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The development of novel materials with improved functional characteristics for supercapacitor
electrodes is of current concern and calls for elaboration of innovative approaches. We report on an

eco-friendly enzymatic synthesis of a composite based on poly(3,4-ethylenedioxythiophene) (PEDOT)

and multi-walled carbon nanotubes

(MWCNTs). The redox active compound, sodium 1,2-

naphthoquinone-4-sulfonate (NQS), was used as a dopant for the backbone of the polymer. Oxidative
polymerization of 3,4-ethylenedioxythiophene (EDOT) was catalyzed by a high redox potential laccase
from the fungus Trametes hirsuta. Atmospheric oxygen served as an oxidant. A uniform thin layer of
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NQS-doped PEDOT formed on the surface of MWCNTSs as a result of the enzymatic polymerization.

The PEDOT-NQS/MWCNT composite showed a high specific capacitance of ca. 575 F g~*
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1. Introduction

Supercapacitors (SCs) are promising devices for energy accu-
mulation and storage and can find applications in many
fields.»” As compared with other energy accumulating devices,
SCs have a higher power density, a high discharge rate and an
excellent cycling stability.® SCs are divided into two main groups
depending on the energy charge storage mechanism, namely,
electrical double layer capacitors and pseudocapacitors.™**
Electrical double layer capacitors use as electrodes various
carbon materials with a high specific surface area like activated
carbon, carbon nanotubes, carbon fibers, graphene and others,*
and charge is stored on the electrode/electrolyte interface. In
contrast, in pseudocapacitors charge storage occurs via the
reversible faradaic reaction, and the electrodes are made of
transition metal oxides or conducting polymers (CPs).”®
Numerous studies have been performed recently in order to
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a potential scan rate of 5 mV s~¢

and an excellent cycling stability within a potential window between
—0.5and 1.0 V, which makes it a promising electrode material for high-performance supercapacitors.

improve the functional characteristics of electrode materials for
SCS.2,4,5,9—12

Carbon nanotubes (CNTs) are a promising material for SC
electrodes due to a low specific weight and unique electric and
mechanical properties.”* The specific capacitance and power
density of CNT-based SCs can be increased by combining the
capacitance of the nanostructured carbon double layer and the
pseudocapacitance of conducting polymers (CPs) due to fara-
daic processes at the electrode/electrolyte interface.” Polyaniline
(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT) and poly-
pyrrole are most commonly used as CPs in CNT-based
composites.”'*****1® These polymers differ in the theoretical
specific capacitance and show a poor stability in charge/
discharge cycles.*

CPs and CP-based composites are usually produced by
electrochemical or chemical methods,**** but they both have
some disadvantages. The electrochemical method is not always
suitable as monomer polymerization proceeds on electro-
conducting substrates of limited sizes, and the chemical
synthesis requires great amounts of oxidizers, whose reduction
products should be disposed of.** Besides chemically produced
composites contain polymers that are not bound to the carbon
surface, which worsens the composite cycling stability.>

An alternative to the chemical method is biocatalytic
synthesis.>*** Enzyme-catalyzed polymerization is environ-
mentally friendly and can be performed with a high degree of
kinetic reaction control. Moreover, in enzymatic synthesis the
amount of the polymer not bound to the surface of

This journal is © The Royal Society of Chemistry 2020
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nanostructured carbon material is minimal, which has
a significant influence on the specific characteristics of both
composites themselves and composite-based SCs.”* There are
only a few papers in which enzymes are used for oxidative
polymerization of EDOT. Nagarajan et al** used soybean
peroxidase for EDOT polymerization on the polystyrene sulfo-
nate (PSS) soft template. In this work terthiophene served as
a redox-mediator/initiator. Horseradish peroxidase was used for
polymerization of a water soluble derivative of EDOT without
a template.*® The laccase from the fungus Trametes hirsuta was
applied to EDOT polymerization on the soft templates (PAMPS,
PSS, DNA).*+36

