is
introduced as a more effective way to make more conformal
and uniform PANI coatings. Instead of utilizing a liquid solvent
for coating, oCVD utilizes gas-phase reactants under low
pressures to directly synthesize and grow PANI as thin
coatings. Briefly, the aniline monomer and a chemical oxidant,
such as antimony pentachloride (SbCl;), are vaporized and
continuously delivered into a reactor chamber, where the
oxidant enables the oxidative polymerization of aniline to form
PANI on a substrate surface. As a general technique, oCVD
has been shown previously to produce conformal coatings of
conducting polymers, such as polythiophene and poly(3,4-
ethylenedioxythiophene) (PEDOT) and PANI, on different
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carbon nanotubes, and carbide-derived carbon.

In our previous work with oCVD PANI, conformal PANI
coatings have been formed on freestanding carbon nanofiber
(CNF) mats made through electrospinning.”” The conformal
PANI coatings yield enhanced and more stable charge storage
as electrodes in supercapacitor devices. However, processing-
wise, we find that it is challenging to produce PANI coatings
with a uniform coating thickness throughout the thickness of
the CNF mats (typically ~25 ym). Coating is predominantly
confined to the surface region of the mats exposed to the
reactant vapors. The previous work also relied on a
postdeposition washing step with tetrahydrofuran (THF)
solvent to remove residual oligomers formed during the
PANI polymerization process. These oligomers are undesirable
as they degrade coating and device properties. Also, the added
washing step complicates the overall process scheme, makes it
not fully liquid-free, and creates a greater environmental
footprint. Thus, we seek to form PANI coatings on CNFs with
the goals of achieving a more uniform coating thickness
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throughout the CNF mat, and implementing a simpler, all-dry,
and more environmentally friendly oCVD process scheme.
To this end, we probe the effect of substrate temperature on
oCVD PANI coatings on CNFs in order to control
polymerization kinetics and polymer structure through
oCVD processing. Prior literature work on oCVD of other
conducting polymers has found the substrate temperature as a
dominant processing parameter in influencing polymer
structure and properties.””** For example, in the oCVD of
polyisothianaphthene (PITN), the color and transparency of
the PITN film can be systematically varied by changing
substrate temperature.”* Previous oCVD work on PEDOT has
also shown that an increase in substrate temperature can yield
more porous films'* and an increase in electrical conductivity,
which is attributed to a greater polymer conjugation length and
a loss of oligomer at the higher temperatures.”” In other
polymer chemical vapor deposition (CVD) work, such as
initiated CVD (iCVD) of acrylate polymers, substrate
temperature is a key parameter controlling monomer
adsorption, surface diffusion, and surface polymerization,
factors that determine coating uniformity on porous, nano-
structured substrates.”> Here, we report a systematic study of
the effect of substrate temperature on the oCVD deposition
kinetics of PANI with the aim of using substrate temperature
to directly control polymer structure and coating uniformity.

B EXPERIMENTAL SECTION

CNF Fabrication. Electrospinning was used to prepare CNF mats
based on our previously established procedures.”*” To prepare the
solution for electrospinning, polyacrylonitrile (PAN, average M,
150,000, Sigma-Aldrich) and dried LIQION (Nafion, Liquion 1105,
Ion Power Inc.) were dissolved in N,N-dimethylformamide (DMF,
Sigma-Aldrich) overnight. PAN and Nafion were then mixed in a
40:60 weight ratio with a total solid concentration of 18% in DMF.
During electrospinning, the distance between the aluminum foil-
grounded collector and the needle tip (22-gauge stainless steel needle,
Hamilton Co.) was kept between S and 6. Relative humidity inside
the spinning setup was kept below 20% and a solution flow rate was
set to 0.2 mL/h using a syringe pump (New Era Pump Systems, Inc.).
An applied voltage of 9—10 kV was used to obtain a freestanding mat.
In order to make porous CNF (pCNF) samples, the electrospun
nanofiber mats were first stabilized in a convection oven (Binder Inc.)
at 280 °C for 6 h in air. After the stabilization step, the mats were
carbonized in a tube furnace (MTI corporation) at 1000 °C for 1 h
(with a heating rate of 3 °C/min) under continuous nitrogen flow.
The mats were then cut using a 1” (2.54 cm) diameter punch and
dried at 140 °C under air. Then, the mats were weighed using a
precision microbalance (Mettler Toledo) with a sensitivity of 0.01 mg
to determine their initial sample weight. The initial weight of the mats
was chosen to be within a desired range of 3.10—3.75 mg that
averages to around 3.50 mg. Based on previous nitrogen sorption
measurements, the individual fibers possess intrinsic micro and
mesoscale porosity that yield a surface area of ~680 m*/g.>’

