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ABSTRACT: N-(Hydroxymethyl)carbazole (MeOHCz) was
electrocoated on carbon fiber micro electrodes (diameter
~ 7 pm) in different solvents by cyclovoltammetric method as
thin film (0.17-2.73 um). Surface characterization of electro-
coated poly[N-(hydroxymethyl)carbazole] of carbon fiber
microelectrode (CFME) was performed by reflectance FTIR
spectroscopy, scanning electron microscopy, and cyclic vol-
tammetry. Capacitor behavior of modified CFME was studied
by electrochemical impedance spectrometry. The deposition
rate of polymer growth affected the redox parameters
of resulting coated CFME. The solvent effect on the redox

and capacitor behavior of poly[N-(hydroxymethyl)carbazole]
(PMeOHCz)-coated CFME was investigated, and electroactiv-
ity in acetonitrile (ACN) was the highest among the investi-
gated solvents. On the other hand, the electrocoated polymer
exhibited the faster charge/discharge process in propylene
carbonate (PC). PMeOHCz thin film was very stable up to
1000 mV /s in ACN, PC, and dichloromethane (CH,Cl,). © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 104: 238-246, 2007
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INTRODUCTION

Carbazole-based polymer systems have received
attention because of their interesting thermal, electri-
cal, and photo-physical properties."* Many hetero-
cyclic nitrogen compounds, especially carbazole-
based polymer systems, can be chemically polymer-
ized to yield materials with interesting properties.
Most studies examined the electrochemical oxidation
of carbazole and its derivatives.”” Polycarbazole
(PCz) and its derivatives have been suggested for a
number of applications such as redox catalyst, pho-
toactive devices, sensors, and electrochromic dis-
plays,®'® showing fluorescence, photo activity, and
conductivity properties.'” However, capacitor behav-
ior of PCz-coated carbon fiber microelectrode (CFME)
was not reported in literature.

On the other hand, electropolymerization of con-
ductive polymer onto carbon fiber offers the advant-
age of controlling the thickness and functionality of
such a ‘reactive’ coating through selective processing
parameters (i.e., the current density, monomer con-
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centration, and solvent), and hence, uniform coatings
may be achieved.”'*'* The inclusion of various
functional groups into the electrografted polymers
opens the possibility of using such modified fibers in
the design and production of advanced reinforced
polymeric materials, and microcomposite materials
serving as electrochemical capacitors (EC).

Electrochemical capacitors, also called supercapa-
citors,'® " are unique devices exhibiting 20-200 times
greater capacitance than conventional capacitors. The
large capacitance exhibited by these systems has
been demonstrated to arise from a combination of
the double-layer capacitance and pseudocapacitance
associated with the participation of adsorbed inter-
mediates in the surface redox-type reactions. Electro-
chemical capacitors exhibit high cycle life and good
stability, thus making them useful in applications
such as lightweight electronic fuses, backup power
sources for calculators, and surge-power delivery
devices for electric vehicles. Commercially available
ECs have been optimized for memory backup appli-
cations, which typically are 5 V loads requiring cur-
rents of 100 pA or less. ECs are maintenance-free
substitutes for batteries in such applications.

Carbon as a material for the storage of energy
in electrochemical capacitors seems to be extremely
attractive, and these capacitors have been also exten-
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sively developed because of the increasing demand
for a new kind of accumulator of electrical energy
with a high specific power of more than 10 kW /kg.
The main advantage of this storage device is the
ability of a high dynamic of charge propagation
(short-term pulse) that can be useful in the hybrid
power sources for electrical vehicles, digital telecom-
munication systems, UPS (uninterruptible power
supply) for computers, and pulse laser technique.
Higher energy densities can be achieved because
charging occurs through the small volume of mate-
rial. Taking into account the cost and compatibility
of these two materials, the modification of carbon
with very thin conducting polymer films is very
interesting. Studies on nanocomposites and electro-
chemical nano- and micron-sized capacitors are very
attractive because of their higher energy densities
through the small volume of material.*!

