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Polypyrrole has been a promising conjugated polymer for application in electrochemical energy storage devices.
One primary feature is its pseudocapacitive behavior, which makes it suitable for hybridization with traditional
carbon-based electrical double layer capacitive materials. The processing condition for such a hybridization is a
critical aspect for the electrode performance in long term. Oxidative chemical vapor deposition was used to
deposit polypyrrole onto 3D carbon fiber fabric. This allowed uniform and conformal deposition of polypyrrole
on individual fibers as well as a control over its thickness depending on the reaction time. The obtained com-
posite was characterized for electrochemical energy storage application using cyclic voltammetry and galva-
nostatic charge discharge measurements. Additionally, the stability of the polypyrrole-carbon fiber electrode was
tested using microscopy and energy dispersive spectroscopy in order to obtain insights into physical and
chemical degradation of polypyrrole during electrochemical aging. Results showed thickness-dependence of
electrode stability, tuning of which in the correct voltage window is necessary for optimal long-term

performance.

1. Introduction

The rapid growth of energy demand combined with ever-increasing
environmental concerns in recent decades has prompted a great deal of
research, improvement, and adaptations in electrical energy technolo-
gies. One of the most important aspects of these technologies relate to
energy storage systems, which convert electricity into an alternative
carrier of energy and re-convert it back to electricity on demand [1,2].
Among different systems serving this purpose, electrochemical energy
storage devices play an important role [3]. These devices include fuel
cells, batteries, and capacitors [4]. The first two provide high energy and
low power while the latter provides a high power and a low energy. As a
step towards filling the gap between these two categories, super-
capacitors were developed with an intention of providing high power
and energy at the same time [4,5]. Their structure resembles that of
batteries with two electrodes sandwiching an electrolyte (liquid or solid)
and separated by an insulating layer [6].

Supercapacitors are categorized into two groups: (i) electrical
double-layer capacitors (EDLC) in which the charge formation is the
result of physical interaction between the electrodes and electrolytes,
and (ii) pseudocapacitors in which the mechanism of charge formation is
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dominated by repetitive redox reactions [7,8]. EDLCs have already
established themselves as a mature field and found their way into
commercial applications. High porosity carbon-based materials are
often used for this purpose [9]. Pseudocapacitive electrodes on the other
hand are still in research phase. They are mainly classified in two groups
of metal oxides (e.g. MnO,) and conjugated polymers such as poly-
thiophene, polyaniline, polypyrrole (PPy) [10]. Metal oxides offer a
higher capacitance and energy density compared to conjugated poly-
mers. However, they suffer from low conductivity, agglomeration at
high loading, poor cycling stability, and are vulnerable to mechanical
degradation. Conjugated polymers on the other hand are comparably
more flexible with a higher conductivity and could be readily synthe-
sized from abundant sources. Both these types of electrodes are under
research and development and not yet in commercial production [11].

Although polymers in general have been used in all three compo-
nents of an electrochemical capacitor — namely electrode, electrolyte,
and separator - conjugated polymers in particular are often used in only
electrodes [12-14]. Immense research in recent decades have focused on
their chemical modification or physical blending with other electrode
materials (carbon-based and/or metal oxides) to improve their capaci-
tance [15]. The most popular conjugated polymers are polyaniline,
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polythiophene, and polypyrrole, which have been used to modify elec-
trode materials in these works [16-22]. A large amount of data now
exists using different conjugated polymers, often combined with other
electrode materials using different processing methods and tested with
different electrolyte environments. However, a lack of standard test
procedure, as for example in the case for EDLCs[23], makes it a chal-
lenge to evaluate their potential for real life application. Thus, it is only
by comparing between different systems that one could evaluate per-
formance of a developed electrode. This however is challenging as often
one or more parameters are varied — e.g., type and concentration of
electrolyte, electrode formulation, scale of study- between different
research papers, making the evaluation process tedious and uncertain.