oCVD PANI Synthesis and Coating. PANI was synthesized
from vaporized monomer aniline (99.5%, Sigma-Aldrich) and oxidant
antimony pentachloride (SbCl;, 99.99% trace metal basis, Sigma-
Aldrich), both used as received, in a custom-built oCVD reactor
system.”® A schematic diagram of the oCVD reactor system is shown
in Figure la. The aniline monomer was fed through inlet ports on one
side of the reactor framework, while the SbCl; oxidant was fed
separately through a 0.25” diameter feedthrough line directly into the
monomer flow. Both reactants were heated to 60 °C in source
containers to ensure a sufficient vapor head space in order to deliver a
constant flow set at 1.5 sccm using low-flow precision metering valves
(Swagelok). Inert N, carrier gas was used to aid delivery of each
reactant through a set flow of 1.5 sccm that was controlled by mass
flow controllers (MKS Instruments, model 1479A). Figure 1b shows a
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Figure 1. (a) Schematic diagram showing top-down view of the
oCVD reactor chamber, and (b) photo showing top-down view of the
substrate setup.

photo of the actual setup inside the reactor, showing the reactant
flows relative to the substrate placement. The pCNF substrate was
placed on a thin film heater (McMaster-Carr), and the substrate
temperature was directly controlled using a temperature controller
(Omega Engineering) that continuously monitors the substrate
temperature through an attached K-type thin wire thermocouple
(Omega Engineering). To minimize heat loss from the heater to the
reactor stage, a thin ceramic insulator block was placed in between the
heater and the stage. Silicon spacers and adhesive tape were used to
hold the substrate in position. Additionally, to maintain a more
constant reactor environment, the reactor glass lid was heated and
kept at 80 °C during the deposition. Depositions were carried out at a
reactor pressure of 60 mTorr, maintained using a pressure controller
(MKS Instruments) connected to a downstream throttle valve (MKS
Instruments) and a capacitance manometer gauge (MKS Instru-
ments) that monitored reactor pressure. Deposition time was set at 1
h for each run. After deposition, the sample was weighed again to
determine the weight gain due to PANI growth. Further character-
ization was made on the sample without any subsequent
postdeposition treatment.

Sample Characterization. Fourier-transform infrared (FTIR)
spectra were acquired using a Thermo Nicolet 6700 spectrometer in
attenuated total reflectance mode with a DTGS detector at 4 cm™'
resolution and averaged over 128 scans. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using a Physical
Electronics VersaProbe 5000 spectrometer with a microfocused
monochromatic scanned X-ray beam equipped with an Al Ka X-ray
source (1486 eV photons). High-resolution elemental N 1s, Sb 3dS,
and CI 2p spectra were acquired at 50 W using a 200 gm spot size,
23.500 eV pass energy, and 0.050 eV energy step at S0 ms per step.
Scanning electron microscopy (SEM) images were acquired via a
Zeiss Supra SOVP with an in-lens detector at S kV and a working
distance of ~3.4 mm. The images were taken with line integration and
seven repeats. Before SEM analysis, the samples were sputtered with
Pt/Pb for 40 s to minimize sample charging. From the SEM images,
the coated fiber diameters on each side of the sample were measured
by Image]J software with the Diameter] plugin.”’ Measurements were
made at six different sample locations and picking four different
threshold images generated by the software at each location. These
yielded 24 separate measurements from which the average diameter
and standard deviation were calculated. For the bare, uncoated fibers,
five different sample locations were chosen and four different
threshold images were taken from each location, which yielded 20
measurements for deriving the average diameter and standard
deviation. See the Supporting Information for more details and the
complete set of raw data.