Capacitor behavior of CFME properties can be sig-
nificantly enhanced by the formation of carbon/con-
ducting polymers as nano and microcomposites by
electropolymerization of a suitable monomer, i.e.,
carbazole derivatives, such system can represent a
very well-defined region of pseudocapacitance prop-
erties because of the Faradaic redox reactions of their
rich surface functionality.

In this article, we describe the electrochemical thin
film coating of N-(hydroxymethyl)carbazole (PMeOHCz)
onto CFME, and characterization of surface function-
alities and surface morphology by FTIR reflectance,
cyclic voltammetry, and scanning electron micro-
scope (SEM). Evaluations of capacitor performance
by different techniques, e.g., voltammetry, electro-
chemical impedance spectroscopy (EIS), charge/dis-
charge characteristics are reported. Effect of solvent
and scan rate on the redox properties and structure
of thin polymeric film which was electrocoated onto
CEME, was also investigated.

EXPERIMENTAL
Materials

N-(Hydroxymethyl)carbazole was synthesized accord-
ing to the method described in literature.”’ Tetraethyl-
ammonium perchlorate (TEAP) was obtained from
Fluka. CH,Cl, and acetonitrile (ACN) were purchased
from Riedel-Dehaen. Propylene carbonate (PC) was
obtained from Sigma-aldrich. A high-strength (HS)
carbon fiber C 320.000A (CA) (Sigri Carbon, Meitin-
gen, Germany) containing 320,000 single filaments in a
roving were used as working electrodes. All the elec-
trodes were prepared by using CFME (diameter ~ 7 pm)
attached to a copper wire with a Teflon tape. The
electrode area keeps up constant (~ 0.5 cm?) by ad-
justing the dipping length and covering the rest of the
fibers with the Teflon tape in electrochemical cell.
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Ubbelohde viscosimeter was used for measuring of
viscosity of solvents at 40°C.

Electrochemical polymerization and electrochemical
impedance spectroscopic measurements

Polymerization reactions were performed electrochemi-
cally in CH,Cl, solution containing 0.05M TEAP and
monomer. Cyclic voltammogram (CV), of the polymers
were obtained with Parstat 2263-1(software; powersuit)
in a three-electrode setup employing CFME as work-
ing, and Ag/AgCl as reference electrode. Electropoly-
merization at constant potential electrolysis conditions
was carried out using Wenking model LB 81 Potentio-
stat. Electrochemical impedance measurements were
conducted in monomer free electrolyte solution with a
perturbation amplitude 10 mV over a frequency range
0.01-100 kHz with Parstat 2263-1 (software; powersuit).

FTIR-ATR spectrometry

Electrografted CFMEs (with a single-grafted CF) were
analyzed by FTIR reflectance spectrometry (Perkin—
Elmer, Spectrum One B, with an ATR attachment Uni-
versal ATR-with ZnSe crystal).

Fiber surface morphology

All modified carbon fibers were analyzed by scan-
ning electron microscopy (SEM) using a Hitachi S-
2700 scanning electron microscope (Nissei Sangyo
GmbH, Rathingen, Germany), which was connected
to an energy dispersive X-ray microanalyzer (EDX)
(Kevex type delta V, Foster City, CA). The excitation
energy was 10 keV at a beam current of 0.5 nA.

RESULTS AND DISCUSSION
Synthesis of monomer

N-(Hydroxymethyl)carbazole (N-MeOHCz) was pre-
pared by Tawney method.”” To a suspension of 10 g
(0.06 mol) of carbazole in 25 mL of 37% formalde-
hyde, 2 mL of 5% sodium hydroxide was added at
30°C (Scheme 1). Within 10 min, all the carbazole
had dissolved and a mildly exothermic reaction had

o)
.
O + H—C—H
o]
N 30 N
| I
H CH,

OH
Scheme 1 The monomer(N-MeOHCz) synthesis.
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Figure 1 Potentiodynamic growth of MeOHCz on CFME
in 0.05M TEAP/CH,CI, (scan rate: 60 mV/s). Inset: Poten-
tiodynamic growth of Cz on CFME in 0.05M TEAP/
CH,Cl,(scan rate: 60 mV).

raised the temperature to 33°C. Separation of the
product began promptly. After 2.5 h, at room tem-
perature the solution was filtered, dried in vacuum.
Several recrystallizations were made from n-hexane.
The product have resulted a mp: 133°C, and yield
obtained as 65%. 'H-NMR, FTIR absorption frequen-
cies data was as following: 'H-NMR (DMSO-dy),
(ppm): 5.7-5.9 (d,2H),6.3-6.6 (t,1H), 7.2-8.2 (m,8H).