Despite these challenges, one particular aspect is generally agreed
upon: conjugated polymers are not stable for a long-term use [24,25].
This necessitates more research about the degradation of conjugated
polymers and possible ways to alleviate it. The main reason recognized
for the deterioration of conjugated polymer electrodes is constant
volumetric expansion and shrinkage as a result of repetitive ion insertion
and de-insertion during oxidation and reduction. Such a volumetric
change causes electrode cracking and mechanical failure and possibly
blockage of charge transfer channels between the electrolyte and elec-
trode. Other reasons impacting stability include voltage working range,
current density, type of electrolyte, nature of the polymer (in this case
PPy), morphology of the electrode, and usage temperature [25].

There have been different approaches to alleviate the above chal-
lenges. One successful strategy was to embed conjugated polymers
within a flexible substrate enhancing the tolerance for volumetric
change [26-28]. An alternative strategy has been the deposition of a thin
protective layer on top of conjugated polymer and thereby placing a
physical barrier between the electrode and electrolyte.[29,30] Also,
controlling and fine-tuning the nanostructure of conjugated
polymer-based electrodes have shown to be another strategy to improve
stability via more favorable ionic diffusion paths within
electrode-electrolyte sites [31]. Optimizing the voltage range and cur-
rent density are then additional measures to make sure that the super-
capacitive electrode is being used in its optimal operational condition
[25].

Another critical aspect about the stability of conjugated polymer
electrodes is their thickness. There are a few reports focusing on
thickness-dependent electrochemical energy storage behavior of con-
jugated polymers. Patil et al. developed polyvinyl alcohol/polyaniline
(PANI) electrode, varied the PANI thickness between 0.3 and 2.3 pym and
obtained the optimal specific capacitance at thickness of 0.88 um [32].
Moreover, the same electrode thickness showed the highest stability
during 20,000 cycles of charge-discharge. Investigating their results,
they concluded that as the PANI thickness was increased, the porosity at
% of PANI increased, facilitating “ion diffusion resistance” as they put it.
In another work on PANI with thickness range between 0.5 and 11 pm, it
was observed that the highest gravimetric specific capacitance was
associated with the thinnest PANI electrode, while the stability
enhanced with electrode thickness of 4.5 um and reduced afterwards
[33]. This is in agreement with [32]. In general, the loss of capacitance
in thicker coatings is due to an increased film resistance and slow ion
diffusion into solid matter, which negatively impact charge transfer
[34]. After all it is worth mentioning, the that the above numbers are
relevant only while considering the length-scale of the structure the
electrode material. In other words, in an electrode with nano-scale
structural features, the micro-scale polymer coating would disrupt the
network. This is the reason that in some other reports, thicknesses in
order of 5-10 nm were suggested as the optimal coating thickness [35].

Nonetheless, for a composite of conjugated polymer with carbon-
based materials, an intimate contact between the two is very impor-
tant to ensure efficient charge transfer and avoid failure at their inter-
face. A failure at the interface may delaminate polymer from its
underlining substrate, which impedes the volumetric breathing during
cycling [25,36,37]. Providing a conformal and intimate contact is
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particularly challenging for traditional solvent-based processing tech-
niques such as chemical bath deposition, casting methods, and electro-
deposition, due to surface dewetting and interfacial tension effects,
particularly for porous carbon-based substrates [38-41]. The failure of
the aforementioned coating techniques to provide conformal coating on
top of individual carbon particles/fibers, further alters the
nano/micro-morphology of these materials, which negatively impacts
the electrode performance [42].

In this regard, oxidative chemical vapor deposition (0CVD) has been
reported as a solvent-free method for deposition of conjugated polymers
uniformly and conformally onto porous carbon-based substrates. The
Gleason group first reported PEDOT-grown aligned carbon nanotube
using oCVD, which resulted in significant life cycle stability compared
with PEDOT-CNT processed with other methods [42-45]. Other re-
searchers have used oCVD for integration of PANI and poly (3-mthyl
thiophene) with carbon-based materials for application as super-
capacitive electrodes [38,46,47].