B RESULTS AND DISCUSSION

oCVD PANI Film Chemistry. To understand the effect of
substrate temperature on oCVD PANI film chemistry,
substrate temperatures in the range of 70—130 °C were
probed, and the corresponding FTIR spectra were acquired, as
shown in Figure 2. At lower substrate temperatures of 70 and
90 °C, we see distinct peaks related to PANI oligomers
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Figure 2. FTIR spectra of oCVD PANI deposited at different
substrate temperatures of (a) 70, (b) 90, (c) 110, and (d) 130 °C.
The O1 to O4 peaks are associated with short chain oligomers, the P1
and P2 peaks are related to long-chain polymers, and the D peak
represents the doping level.

(labeled O1 to O4). The O1 and O2 peaks located at around
800 cm ™" are assigned to CH out-of-plane bending and out-of-
plane ring deformation of monosubstituted phenylene rings
associated with short-chain oligomers.30 Likewise, oligomer
units are identifiable with the O3 peak at 1630 cm™" because of
NH scissoring vibrations of aromatic amines or the presence of
phenazine units,*® and the O4 and OS peaks at 3220 and 3320
cm™!, which are assigned to hydrogen-bonded NH vibrations
and free NH stretching, respectively.’’ At higher substrate
temperatures of 110 and 130 °C, the peaks related to PANI
oligomers become significantly diminished, while the peaks
associated with long-chain PANI polymer (labeled P1 and P2)
are distinctly stronger. The P1 and P2 peaks at 1460 and 1580
cm™' represent the benzenoid and quinoid PANI structures,
which are the reduced and oxidized PANI forms, respec-
tively.”' At the highest substrate temperature of 130 °C, the
O1 and O2 peaks are replaced by a single peak that can be
assigned to the para-coupling of aniline units in the long-chain
PANI polymer.‘o‘32 At all substrate temperatures, there is a
peak at 1150 cm™ (labeled D) that relates to the vibrational
mode of B—N*H=Q or B—N*H-B structures, which
qualitatively describes the extent of doping in PANL®' In
oCVD, doping is achieved simultaneously during polymer-
ization because the oxidant acts to oxidize not only the
monomer to enable chemical oxidative polymerization but also
acts to oxidize and dope the polymer.”

By increasing substrate temperature, the FTIR spectra
indicate that the oligomeric content of oCVD PANI can be
significantly suppressed. Especially at 130 °C, all the O peaks
are barely discernible, which suggests that the deposited film
consists mainly of the long-chain PANI polymer. This agrees
with previous work on oCVD of other conducting polymers,
like PEDOT, which also reported less oligomers and higher
polymer conjugation length at higher substrate temperatures.”
The loss of oligomers can be attributed to a greater chemical

13081

reactivity, in general, at higher reaction temperatures that favor
longer-chain growth, and the lower likelihood of oligomers to
be thermally stable as a solid at higher surface temperatures. In
addition, the FTIR data qualitatively indicate a change in the
oxidation level of PANI with varying substrate temperature
through the ratio of the relative peak intensities of P2 to P1.
This P2-to-P1 ratio provides the proportion of quinoid
(oxidized) to benzenoid (reduced) forms of the PANI
chemical repeat unit structure, where the ratio of 0:100,
50:50, and 100:0 refers to, respectively, the fully reduced
leucoemeraldine, semioxidized emeraldine, and fully oxidized
pernigraniline oxidation state of PANI At lower substrate
temperatures of 70 and 90 °C, P2 is much higher in intensity
than P1, which indicates that PANI is highly oxidized,
approaching that of pernigraniline. At higher substrate
temperatures, P2 and P1 peaks are much more similar in
intensity, which indicates that PANI is approaching more of
the emeraldine state. Thus, by using a higher substrate
temperature, oCVD PANI can be formed without the presence
of any appreciable amount of oligomers and with a more
desirable emeraldine oxidation state, which is well known to
have the greatest electrical conductivity among different PANI
states.””* This overcomes our challenge previously of
requiring a postdeposition solvent washing step to remove
short-chain oligomers deposited at lower substrate temperature
that were found to severely impede PANI performance because
of their lower chemical and redox stability.*”