Electropolymerization

Electrochemical coatings of N-(hydroxymethyl)carba-
zole (initial monomer concentration of 1 mM) on
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Figure 2 Scan rate dependence of PMeOHCz on CFME in
0.056M TEAP/CH,Cl,.(scan rate: 100400 mV/s). Inset: Scan
rate dependence of PCz on CFME in 0.05M TEAP /CH,CL.
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CFME working electrode was carried out in 0.05M
TEAP /CH,CI, by cyclovoltammetric method (Figure
1), and electrochemical behavior and the redox prop-
erties of thin film coating of the PMeOHCz/CFME
were followed by CV during the electrogrowth pro-
cess. For comparison, the electropolymerization of
carbazole (Cz) was also carried out in the similar
conditions (Inset of Fig. 1).

Cyclic voltammograms corresponding to the po-
tentiodynamic electrochemical coating (and electro-
oxidation of film electrocoated onto CFME) of N-
(hydroxymethyl)carbazole (MeOHCz) on carbon
fiber microelectrode(CFME) were given in Figure 1.
Application of potential between 0 and 1.6 V versus
Ag/AgCl reference electrode induces the develop-
ment of a redox system corresponding to the dop-
ing/undoping process of the growing film. A redox
system grows rapidly at about 0.87 V versus Ag/
AgCl with a slower electrodeposition rate than PCz

(.I‘,H2 GH,
CI)-H O-H

Scheme 2 The electrochemical oxidation and growth
mechanism of MeOHCz on CFME.
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Figure 3 Charge versus scan rate plot of poly[N-(hydrox-
ymethyl)carbazole] in 0.05M TEAP. (a) ACN, (b) PC, (c)
CH.CL.

(Fig. 1 inset). A regular growth was observed for
both polymers as a linear increase in current with
subsequent cycles indicating the polymer electrode-
position on CFME.

The effect of scan rate on electropolymerization
was shown in Figure 2. Scanning in monomer free
solution (only in 0.05M TEAP/CH,Cl, electrolytic
solution) was performed to understand the diffusion
properties and the effect of electrolyte on electrode-
posited polymer film from 1 mM MeOHCz in 0.05M
TEAP/CH,Cl,. The peak currents in the cyclic vol-
tammogram appeared to increase linearly with the
increase of scan rate suggesting that electroactive
layer is deposited on the electrode and the oxidation
and reduction processes are not limited by diffusion.
The half-wave potential (E;,,) of the PMeOHCz is
about 0.85 V versus Ag/AgCl higher than PCz (E;
= 0.45 V) indicating that PMeOHCz electrode is
more stable.

Scheme 2 represents the electrochemical oxidation
and growth mechanism of MeOHCz on CFME, in
which initial formation of radical cation is followed
by coupling and deprotonation results in dimer (and
oligomer, polymer) formations. The electrocoated
polymer shows a relatively high electroactivity in
ACN (Fig. 3). The order of the current densities in
different solvents (Fig. 4) indicates the ease of
coupling reaction of radical cation species in ACN
than in PC and CH,Cl,, where the charge-transfer
resistance in double layer is the lowest among these
solvents (Scheme 2).