In light of the above considerations, the present work aims to provide
a preliminary investigation for oCVD-grown polypyrrole (PPy) into
porous and flexible carbon fabric for the first time. PPy has been selected
as it is a well-known and promising choice among conjugated polymers
as a main category of pseudocapacitive materials [17]. We have chosen
a commercially available carbon fiber fabric as a flexible substrate to
enable the PPy-carbon electrode to mitigate the constant volumetric
change effect. This is further reassured by well-controlled conformal and
uniform PPy deposition on the surface of individual fibers within the
fabric network, preserving the fabric initial micro-morphology of the
PPy-coated carbon fabric composite. Deposition time was used to con-
trol the thickness and morphology of PPy layer. The PPy-carbon fabric
was then degraded with an accelerated aging protocol to assess the effect
of PPy thickness on its long-term stability. Following this, the optimal
voltage range was then determined, and the resultant electrode was
electrochemically characterized using cyclic voltammetry (CV), galva-
nostatic charge-discharge measurement (GCD), and thermal stability
test. The results are critically discussed and compared with other
reports.

2. Experimental
2.1. Materials

Pyrrole (> 99%) was purchased from TCI Europe. Antimony penta-
chloride (SbCls, > 98%), Lithium perchlorate (99.99%, battery grade),
H5S04 (1 mol L’l), and propylene carbonate (PC) were purchased from
Sigma Aldrich and used as received. Single-side polished silicon wafers
with orientation of 100 (N/Ph), thickness of 180-220 ym was bought
from Sil'Tronix (France); SIGRACELL battery fabric GFD 2.5 E.A, and
Sigraflex LO2510TH (0.25 mm thickness, 1 g cm™ density, purity
>=99.85%) were bought from SGL Carbon GmbH (Germany).

2.2. Electrode development

PPy electrodes were developed by oCVD of PPy on SGL GFD 2.5 E.A
(hereafter called carbon fabric). The carbon fabric was placed on the
bottom of the reactor. The bottom of the was heated to 40 °C and
controlled by electrical elements from the outside. To avoid the
condensation of the reactants, all feed through lines as well as the
reactor body were heated up to 110 °C and 40 °C, respectively. The
reactor pressure was monitored by pressure transducer (MKS, model
622C11TBE) and controlled by a throttle valve (MKS, model 653B-
1-40-1).

For all reactions, the monomer and the oxidant were heated to 60 °C
and controllably metered into the reactor via Swagelok valves from two
different reactor walls perpendicular to each other. In all depositions, Ny
was used as the diluent gas as well as the carrier gas to improve the
delivery of the oxidant into the reactor. For PPy deposition, pyrrole flow
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Table 1
An overview of prepared electrodes.

Electrode PPy deposition time (min) Substrate treatment
C1-PPy30 30

C1-PPy90 90 -

C2-PPy30 30 Thermally activated
C2-PPy60 60 Thermally activated
C2-PPy90 90 Thermally activated

rate of 2.5 standard cubic centimeters per minute (sccm), SbCls flow rate
of 0.5 scem, and N flow rate of 2 sccm was used. Two sets of electrodes
were prepared. The first set used the carbon fabric as received with PPy
deposition time of 30 and 90 min. The electrodes are called C1-PPy30
and C1-PPy90, respectively. For the second set of electrodes, the car-
bon fabric was first thermally oxidized at 400 °C for 24 h and then coated
with PPy for 30, 60, and 90 min. The developed electrodes are called C2-
PPy30, C2-PPy60, and C2-PPy90, respectively. The composition and
pre-treatment of the electrodes are shown in Table 1. All electrodes were
rinsed with acetone to remove unreacted monomer and oxidant at the
surface, dried at 100 °C and finally stored in argon environment before
further characterizations.
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2.3. Characterization