To more quantitatively elucidate oCVD PANI film
chemistry, higher-resolution N 1s XPS spectra were taken of
samples deposited at substrate temperatures in the range of
70—130 °C, as shown in Figure 3. Four distinct nitrogen
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Figure 3. High-resolution N 1s XPS spectra of oCVD PANI
deposited at (a) 70, (b) 90, (c) 110, and (d) 130 °C, and their
resolved peaks that correspond to (e) different nitrogen bonding
environments.
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bonding environments can be resolved: N1 (~398.7 eV;
FWHM 1.3 eV) for quinoid, N2 (~399.8 ¢V; FWHM 1.3 ¢V)
for benzenoid, and N3 (~400.6 eV; FWHM 1.3 eV) and N4
(~401.8 eV; FWHM 1.7 V) for doped quinoid structures.’>*°
Based on the resolved peak areas, the fraction of quinoid forms
in the samples is evaluated from (N1 + N3 + N4)/N,,,, see
Table 1. At lower substrate temperatures of 70 and 90 °C,

Table 1. Elemental Composition and Chemical State of
oCVD PANI Deposited at Different Substrate Temperatures

Ty (°C) Sb (at. %) CI (at. %) % quinoid (Q/B ratio)
70 124 3.5 62% (1.6)
90 21.7 32 67% (2.0)
110 4.1 5.9 57% (1.3)
130 6.6 32 57% (1.3)

PANI contains more quinoid units relative to benzenoid units,
which means an overall oxidation state that is more oxidized
and closer to the pernigraniline state. At higher substrate
temperatures of 110 and 130 °C, the quinoid fraction
approaches that of 50%, or nearly an equal amount of quinoid
and benzenoid units, which represents more closely to the
semioxidized emeraldine state that is the most electrically
conductive PANTI state. These observations are consistent with
the qualitative FTIR analysis above. Based on XPS analysis,
Table 1 further shows the amount of antimony (Sb) and
chlorine (Cl) present in the oCVD PANI films. These
elements are because of the SbCl; oxidant and represent the
dopant present in these films. The highest amount of dopant,
particularly in the amount of Sb, is seen at a substrate
temperature of 90 °C, while at much higher substrate
temperatures of 110 and 130 °C, the dopant level significantly
drops. This trend is mirrored in the resolved N4 peak intensity
in Figure 3, which represents the most oxidized nitrogen form.
This peak has the highest intensity for the sample at 90 °C,
while that for the samples at 110 and 130 °C is significantly
reduced. These observations suggest that a maximum oxidized
content and maximum doping level are simultaneously
achieved at 90 °C, which is also clearly reflected in the highest
quinoid fraction at this temperature. This points to the
important role of the SbCl; oxidant in forming, oxidizing, and
doping PANI that seems to be the greatest at 90 °C. From the
literature, the generally accepted role of the oxidant is to
oxidize the aniline monomer to generate cation radical species,
which link together in a step-wise growth to form the PANI

polymer chain.”” In addition, the oxidant also acts as a dopant
in oxidizing the formed PANI polymer chain. Because these
reactions necessarily occur at the substrate surface, it is
understandable why substrate temperature might have a
significant impact on the resulting PANI film composition
and doping level. As will be discussed further in our kinetics
studies below, the change in the level of oxidant seen in PANI
with substrate temperature is related to the specific rate
process controlling the overall polymer growth.

oCVD PANI Film Morphology. One of the major
advantages of oCVD is its ability to coat conformal conducting
polymer thin films even within nanoscale structures. This
advantage comes from utilizing gas-phase reactants that
circumvent the use of liquid solvents in conventional coating
methods, which often leads to aggregation, cracks, bridging,
blocking, and other film defects because of poor wettability,
strong surface tension forces, and capillary effects. By using
oCVD, conformal PANI films that wrap around each individual
CNF is confirmed in SEM images given in Figure 4. The
conformal coatings are also sufficiently thin so that the intrinsic
fiber network structure and voids are preserved. The bare,
uncoated CNFs show an average diameter of around 200 nm
throughout the thickness of the mat and have a slightly rough
morphology as seen in the inset images. After oCVD, the
PANI-coated CNFs show wider fibers and generally a
smoother surface throughout the mat thickness that indicates
PANI conformally coated around each individual fiber. It
should be noted that the SEM images show top-down views of
the fibers on the top (top row) and bottom sides (bottom row)
of the CNF mats, where the top side was directly exposed to
the gaseous CVD environment while the bottom side was in
contact with the substrate heater during oCVD. Thus, the top-
side fibers have direct access to the gaseous reactants while the
bottom-side fibers are expected to be exposed to only those
reactants that diffuse through the thickness of the fiber mat.
The conformal coatings through the ~25 pm thick mat
indicate efficient reactant diffusion that provided sufficient
monomer and oxidant for polymerization down to the bottom
of the CNF mats.