As was mentioned above, CNTs are a promising material for
SC electrodes. However, CNTs have a rather low specific
capacitance of 5-80 F g~ '.*” The combination of the faradaic
redox reaction (pseudocapacitive effect of conducting polymers)
and the capacitance of carbon material allows increasing the
specific capacitance and stability of SC electrodes. Besides the
use of redox active compounds as additives to electrolytes®*** or
as dopants for the backbone of CPs** increases to a great extent
the specific characteristics of both composites themselves and
composite-based SCs. In our earlier paper® we reported that the
specific capacitance of enzymatically synthesized PANI-TSA/
MWCNT composite increased more than 2-fold after adding
the redox active compound sodium 1,2-naphthoquinone-4-
sulfonate (NQS) into the gel electrolyte H,SO,/PVA. We sup-
ported that the use of NQS as dopant can increase the specific
capacitance of CP/MWCNT composites. PEDOT as compared
with PANT has a lower theoretical specific capacitance (210 Fg™*
and 750 F g ' respectively).’® However, PANI/MWCNT
composites described in many papers are unstable at poten-
tials higher than 0.7 V (vs. Ag/AgCl) as PANI transforms into
pernigraniline state, which hydrolyzes in water solutions.*®
PEDOT-based composites are free of this shortcoming and have
a wider potential window.*”*®* Therefore in this work we have
performed a laccase-mediated synthesis of a composite based
on MWCNTs and PEDOT doped with the redox active
compound, sodium 1,2-naphthoquinone-4-sulfonate (NQS) and
have studied physicochemical properties of the resultant
PEDOT-NQS/MWCNT composite.

2. Experimental
2.1 Materials

All commercially available chemicals were of high purity and
used without further purification if not stated otherwise: 3,4-
ethylenedioxythiophene, 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS, Sigma-Aldrich),
sodium 1,2-naphthoquinone-4-sulfonate, H,SO,, HNO; (Chim-
med, Russia). All the solutions were prepared using water
purified with a MilliQ system (Millipore, USA). Flexible graphite
foil (thickness 0.2 mm) was purchased from (Unichimtek,
Russia).

Multi-walled M” (Nano-
TechCentre Ltd, Russia) were used after treatment with hot 70%
nitric acid (85 °C, 5 h).

carbon nanotubes “Taunit
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The laccase from the fungus Trametes hirsuta (Wulfen) Pilat
CF-28 was purified to homogeneity as described previously.*
The specific activity of the enzyme was ca. 131 Umg ™" of protein
using ABTS as a chromogenic substrate.>

2.2 Preparation of a PEDOT-NQS/MWCNT composite

The composite was obtained by in situ enzymatic EDOT poly-
merization. The reaction was performed as follows: 10 mg of
acid-treated MWCNTs were dispersed in 20 ml of deionized
water and subjected to sonication for 8 h. MWCMTs were
separated by centrifugation, added to 10 ml EDOT solution
(25 mM) and stirred for 30 min. Afterwards 0.06 g of NQS was
added to the dispersion (concentration in the solution 25 mM),
which was then stirred for another 30 min. The pH of the
solution was brought up to the value of 4.5 with sodium
hydroxide, and EDOT polymerization was initiated by adding
a laccase stock solution. The specific activity of laccase in the
reaction mixture was ca. 1.0 U ml~". The synthesis was per-
formed in air at room temperature (21-22 °C) and under
continuous stirring for 24 h. The PEDOT-NQS/MWCNT
composite was separated by centrifugation, repeatedly washed
with deionized water and ethanol, dried to constant weight, and
then used in further experiments. The content of PEDOT-NQS
in the composite was calculated as a difference between the
weight of the composite and the weight of MWCNTs used for its
synthesis.

For the synthesis of PEDOT-NQS, 0.06 g of NQS was added to
10 ml of an EDOT solution (25 mM) and stirred for 30 minutes.
The pH of the solution was brought up to 4.5, and polymeri-
zation was initiated by adding a laccase stock solution.

2.3 Characterization

SEM and EDX analyses were carried out with a Zeiss Supra 40VP
scanning electron microscope (Carl Zeiss AG, Germany).

Electrochemical measurements were performed using
a BAS CV-50W voltammetric analyzer (Bioanalytical System,
USA) and a single-compartment cell. In three-electrode system
an Ag/AgCl electrode (BAS) and platinum sheet served as
reference and counter electrodes respectively. Flexible
graphite foil (0.5 x 2.0 cm) covered with a precise amount of
the PEDOT-NQS/MWCNT composite served as a working
electrode.