Fourier-transform infrared spectroscopy (FTIR) (Shimadzo IRTracer)
in transmission mode was used to characterize the chemical structures of
the deposited coatings. Spectra were averaged over 128 scans with a
scan resolution of 4 cm ™. Scanning electron microscopy (Nova Nano-
SEM 650) was used for morphology study of the developed electrodes
along with estimation of deposited PPy coatings in different experi-
ments. The electrodes were coated with gold (10 nm); measurements
were conducted with a working distance of 5 mm and an acceleration
voltage of 10 kV. A three-electrode cell configuration was used for
electrochemical characterization of single electrodes. For cyclic vol-
tammetry (CV) and galvanostatic charge-discharge (GCD) measure-
ments, a rectangular PPy-coated carbon fabric (10 mm x 10 mm) was
used as the working electrode (WE), Ag/AgCl (Metrohm) as reference
electrode (RE) and platinum sheet (surface = 1 crnz, Metrohm) as
counter electrode (CE) using an Autolab PGSTAT306N potentiostat.

Electrochemical experiments were conducted in an undivided cell in
ambient environment using either of the three electrolyte systems,
namely aqueous: H2SO4 (1 mol L’l), organic: LiClO4 in PC (0.25 mol
L™Y); -V curves were normalized by dividing the current per surface of
exposed PPy-coated carbon fabric. Areal specific capacitance values
were calculated from galvanostatic charge-discharge experiments as:

Fig. 1. Optical micrographs of carbon fabric (a) before coating; (b) after coating with PPy for 90 min; SEM images of (c) bare carbon fabric; (d, €) carbon fabric
coated by PPy for 30 min: C1-PPy30; and (f, g) carbon fabric coated with PPy for 90 min: C1-PPy90.
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Table 2
Experimental conditions of synthesis of PPy with high conductivity.

Synthetic Metals 298 (2023) 117444

Conductivity (S cm™Y) fspcis (scem) foyrrole (scem) fno (scem) Deposition Temperature (°C) Vacuum pressure (mTorr)
Method 1 180 1.25 2.5 1.25 40 500
Method 2 155 0.5 2.5 2 40 300
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Fig. 2. (a) EDS of CI(K) from cross section of C1-PPy90 starting from the outer surface exposed inside the reactor (top to bottom); (b)TGA of C1-PPy30 and C1-PPy90

between 35 and 750 °C.
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Fig. 3. (a) The change in areal specific capacitance of C1-PPy30 and C1-PPy90; (b) the slope of capacitance evolution during 1000 CV cycles. 1 cm? of either C1-
PPy30 or C1-PPy90 were used as WE, the voltage was varied between — 1-1 V in PC/LiClO, (0.25 mol L™1) as electrolyte.

Areal Specific Capacitance from GCD (mF cm’z) C= IAt/SAV (€8}

Where I is the applied current, At is the discharge time, S is the exposed
surface area of electrode. For certain experiments, the integration of I-V
curve from CV measurements were used to monitor the evolution of
areal specific capacitance, in accordance with Eq. (2):

_J1 v

= 2
28 VsAV 2)

Areal Specific Capacitance from CV(mFem2)C
Where V; is the scan rate.
3. Results and discussion

3.1. PPy-carbon fabric electrode development

The carbon fabric was coated by PPy using oCVD during 30 and
90 min and images before and after coating are provided in Fig. 1a/1b. It

is important to prepare highly conductive PPy coating for better per-
formance. According to previous work from our group[48], it was found
that two particular deposition methods resulted in highest conductiv-
ities (Table 2). Although Method 1 provides a bit higher conductivity, we
continued with Method 2 as the polymerization method on carbon fabric
due to a lower ratio of oxidant to monomer flow rate (0.2 vs. 0.5) as well
as lower pressure (300 mTorr vs. 500 mTorr), both resulting in a lower
deposition rate and hence diffusion of the reactants into the porous
network.

Fig. 1 shows the SEM graphs of the developed electrodes. As could be
observed in Fig. 1b, c and d, the carbon fibers are uniformly and con-
formally coated with PPy of smooth surface morphology. When the
coating was continued for longer time of 90 min, the grown PPy surface
morphology, shown in Fig. 1f and g, becomes similar to that of known
globular and cauliflower-like [49-51]. However, a difference is that
there is clear space between every few globules.
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Fig. 4. SEM graphs for C1-PPy30 electrode cycled for (a)100 times (b) 1000 times, (b) C1-PPy30 CV1000; the SEM graphs for C1-PPy90 electrode cycled for (c) 100
times, and (d) 1000 times. A three-electrode cell was used for the experiment; LiClO4/PC (0.25 mol L) was used as the electrolyte and the cycling conducted

between — 1-1 V.
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Fig. 5. EDS results showing evolution of carbon, nitrogen, antimony, and chlorine during 100 and 1000 cycles for (a) C1-PP30, and (b) C1-PPy90.