More closer inspection, however, shows that the bottom
sides are relatively thinner compared to the top sides of the
mat, which suggests that the top side closest to the gaseous
environment still had slightly greater exposure to reactant
species that lead to more deposition on the top side compared
to the bottom side. Also, the bottom side is expected to be

E

Figure 4. SEM images of bare CNFs (a,b), and oCVD PANI-coated CNFs deposited at (c,d) 70, (e,f) 90, (gh) 110, and (i,j) 130 °C, showing top-
down views of the top (top row) and bottom (bottom row) sides of the CNF mat. During oCVD, the top side was directly exposed to the reactant
gas flow while the bottom side was in contact with the substrate heater. Scale bar is 1 ym (inset is 100 nm).
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slightly hotter because of the closer contact with the substrate
heater, which discourages precursor adsorption and reduces
the sticking coefficient of reactant species on the fiber surface
that could further limit surface polymerization. Additionally,
diffusion resistance of the reactants through the CNF mat
might limit access to reactants at the bottom, which could
further slow down the deposition process. More careful
inspection also reveals that the coating morphology at 70 °C
is somewhat different compared to the other substrate
temperatures, with a rougher texture particularly on the top
surface. Because this is not observed at the other substrate
temperatures, this could indicate a secondary deposition
process facilitated by the lower temperature, and might
potentially be related to the appreciable oligomers, as indicated
by FTIR, that nucleate and form more easily at the exposed top
surface. Literature work have shown, both experimentally and
through theory and simulations, that short-chain oligomers
tend to segregate and bloom at the surface as they are
enthalpically and entropically more favored to be at the surface
compared to long polymer chains.’® This would lead to
surfaces that are not homogeneous with surface irregularities
that could explain what is observed in Figure 4c. It is, therefore,
likely that the nonhomogeneities at the top CNF mat surface,
together with the FTIR support, point to significant oligomer
formation at the lowest substrate temperature of 70 °C that
was studied.

oCVD PANI Deposition Kinetics. In an attempt to
understand more clearly the effect of substrate temperature on
deposition behavior, the oCVD PANI growth kinetics were
examined. The growth was probed by two independent
measuring techniques. First, growth is expressed as an increase
in the fiber diameter after deposition. Second, growth is
characterized by an increase in sample weight after deposition.
It should be noted that because each deposition was run for 1
h, the average deposition rate is equivalent to the total amount
of film deposited, either represented by the fiber diameter or
weight gain. While weight changes were directly calculated
from weight measurements before and after deposition using a
weighing balance, the fiber diameters were measured from
SEM images using Image] with the Diameter] plugin.”’ The
fiber diameter for each sample is based on averaging a total of
24 measurements for coated fibers and 20 measurements for
uncoated fibers from SEM images. Both the fiber diameter and
the weight gain data of oCVD PANI-coated CNFs deposited at
different substrate temperatures are shown in Figure S. The
fiber diameter results in Figure Sa include not only the average
diameters of fibers coated at different substrate temperatures,
but also the spread or difference in the diameters between the
top and bottom of the fiber mats, which gives a quantitative
measure of the relative coating uniformity through the fiber
mat layer. The diameter data clearly show a maximum average
diameter of 389 nm for fibers coated at a substrate temperature
of 90 °C, which is an increase of 178 nm over the bare fiber
diameter of 211 nm (shown as the dashed line to denote the
baseline value). Corresponding to this maximum fiber
diameter is the maximum diameter spread at 90 °C, that is,
the thickest PANI coating also yields the most nonuniform
coating or largest spread, with the thickness at the top being
165 nm thicker than at the bottom of the mat. As substrate
temperature increases beyond 90 °C, although the coated fiber
diameter gradually decreases, the spread also correspondingly
decreases to the point where at 150 °C, the spread drops to 22
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Figure S. (a) Average fiber diameter (M) and diameter spread
between the top and bottom fibers (A) of oCVD PANI-coated CNFs
deposited at different substrate temperatures (dashed line is the
average or baseline diameter of uncoated CNFs). (b) Sample weight
gain (AW) over the bare fiber weight (W,) of oCVD PANI-coated
CNFs deposited at different substrate temperatures, and (c) the
associated Arrhenius plot. Note that each deposition run was 1 h so
the coating amount in terms of diameter or weight is equivalent to an
average deposition rate.