The specific capacitance (Cs) of the composite was calculated
using the formula, where I is the current, AE is the potential
range, v is the potential scan rate, and m is the mass of the
electroactive composite. The specific capacitance of the
composite was calculated as the average of three independent
experiments. Cycling stability of the composite was studied in
three-electrode system within a potential window from —0.5 to
1.0 V at a potential scan rate of 100 mV s~ .

To registrate electrochemical impedance spectra (EIS), we
used a measuring complex composed of a frequency response
analyzer Solartron 1255 B and a potentiostat Solartron 1287
(AMETEK®, USA). The EIS measurements were performed in
the three-electrode configuration within a frequency range from

RSC Adv, 2020, 10, 33010-33017 | 3301
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100 kHz to 0.1 Hz with a signal amplitude of 10 mV. The
impedance spectra were analyzed, using ZView® software.

Galvanostatic charging/discharging measurements were
performed in the two-electrode cell configuration, using
a potentiostat/galvanostat Autolab PGSTAT302 (Metrohm AG,
Switzerland).

Four-point conductivity measurements were carried out with
a Loresta GP MCP-T610 resistivity meter (Mitsubishi, Japan)
using MCP-TPO6P probe (inter-pin distance 1.5 mm, pin points
0.26 R, spring pressure 70 g per pin). The morphology of
MWCNTs and PEDOT-NQS/MWCNT composite was studied
using transmission electron microscopy (TEM, JEM-100CX/SFG,
Jeol, Japan). FTIR spectra were recorded using KBr pellets on
a Frontier FT-IR/FIR spectrometer (PerkinElmer Inc.)

X-ray diffraction (XRD) analysis of finely ground powder
samples was performed with CuK, radiation on a Rigaku D/Max
2500V/PC diffractometer (Japan). XRD patterns were recorded
in the 26 range of 10°-70° with a scans step of 0.02° at a scan

speed of 0.5° min~".

3. Results and discussion

In our earlier paper* we showed that NQS has a high cycling
stability in acidic solutions and its behavior is a diffusion-
controlled and reversible process. Therefore, in this work we
have used NQS as a PEDOT dopant in the enzyme-mediated
composite synthesis. Fig. 1 shows the scheme of the enzy-
matic synthesis of the PEDOT-NQS/MWCNT composite.

3.1 Characterization of MWCNTSs

MWCNTs are a hydrophobic material whose surface are
hydrophylized with nitric acid or a mixture of nitric and sulfuric
acids, which results in additional defect generation in surficial
carbon layers and an increase in the number of carboxyl
groups.”* At the same time, the metal content of MWCNTs
decreases.

To modify the surface of nanostructured carbon, we heated
MWCNTs in nitric acid. The treatment of MWCNTs with the
acid brings about a significant decrease in the contents of
amorphous carbon and metals, while the oxygen content
increases (see ESI Fig. S1t). Studies on initial and acid-treated

View Article Online
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MWCNTs by the FTIR method (see ESI Fig. S21) showed that
the acidic treatment led to the formation of carboxyl groups on
the MWCNT surface with stretching bands at 1730 cm ™" (C=0)
and 1180 cm ™' (C-0),*** while SEM and TEM images revealed
no significant difference in their morphology (see ESI Fig. S37).
Thus oxidation of MWCNTs with nitric acid results in hydro-
phylization of their surface, which enables us to obtain a stable
MWCNT water dispersion. Acid-treated functionalized
MWCNTs were used for the enzymatical synthesis of the
PEDOT-NQS/MWCNT composite.

3.2 Characterization of the enzymatically synthesized
PEDOT-NQS/MWCNT composite

Fig. 2 shows TEM images of the PEDOT-NQS/MWCNT
composite. As a result of enzymatic EDOT polymerization in

Fig. 2 TEM images of the MWCNTs (a) and PEDOT-NQS/MWCNT
composite (b).