Calculating the fiber thicknesses from these SEM images for the
coated vs. uncoated carbon fabric, the PPy thicknesses for C1-PPy30 and
C1-PPy90 range mostly between 0.3 and 1pm, and 0.8-1.2 um,
respectively. The PPy thickness has a distribution with a maximum value
near the outer surface of the carbon fabric and a gradual decrease within
its depth. For a more precise picture, energy dispersive X-ray spectros-
copy (EDS) was used to approximate the contents of Cl" counter ions as
the distance from the outer surface of carbon fabric is increased in a
vertical line (Fig. 2a). Following the trace of Cl ions as an indication of

PPy coating formation and content, it is observed that PPy was mostly
formed up to the first 200 um depth. After this depth, the coating
amount significantly decreased and continued up to around 400 um.
To quantify the mass of coated PPy in the carbon fabric, TGA was
performed between 35 and 750 °C and the result is shown in Fig. 2b. The
onset decomposition temperature is around 150 °C, after which the PPy
gradually decomposes and shows a significant loss at around 600 °C, in
line with a previous report on the decomposition temperature of PPy
[52]. It could be inferred that PPy coatings contain a distribution of PPy
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Fig. 6. CV curves of the initial three cycles for C2-PPy90 in H,SO,4 (1 mol L™1)
between — 0.6-1 V.

Table 3
The extracted oxidation and reduction potential of C1-PPy90 obtained from CV
measurement in the first three cycles.

Redox potentials 1% cycle 27 cycle 3™ cycle
Epa - 0.53 0.52
Epe 0.75, — 0.25 0.16 0.19
AE - 0.37 0.33

oligomers with lower and higher molecular weights; yet the significant
chains tend to be at the higher end of the molecular weight distribution
of PPy as evidenced by the decomposition temperature as high as 600 °C.
This shows the potential of PPy for application in high-temperature
electrochemical energy storage devices [53], providing the chains
could be all grown in high molecular weights; otherwise, the small
portion of PPy decomposition under 200 °C could compromise the safety
of an entire device.

3.2. Electrode aging

To investigate how the thickness and morphology of the oCVD-
grown PPy impact their long-term performance, the above two elec-
trodes were degraded according to an accelerated electrochemical aging
protocol. For a wider voltage stability, LiCl04/PC (0.25 mol L™1) was
used as the electrolyte and the electrodes were cycled 1000 times be-
tween — 1-1 V. A typical CV scan from these electrodes are presented in
Fig. S1. Their capacitance loss per surface area was monitored and
shown in Fig. 3. As presented, C1-PPy30 shows a decrease in the first
fifty cycles, after which the capacitance loss would be very slow.
Interestingly, C1-PPy90 shows about a 400% increase in its initial
capacitance at the beginning stage of cycling, followed by a rather sharp
decrease of around 200%. It could be hypothesized that upon initial
oxidation of the thicker C1-PPy90 electrode, only the outer surface of
the electrode is oxidized; though in subsequent cycles, ions “open” new
channels into inner PPy depth, resulting in enhanced specific capaci-
tance. Such a behavior has been observed before and attributed to ma-
terial activation and increased wettability during cycling [54-57]. The
electrode shows its maximum capacitance at around 50 cycles, possibly
after full activation of the entire PPy coating.