nm while maintaining a respectable coated fiber diameter of
293 nm or a PANI coating thickness of 82 nm.

The weight gain data, plotted in Figure 5b, shows the weight
gain or the weight of PANI for samples deposited at various
substrate temperatures normalized to the initial weight of the
uncoated bare fibers. Again, a maximum weight gain or the
largest amount of PANI is seen at a substrate temperature of
90 °C, and similar to the fiber diameter results, the deposition
amount is lower or equivalently the deposition rate (since each
run is for the same time of 1 h) slows down on either side of
90 °C for the temperatures studied. We used this relative
weight gain data and plotted this as an Arrhenius relation to
derive activation energies, as shown in Figure Sc. Note that this
plot contains additional weight gain data at substrate
temperatures of 80 and 100 °C to more clearly capture the
maximum at 90 °C. Clearly, there are two distinct temperature
relations that can be seen and which can be fitted to two linear
relations, one on each side to this maximum. To the right side,
or at lower substrate temperatures, a linear fit yields an
activation energy of 12.0 kJ/mol, while to the left side, or at
higher substrate temperatures, the linear fit yields a negative
activation energy of —18.8 kJ/mol. The positive activation
energy of 12.0 kJ/mol is lower than that reported by some for
the oxidative polymerization of aniline in solution, which is in
the range of 40—44 kJ/mol.”~*' However, these kinetic
studies did not relate their values to any specific rate equation
or reaction mechanism. In the oxidative polymerization of
aniline, the most commonly accepted reaction mechanism
involves a direct one-electron transfer from the aniline
monomer to the oxidant (i.e., aniline oxidation) to form
cation radical species, which then induce step-wise polymer
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chain grow’th.42 However, studies have found that there is a
second reaction pathway that is autocatalyzed by the presence
of the PANI polymer, which significantly accelerates aniline
oxidation and polymerization.”~*" It is believed that the
oxidized pernigraniline PANI state is able to promote aniline
oxidation to cation radicals, but its exact role remains a subject
of debate.”” Kinetic studies considering these two reaction
pathways in parallel have found that the rate coefficient of the
PANI-catalyzed reaction is several orders of magnitude larger
than without the aid of PANI when the reaction rate is
modeled by the following rate equation (where M is the aniline
monomer and Ox is the oxidant)****

rate = —% = k,[M][Ox] + k,[M][PANI]

Furthermore, kinetic studies of aniline polymerization that
decouple the activation energies of the two contributions have
found the first one to be in the range of 29—81 kJ/mol while
the second PANI-catalyzed one is much lower at 17—19 kJ/
mol.*”** In another report for the case of 2-methoxyaniline
polymerization, which is believed to follow a similar parallel
reaction pathway mechanism, the two activation energies are
reported as 57 and 10 kJ/mol, respectively.”” Given that our
value of 12.0 kJ/mol derived from Figure Sc is closer to the
activation energy values for the second reaction pathway (k,),
this seems to suggest that the oCVD reaction dependence on
substrate temperature below 90 °C is most likely dominated by
the PANI-autocatalyzed reaction. Therefore, the above general
rate equation simplifies to

rate(low T;,)) = — % = k,[M][PANI]

Because oCVD naturally confines the polymerization
process to be at the surface where PANI is being deposited,
it is reasonable to believe that PANI would have a dominating
impact on the observed oCVD reaction kinetics. Furthermore,
the literature has suggested that the autocatalytic mechanism
could be because of a rapid electron transfer specifically from
cation radicals of PANI oligomers to the monomer.”' Because
our FTIR and SEM results support a large amount of oligomer
below 90 °C, and our FTIR and XPS results both evidence a
more oxidized pernigraniline-like state below 90 °C, it seems
reasonable to conclude that the autocatalysis is aided by highly
oxidized, short-chain oligomers in this temperature range that
leads to the observed oCVD kinetic behavior.