EDOT NQS
S [o]
Hom OO
L
o o SO;
stirring laccase
0, H,0
MWCNTs PEDOT/NQS/MWCNT

aqueous dispersion composite

Fig. 1 Scheme of the enzymatic synthesis of the PEDOT-NQS/MWCNT composite.
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the presence of NQS, a rather uniform thin, rough coating layer
of the conducting polymer was generated on the surface of
MWCNTs. Besides, the composite contained no polymer not
bound to the surface of MWCNTSs. Compared to the diameter of
acid-treated MWCNTSs, which is ~10-15 nm, the diameter of
PEDOT-NQS/MWCNT composite increased to 25-30 nm. The
PEDOT-NQS content in the composite was ca. 67 wt%.

The functionalized MWCNTSs and enzymatically synthesized
PEDOT-NQS and PEDOT-NQS/MWCNT composite were
studied by X-ray diffraction (Fig. 3). MWCNTSs show a sharp and
intense peak at 26 = 26.0°, corresponding to a graphite-like
structure, and other peaks at 42.7°and 52.5°, corresponding to
catalytic cobalt particles encapsulated within MWCNTSs.**%”
Crystal peaks centered at 25.9° and 38.5° in the PEDOT-NQS
XRD pattern result from the NQS-doping of PEDOT, which
seems to increase the molecular interaction between the
stacked m-conjugated polymers molecules.*® The XRD pattern of
PEDOT-NQS/MWCNT exhibits characteristic peaks for both
MWCNTs and PEDOT-NQS. The results suggest that no addi-
tional crystalline order is introduced into the enzymatically
synthesized composite.

The FTIR spectrum of enzymatically synthesized PEDOT-
NQS/MWCNT is shown in Fig. 4. The bands at 1520 and 1340-
1403 cm™ " are originated from the stretching of C=C and C-C
in the thiophene ring of PEDOT. Vibrations at 841, 924, 935 and
985 cm ™' are attributed to the C-S bond in the thiophene
ring.*>*® The bands at 1053, 1092 and 1145 cm™ " are assigned to
the stretching modes of the ethylenedioxy group.* The bands at
500-800, 1200-1340 and 1600-1700 cm ' are due to redox-
active dopant NQS (Fig. 4).

The conductivity of the enzymatically synthesized PEDOT-
NQS/MWCNT composite measured by the four-point probe
method was 16.8 + 0.9 S cm ™', which is significantly higher
than that of functionalized MWCNTs (6.9 + 0.4 S cm™') and
PEDOT-NQS polymer (9.1 &+ 0.7 S cm™ ).

£
©
2
g PEDOT-NQS
£
PEDOT-NQS/MWCNT
MWCNTs
0

35 40 45 50 55 60 65 70
20 (degree)

10 15 20 25 30

Fig. 3 XRD patterns of MWCNTs, PEDOT-NQS and PEDOT-NQS/
MWCNT.
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Fig. 4 FTIR spectra of acid-treated MWCNTSs, redox active dopant
NQS and PEDOT-NQS/MWCNT composite.

Thus laccase-catalyzed in situ polymerization of EDOT in the
presence of the redox active dopant results in the production of
the conducting PEDOT-NQS/MWCNT composite, in which the
polymer is bound to the surface of nanotubes.

3.3 Electrochemical properties of the PEDOT-NQS/MWCNT
composite

Electrochemical performance of the PEDOT-NQS/MWCNT
composite was tested in 1 M H,SO, aqueous electrolyte by
cyclic voltammetry (CV) using three-electrode cell configuration
at various scan rates (Fig. 5a). The cyclic voltammogram recor-
ded at 5 mV s~ (Fig. 5b) clearly demonstrates three redox peak
couples whose characteristics are given in Table 1, where AE is
the difference in potentials for the maximum of anodic (E,) and
cathodic (E.) peaks and Ey,, is the middle point potential.