Fig. 3b shows the slope of this capacitance change for both elec-
trodes. The C1-PPy30 electrode shows a steady curve with a slope of
almost zero after 300 cycles; while for the C1-PPy90 electrode, it is only
after 900 cycles that the slope approaches zero. That said, even if we
assume that the capacitance loss continues at the same rate afterward,
C1-PPy30 shows a significantly higher degree of stability if the variation
between maximum and minimum capacitance is compared after 1000
cycles. This suggests that a lower thickness of PPy on carbon fabric is
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Fig. 7. GCD curve of the 5th cycle for C1-PPy90 electrode with different cut-off
voltages of 0.6, 0.7, 0.8, 0.9 V.

more stable over time.

SEM micrographs of the electrodes at the end of 100 and 1000 cycles
also corroborate the above observation. PPy delamination from the
carbon fabric surface should be accounted for as the main reason for the
capacitance loss, as seen in Fig. 4. This usually initiates with local cracks
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electrode from GCD measurements with current densities of 0.5, 1, 2,

and 5 mA cm 2

at the surface of PPy. Comparing the graphs of Fig. 4b vs. 4a for the C1-
PPy30 electrode with those of the non-degraded ones (Fig. 1), we learn
that C1-PPy30 shows very good stability up to 100 cycles. The initiation
of a few local cracks is observable, which become obvious when cycled
1000 times (Fig. 4b). Fig. 4c on the other hand shows clear cracking of
the PPy shell for 100 times of cycling. These cracks further support the
occurrence of the activation of inner PPy bulk in the early stage of
cycling, simply because the electrolyte could transport through the
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depth of PPy more easily. These cracks then connect over time and result
in coating failure of the PPy shell, significantly distorting its initial
morphology (Fig. 4d). The alteration of morphology and how it facili-
tates the degradation process of PPy during electrochemical activity has
been reported before [58].

In addition to the physical perspective, energy-dispersive X-ray
spectroscopy (EDS) could be used to gain insight into chemical evolution
of electrode surface in electrochemical energy storage electrodes upon
their cycling [59-61]. In this regard, SEM-EDS was performed on
unaged electrodes as well as the ones cycled 100 and 1000 times (Fig. 5).
As could be observed for C1-PPy30, a small nitrogen peak is detectable,
which would disappear for the electrodes cycled 100 and 1000 times
(Fig. 5a). Though this is attributed to low sensitivity of EDS in detecting
nitrogen in general along with low -“N”- content in a pyrrole unit as well
[62]. The general trend in Fig. 5a is the reduction of -“Sb”- and -“Cl"-
intensity and appearance and increase of -“O”- intensity, suggesting
oxidation of the polymer. The same trend is observable for C1-PPy90 as
well. However, using oxygen content as an indicator of PPy over-
oxidation, C1-PPy30 shows 11 at% of the entire elements at the end of
1000 times cycling, while for C1-PPy90, this number is as high as 35 at%
(Fig. 5b). This further corroborates the above results and suggests that
the thicker PPy was not only susceptible to physical deterioration due to
delamination, but also chemical degradation because of more severe
overoxidation. The effect of thickness on overoxidation needs further
investigation.

3.3. Energy storage performance

We designed experiments to assess the electrochemical energy stor-
age behavior of PPy-carbon fabric. The results from the degradation
experiments partly suggest that a wide voltage range up to 1 V resulted
in significant capacitance fade in long-term cycling. In this regard, a
lower voltage range is to be found for the optimized performance of
these electrode. Additionally, in lower voltage thresholds, aqueous
electrolytes are preferable due to their higher ionic conductivity among
all electrolyte types [63]. Following this, the carbon fabric was first
thermally oxidized to improve its wettability in aqueous environment
(details in Experimental), and then coated with PPy for 30, 60, and
90 min, resulting in C2-PPy30, C2-PPy60, and C2-PPy90, respectively.
Similarly, TGA curves were used to calculate the PPy mass content per
mass of the carbon fabric-PPy electrodes (Fig. S2). Interestingly, it is
observed that compared to the previous set of experiments, the mass
percentage for PPy was increased to 4, 5, and 6 wt% of the electrodes for
C2-PPy30, C2-PPy60, and C2-PPy90 electrodes, respectively (measured