Effect of scan rate and solvent on the
electropolymerization of N-(hydroxymethyl)
carbazole

The effect of scan rate was also investigated for the
electropolymerization process of N-(hydroxymethyl)-
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Figure 4 Current density versus charge-transfer resistance,
R relationship. PMeOHCz electrodeposited on CFME po-
tantiostatically in TEAP/CH,Cl,. The current density values
is obtained from CV of PMeOHCz in TEAP electrolyte in
three different solvents; ACN (the smallest R.), PC, CH,Cl,
(the biggest R).

carbazole (Table I). The change of the scan rate
affected the redox parameters of electrogrowth. The
peak separation between anodic and cathodic peak
potentials (AE) during polymer growth was the
smallest with 20 mV/s of scan rate, indicating
the better reversibility of polymer growth, and the
increase of AE with scan rate is of due to ohmic re-
sistance of the modified electrode which effects the
electrochemical reversibility (Table I).

In addition to the cyclovoltammetric coatings, elec-
tropolymerization of MeOHCz was also performed
at a constant potential 1.4 V for 1 h. After electropo-
lymerization, poly(MeOHCz)-coated CFME electrode
was washed with monomer free electrolyte and sol-
vent, and then the effect of electrolyte on the redox
behavior of these electrodes was studied (Fig. 3).
Polymer electrode was stable up to 1000 mV/s in all
solvents, however, the anodic currents determined at
0.69 V for 1000 mV/s scan rate was the highest in
ACN. The order of the current densities in different
solvents are as following: ACN (2099 mA/ cm?) > PC
(502 mA/cm?) > CH,Cl, (175 mA/cm?). As shown
in Figure 3, the polymer shows a relatively highest
electroactivity in ACN.

TABLE I
The Effect of Scan Rate on Redox Parameters of Polymer
Growth® (MeOHCz) : 1 mM

Scan rate E, (V) E. (V) AE (V) i,/
20 0.739 0.668 0.071 0.619
40 0.811 0.609 0.202 0.264
60 0.839 0.636 0.203 0.233
80 0.837 0.687 0.150 0.293

# Redox parameters are determined from 2nd cycle.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
The Effect of Solvent on Ohmic Resistance, Charge-
Transfer Resistance, and Capacitance Data for PMeOHCz
from Electrochemical Impedance Spectroscopy

Kinematic
Dielectric viscosity R, R Cal
Solvent constant (10* m?/s) Q) Q) (WF/cm?)
ACN 36.64 0.31 38 18 5650
PC 66.14 1.38 34 289 513
CH,Cl, 8.90 0.44 837 745 794

The separation between anodic and cathodic peaks
is associated with ion transport resistance involved
in these redox reactions.’>?° Thus, the difference
between the anodic and cathodic peak potentials
(AE) can serve as indication for the resistance of ion
migration in the electrode. The variation of AE with
the solvent of poly(MeOHCz)/CFME indicated that
CH,Cl, (AEcy,Cl, = 0.28) has highest resistance of
ion migration. This fact was also proved by charge-
transfer resistance (R.) values obtained in different
solvents by EIS, i.e., the highest R.; was obtained for
CH,Cl, and the smallest R, was obtained for ACN
(Table II). Poly(MeOHCz)/CFME in ACN (AEscn
= 0.05) revealing to a lower resistance electrolyte
penetration. The electroactivity of poly(MeOHCz)/
CFME is also higher in ACN than that in PC and

SARAC ET AL.

CH)Cl, (and the rate of charge transport is higher
too). High viscosity of PC causes a decrease of heter-
ogeneous electron-transfer rate,”” the polymer ob-
tained in PC has lower double-layer capacitance (Cq;)
and highest R, in ACN, and low viscosity of ACN
might be an advantage for obtaining better final elec-
trical properties. The results can be attributed to the
difference in the environment of diffusion of the sol-
vents/electrolyte, and to combination of dielectric
and viscosity effect of solvents (Table II).*®

Additionally, inverse relationship between the cur-
rent density and R. was obtained, and decrease in
conjugation (decrease in current density of peak in
electrocoated polymer film) results an increase in R
(Fig. 4).

Morphology

The morphologies of the polymers obtained with dif-
ferent scan numbers were investigated compara-
tively by scanning electron microscopy (SEM) (Fig. 5).
Poly[N-(hydroxymethyl)carbazole] on CFME were
grown potentiodynamically (by cyclovoltammetry) with
scan rate of 50 mV/s from solution of 1 mM MeOHCz
in 0.05M TEAP/CH,Cl,.