The negative activation energy of —18.8 kJ/mol seen for
kinetics at higher substrate temperatures above 90 °C indicates
that the polymerization process is no longer reaction-limited
but most likely limited by reactant adsorption on the substrate
surface because higher temperatures generally reduce vapor-to-
surface adsorption (or sticking coefficient) and, therefore,
reduce the amount of reactant at a surface available for
reaction. It is possible that this negative activation energy
(absolute value) is related to the heat of adsorption of aniline
monomer vapor on the substrate surface.”” However, our value
is lower than the heat of adsorption values of aniline vapor
reported in the literature, for example, 42—50 kJ/mol based on
adsorption experiments on graphitized carbon black materi-
als,”*** and 66—69 kJ/mol based on Monte Carlo simulations
and quantum chemical calculations on an ice surface.” The
disparity could be rationalized by recognizing that our value is
most likely not simply because of the heat of adsorption but an
effective activation energy that accounts for both adsorption

and surface reaction. At high substrate temperatures, it is
possible that the autocatalytic contribution becomes small,
given the lack of oligomer content and less-oxidized PANI
from our spectroscopic studies. Thus, the rate could be
dominated by the first reaction pathway (k;) and so the general
rate equation simplifies to

rate(high Tsub) = —% & ki[M] 4[O0x]

= k,Ky[MI[S][Ox]

where we recognize that the monomer in the oCVD process
must necessarily adsorb before the reaction occurs, and so its
concentration can be related to the monomer adsorption
constant Ky; (where S refers to the surface site for monomer
adsorption). Based on this rate equation, the effective rate
coefficient is k. = k;Ky;, and so the effective activation energy
is Eg = E; — AH_4 because k; ~ e B/(RD) and Ky, ~ e2H/ (R,
Thus, we can now rationalize our experimental value of —18.8
kJ/mol as a net activation energy where AH,q > E; (E.4 < 0).
As discussed above, reported values of AH,4 are quite high, in
the range of 42—69 kJ/mol, while the reported values of E;
have a broad range of 29—81 kJ/mol that depends on the
reaction environment and oxidant used. Therefore, it is
possible by using the lower end values of AH,4 and E, that a
negative effective activation energy in the ballpark of our
experimental value can be attained. Regardless, the net
activation energy supports an adsorption-limited process that
slows down deposition kinetics, thereby favoring more efficient
reactant diffusion through the CNF mat, which leads to more
uniform PANI deposition across the mat thickness.

B CONCLUSIONS

In this work, substrate temperature is found to be a key oCVD
process parameter impacting the chemical and physical nature
of deposited PANI films. A significant oligomer fraction and
more oxidized PANI are found at lower deposition temper-
atures, while at higher temperatures above 90 °C, long-chain
PANI closer to the emeraldine state is obtained. This helps to
simplify processing because previously a postdeposition
washing step was required to remove oligomers where
oCVD PANI was deposited at lower substrate temperatures.
PANI coatings on CNFs are found to be very conformal that
preserve the intrinsic fiber mat architecture without any issues
associated with liquid processing, which tend to lead to
aggregation, cracks, bridging, and blockages. Coating uni-
formity through the mat layer thickness was found to be better
at higher substrate temperatures where PANI growth is slower,
which facilitates reactant mass transport. A kinetic analysis that
looked at both the fiber diameter increase and PANI weight
gain found a maximum rate at 90 °C that divided the
deposition behavior into two distinct regions. At substrate
temperatures lower than 90 °C, a reaction-limited behavior is
observed with an activated energy of 12.0 kJ/mol that could be
related to the autocatalytic polymerization that is mediated by
the presence of oxidized PANI At substrate temperatures
higher than 90 °C, a negative activation energy of —18.8 kJ/
mol indicated a reaction environment that is controlled by
monomer adsorption, which determines the amount of surface
monomer available for polymerization.
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