Table 4
Comparison between supercapacitive performance of carbon fabric-PPy electrode developed in this work with a few similar reports.
Electrode Electrolyte Gravimetric Areal Voltage Current Capacitance Measurement scale Reference
capacitance (F capacitance range density/ scan retention type
g™h (mF em™3) rate
PPy H,S0, - 50-120 0-1V 10-50 mV s~ 3-electrode 1 cm? [66]
(0.1 molL™h)
PPy/GO H,S04 332 -0.2-0.8V 5mvs! 2-electrode 1 cm?, [65]
(1 mol L™ 1) 180 ug PPy

PPy/ carbon ACN/ LiClO4 1320 -0.1-0.2V 20mV st 80% @ 500 3-electrode 7.1 g em ! [52]
nano-onion (0.1 mol L™1) vs. Ag/AgCl cycles

PPy/CoNi LDH KOH 1137 - 0-0.5 V vs. 1Ag?! 90% @ 2000 3-electrode 1.4 mg [67]
core-shell (I molL™1) SCE cycles

PPy/carbon H,S0,4 469 210 0-0.8V vs. 1 mA cm 2 85% @ 5000 3-electrode 1 cm? [68]
cloth (1 mol LY Ag/AgCl cycles

PPy/activated NaySO4 131 0-1V 05Ag! - 2-electrode 2 mg [69]
carbon (1 molL™ 1)

PPy/graphene/ KCl(ImolL™Y) - 196 0-0.8V 0.5 mA cm-2 98% @ 5000 2-electrode Not clear [70]
carbon cycles
nanotube

PPy/ H,S04 209 102 0-0.6 V vs. 0.5mA cm 2 (93-)100% 3-electrode 1 cm? Our work
microporous (1molL™1) Ag/AgCl after 500

carbon fiber

cycles
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by TGA mass loss around 600 °C). This shows a 50% increase in the
deposition rate of PPy and could primarily be attributed to a favorable
interaction of oxidant/monomer with thermally-oxidized carbon fabric.
Yet, the substrate thermal oxidation did not have any effect on
morphology growth of PPy, which suggests that the polymer
morphology is in principle dictated by oCVD process and film thickness
(Fig. S3).

Cyclic voltammetry was performed on C2-PPy90 electrode in HySO4
(1 mol L) between — 0.6-1 V vs. Ag/AgCl for three cycles and the
result is presented in Fig. 6. As observed, during the first cycle, which
started at O V, the current quickly increased to 2 mA and continued
increasing up to around 0.6 V, after which it showed deviation from the
ideal rectangular like CV behavior up to 1 V. Within the same cycle and
upon reduction, the curve shows two broad peaks at 0.75V and
— 0.25 V. However, in the 2nd cycle, the CV curve shows an oxidation
potential maximum (E;,) at 0.53 V and a reduction peak maximum (Ep.)
at 0.16 V. This suggests a reversible redox reaction with a peak-to-peak
separation of only 0.37 V, which becomes even smaller in the 3rd cycle
(Table 3). The lower end voltage threshold of this electrode that shows
capacitive-like behavior is — 0.4 V; though on the higher end, it seems
like the voltage cut-off could be stretched up to 0.9 V from the 2nd cycle.
This is a 0.3 V difference compared with the 1st cycle.

In order to determine the safe working voltage range for these
electrodes more accurately, galvanostatic charge-discharge (GCD)
experiment was performed on a newly prepared C2-PPy90 electrode
with cut-off voltage of 0.6, 0.7, 0.8, and 0.9 V for five cycles. The data
from the 5th cycle for each cut-off voltage is presented in Fig. 7. The data
for each experiment is compared against IR drop and Coulombic effi-
ciency. As could be noticed, except the cut-off voltage of 0.6 V, the
others show a very low (< 80%) Coulombic efficiency with about one
order of magnitude higher IR drop. This strongly suggests that, irre-
spective of CV results, the optimal voltage range for electrochemical
charge and discharge of C-PPy electrode is a maximum of 0.6 V. Besides,
for the cut off-voltage of 0.9 V, it is observed that the charging curve
deviates from capacitive-like behavior at above 0.8 V, resembling
battery-like behavior [64].