Because the aromatic and heterocyclic structure of
MeOHCz is same to Cz except the N-(hydroxy-
methyl) substituent on carbazole nitrogen, poly

Figure 5 SEM photographs of poly[N-(hydroxymethyl)carbazole] (a) 3 cycle, (b) 5 cycle, (c) 10 cycle, (d) 15 cycle.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Avarage increase in radius of polymer film
(obtained from SEM photographs) versus cyclovoltametric
scan number.

(MeOHCz) structure resembles to PCz (cauliflower-
like).”” Increasing scan number (corresponds to in-
crease in applied charge) during electrodeposition,
results in an increase in diameter of CFME. The
thickness versus scan number graph was plotted
according to the average thickness as measured from
SEM of samples. Carbon fiber working electrode has
diameter dimensions in micrometer, and the coated
film (poly MeOHCz) has a radius of about 3 pm.
This system can be considered as a microcomposite
electrode system. The data obtained under these con-
ditions, which can be used as calibration curve for
different scan numbers, and CV results can be used
to determine the thickness of the film (Fig. 6).

3414
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Figure 7 FTIR-ATR spectra of (a) monomer, (b) polymer
obtained in TEAP/CH,Cl, with the scan rate of 50 mV/s.
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Reflectance FTIR surface spectra of poly(MeOHCz)
coated CFME

The FTIR-reflectance spectra of electrografted poly
[N-(hydroxymethyl)carbazole] prepared at constant
potential electrolysis condition was taken (30 min elec-
trolysis at 1.4 V). The monomer has characteristics
peaks at 3414, 1626, 1599, 1451, 1323, 1223, 987, 749,
722 cm™! [Fig. 7(a)]. The FTIR-ATR spectrum of N-
(hydroxymethyl)carbazole indicated that the peak at
3414 cm™! attributed to alcohol band stretching, and
2916 cm™! can be attributed to methyl (CH,) groups
of N-(hydroxymethyl)carbazole, 1539 cm™' is due to
aromatic ring of carbazole (Cz), and 1223 cm ! (car-
bazole C—N stretching), at 745 cm ™' are evidence
for the out of plane bending of aromatic C—H de-
formation [Fig. 7(a)]. In the FTIR-ATR spectrum of
PMeOHCz-coated CFME surface, some shifts and
some new peaks appearances are observed when it
is compared with the monomer spectrum. Figure
7(b) represents the reflectance FTIR spectra of poly(-
MeOHCz) coated on CFME, the peak at 796 cm '
attributed to C—H deformation of out of plane of
trisubstituted 1,24 carbazole cycle and 748 cm !
C—H deformation out of plane-adjacent 4H 1,2,3,4
at the end of chains of disubstituted carbazole
cycle® the band located at 1313 cm™' is confirmed
by the valence vibration of C—N bond of carbazole
cycle.®® Moreover, the peaks at 1090 cm ™', which is
attributed to doping of ClO,  anion because of the
doping of the electrolytes of TEAP/CH,Cl,.** The
peak at 1596-1460 cm ™' is also evidence for aromatic
stretching of double bond C=C.*

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) allows
to study the charge transfer, ion diffusion, and ca-
pacitance of conducting polymer-modified electro-
des. The typical Nyquist plots of poly[N-(hydroxy-
methyl)carbazole]-coated CFME in different solvents
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Figure 8 Nyquist plot of PMeOHCz in TEAP/CH,CL,.
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Figure 9 Nyquist plot of PMeOHCz in TEAP/ACN. Inset: Nyquist plot of PMeOHCz in TEAP/ACN. (High frequency

region was expanded).

are given in Figures 8-10. The results indicated the
semicircle behavior at high frequency and capacitive
behavior at low frequency. That semicircle can be
attributed to the process occurs at the polymer-elec-
trolyte interface at high frequencies, which is ex-
pected to be the double-layer capacitance (Cq;) in
parallel with the charge-transfer resistance (R.;) be-
cause of the charge exchange and compensation at
the polymer-solution interface.>

Bode magnitude plot gives extrapolating the linear
section to the lo§ Z axis at w = 1 (log w = 0) yields
the value of Cq;*° from the relationship:

1Z| =1/Ca
The Cgq is attributed to charge accumulation at poly-

mer-solution interface that was highest (5650 pF/
cm?) for ACN. The R values can be associated with

redox processes within the polymeric film. As can be
seen in Table II, R values are higher in CH,Cl, and
PC than in ACN, however, the lowest R values
were obtained in ACN that this solvent has the me-
dium dielectric constant and lowest viscosity among
the solvents used.