Subsequently, CV data was collected for a C2-PPy90 electrode
(1 cm?) between 0 and 0.6 V for different scan rates from 10 mV s~ to
500 mV s ' (Fig. 8). As could be observed, at lower scan rates up to
50 mV s~!, the CV curve has a rectangular-like shape which become
more cone-like at higher scan rates up to 500 mV s~. This is a typical
and accepted supercapacitive behavior, corroborating the previous
conclusion from GCD results on voltage threshold [65].

Building upon the above foundation, the capacitance of C2-PPy30,
C2-PPy60, and C2-PPy90 were evaluated using GCD for current den-
sities of 0.5 mA cm™2 to 5 mA cm ™2 and the results are presented in
Fig. 9. As could be seen, the C2-PPy30 electrode shows an initial specific
capacitance of 12 mF cm ™2, which significantly increases to about 102
mF cm~2 for C2-PPy60. Interestingly, it decreases again for the G2-
PPy90 electrode in spite of its higher PPy content/thickness. This
shows that with increasing the thickness of PPy, the capacitance would
initially enhance as a result of higher gravimetric density of PPy. Though
if the thickness surpasses a critical point, the capacitance will decrease
again, possibly as a result of longer travel distance for the ions. In terms
of stability, both C2-PPy30 and C-PPy90 showed 100% capacitance
retention after 500 cycles, though for C2-PPy60, it shows a 7% reduction
of specific capacitance when comparing the 500th to the first cycle. The
reason behind such a behavior is not entirely clear; since if the higher
thickness of C2-PPy60 is prompting its higher degradation rate, this
should be even more intense in the case of C2-PPy90. One interpretation
could be that the PPy thickness has an indirect consequence on electrode
degradation during cycling. In other words, if a higher thickness of PPy
hinders the electrochemical reaction, it results in a lower deterioration
as well simply because of lower electrochemical activation.

Finally, comparing the results obtained in this report with those of
literature (Table 4), it can be concluded that the capacitance obtained in
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this work is comparable with the ones which used microporous electrode
structures in their work. The improved performance in some reports is
most likely a result of the smaller length scale and/or nanostructure,
which the specific surface area of electrode and electrolyte-electrode
interface. This strategy is also previously reported in oCVD application
for supercapacitors [43]. Further research in this trajectory is out of
scope for the current work, though it is suggested as a logical next step.

4. Conclusion

In summary, this work provides the first report on oCVD grown PPy
for electrochemical energy storage applications. oCVD was used for the
one-step synthesis of PPy on a commercially available carbon fabric and
the composite could be used as a supercapacitive electrode. The
deposited PPy adheres to the 3D microstructure of carbon fiber and
contributes to charge transport at the interface while maintaining a high
surface area microporous geometry. The performance of the developed
electrode is comparable with other reports, which use a microporous
substrate. The effect of the PPy coating thickness on areal specific
capacitance revealed that with increasing PPy thickness, the capacitance
would initially increase due to a higher PPy content. However, if the PPy
thickness exceeds a critical point, the capacitance starts to decrease due
to the long diffusion path of ions. Electrode stability however, does not
appear to have a direct association with the PPy coating thickness, but to
redox activity as a result of thickness. In the above results, when a higher
thickness was associated with higher capacitance (we consider it as
higher redox activity), the coating also degraded more. However, a
larger increase in thickness resulted in a lower capacitance and hence
redox activity, which showed itself with less degradation rate. This
aspect needs more investigation.

For further research, the directions that could be suggested are using
nanoporous substrates and exploit the advantage of oCVD for deposition
of polymer coatings at the nanoscale. Additionally, the advances in the
field of conjugated polymers for electrochemical energy storage appli-
cations should focus on improving the stability of PPy. Two immediate
directions could be deposition of a thin protective layer on top of PPy,
and/or co-deposition of PPy with conjugated polymer containing an
alkyl side chain, thus providing a higher level of flexibility within the
polymer coating and during constant shrinkage/expansion.
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