The results indicated that the choice of solvent is
important for the value of capacitance of the poly-
mer coated CFME.

From the frequency (fo) corresponding to the maxi-
mum of the imaginary component (Z”) of the semi-
circle, the time constant I" of every electrode can be
calculated using the relationship:

r = 1/2nf, M)

The values of I' obtained from the Nyquist plots are
3.8 ms (CH,Cl,), 0.24 ms (ACN), and 0.13 ms (PC) for
PMeOHCZ/CFME in different solvents. The lower
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Figure 10 Nyquist plot of PMeOHCz in TEAP/PC. Inset: Nyquist plot of PMeOHCz in TEAP/PC. (High frequency

region was expanded).
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CH,Cl,.

I' value is preferred for electrochemical capacitor
for fast charge/discharge processes.”’ PMeOHCz/
CFME show faster charge/discharge process in PC.

In the bode phase plot of PMeOHCz in TEAP/PC,
the bode phase angle approaches a plateau (61°), in
the frequency region of 49-89 mHz which film indi-
cates capacitor behavior, In the frequencies, 0.16—
41 Hz, phase transition from capacitor to resistor
behavior was observed. In the frequencies, 41—
698 Hz film showed resistor behavior, in the fre-
quency region of 698-100 kHz transition from resis-
tor to capacitor behavior was observed (Fig. 11).

The bode phase plot of PMeOHCz/CFME in
TEAP/ACN is indicated that at higher frequency
>100 Hz, because of the prevailing influence of the
electrolyte resistance, it behaves like ideal resistor by
having a very low bode phase angle. In the frequen-
cies 1-100 Hz, the film shows transition from resistor
to capacitor. At frequencies <1 Hz, the bode phase
angle approaches to a plateau, and in this time scale,
the electrical signal reaches maximum penetration in
the pores of the PMeOHCz electrode (Fig. 11).

In the bode phase plot of PMeOHCz in CH,Cl,,
two plateaus were observed between 45 Hz and
10 mHz, however, the bode phase angle was 18
meaning that the PMeOHCz/CFME in CH,Cl, indi-
cates lower capacitive behavior than in PC and ACN.

Figure 11 also indicates the effect of solvent on the
polymer capacitor behavior, and capacitance increases
by following order, PC > ACN > CH,Cl,.

CONCLUSIONS

Electrodeposition and surface characterization of thin
film of poly(MeOHCz) (with a thickness increase of
170-2730 nm) electrodeposited onto CFME, clearly
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indicates that the electrodeposition conditions has
an important effect on the electropolymerization of
MeOHCz (e.g., scan rate). PMeOHCz-coated CFME
exhibited very high electrochemical stability up to
scan rate of 1000 mV/s. The thin conductive poly-
meric film showed better charge/discharge process in
PC (dielectric constant is the highest), different redox
properties, and capacitive behaviors in different sol-
vents, indicating the crucial effect of solvents on poly-
meric thin film properties on carbon surface. These
results indicate that electrochemically modified car-
bon fiber microelectrodes (by conductive thin polymer
film coating) can be used for the storage of energy in
electrochemical capacitors (super micro-capacitors). In
this article, it was proven that, nano to micron size
coatings of conductive polymers on micron-sized car-
bon fibers allows micro-scale energy storage applica-
tions with success.

The authors thank Jorg Nissen (Zentraleinrichtung fiir
Elektronenmikroskopie, ZELMI of the TU-Berlin) for re-
cording the SEM micrographs.
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