Couple I of redox peaks correspond to the electrochemical
conversion of NQS weakly bound to the surface of MWCNTSs.*®
Couple II of redox peaks seems to correspond to the redox
reaction of NQS, which is the counter ion of PEDOT. The linear
dependence of the cathode and anode currents of couple II of
redox peaks on the scan rate (see ESI Fig. S41) suggests the
adsorption character of the redox reaction. Couple III of redox
peaks correspond to the oxidation/reduction of PEDOT.*

The specific capacitance of the PEDOT-NQS/MWCNT
composite depended on the scan rate and was 575, 544, 503,
460 and 425 F g~ " at 5, 10, 20, 30 and 50 mV s~ *, respectively (see
ESI Fig. S51). It is noteworthy that the values of the specific
capacitance of the composite are higher than those reported in
the literature, which seems to be due the fact that the redox active
compound NQS was used as a PEDOT dopant. For reference, the

RSC Adv, 2020, 10, 33010-33017 | 33013
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Fig.5 CV curves of the PEDOT-NQS/MWCNT composite at different scan rates (a) and at 5 mV s~* (b). Roman figures |, I, lll show redox peak

couples, whose characteristics are given in Table 1. The mass of the electroactive composite was 1.0 mg.

Table 1 Characteristics of redox conversions of the PEDOT-NQS/
MWCNT composite?

Redox peak

couple E,V E.,V AE,V Emp, V
I 0.427 0.395 0.032 0.410
I 0.284 0.169 0.115 0.227
II1 0.148 0.076 0.072 0.112

% CV recorded at 5 mV s~ .

specific capacitance of the enzymatically synthesized PEDOT/
PSS/MWCNT in 1 M H,SO, (ref. 35) was 246 F g~ at a poten-
tial scan rate of 5 mV s '. The capacitance of chemically
synthesized PEDOT/MWCNT was 61 F g~ " in 0.1 M KCl at a scan
rate of 50 mV s™,% 95 F ¢! in 1 M H,SO, at a scan rate of
2mVs ,**and 133 F g~ " in 1 M NaNO; at a scan rate of 5 mV
sfl.el

The PEDOT-NQS/MWCNT composite was studied in 1 M
H,S0, at a potential window from —0.5 to 1.0 V (vs. Ag/AgCl)
(Fig. 6). First the CV curve was recorded at a potential scan
range of 50 mV s~ . Then a potentiostatic pause was performed
at 1.0 V for 10 min, and a potential cycle was recorded again
within the same potential window. The cyclic voltammogram
recorded after the potentiostatic pause almost completely
coincides with the initial one, which means that at high
potentials the PEDOT-NQS/MWCNT composite is markedly
more stable as compared to PANI-based composites.*® Hence,
the extension of the potential window to 1.0 V had no effect on
the composite stability. A little shift of the peaks after the
potentiostatic pause seems to be due to some changes in the
polymer layer. However, the specific capacitance of the
composite before and after the potentiostatic pause changes by
less than 4%.

33014 | RSC Adv, 2020, 10, 33010-33017

The PEDOT-NQS/MWCNT composite showed an excellent
cycling stability in 1 M H,SO,: after 1000 cycles its specific
capacitance decreased by less than 5% (see ESI Fig. S6), which
is a great deal better than in the case of PEDOT/MWCNT
composites described in the literature: the specific capaci-
tance of PEDOT-based composites decreased by 8% (0.1 M
H,S0,4, 1000 cycles),®* by 15% (1 M LiClO,4, 1000 cycles),** by
26.9% (0.5 M H,SO,, 2000 cycles),” by 33% (1 M HCI, 1000
cycles).®

In order to perform electrochemical tests, the composite was
applied onto the surface of the electrode made of graphite foil.
Therefore, it is virtually impossible to separate the composite
from the electrode after electrochemical testing and analyze it
by TEM.

= = -PEDOT-NQS/MWCNT before and
after 10 min potentiostatic pause at 1.0 V

25

Current (mA)

-5 4

50 mV s
25 :

-06 -04 -02 00 02 04 06 08 1.0
Potential (V vs Ag/ACI)

Fig. 6 CV curves of the PEDOT-NQS/MWCNT composite at 50 mV
s~! within a potential window from —0.5 to 1.0 V. The mass of the
electroactive composite was 1.2 mg.

This journal is © The Royal Society of Chemistry 2020
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The PEDOT-NQS/MWCNT composite was further examined
by electrochemical impedance spectroscopy (EIS), which
enabled us to investigate both the ion transport and electron
transfer via the electrode/electrolyte interface, and the pseudo-
capacitance of the composite. The Nyquist plots of EIS spectra
of the PEDOT-NQS/MWCNT composite in 1 M H,SO, at
different potential values are shown in Fig. 7a and b. The EIS
spectra have a single semicircle in the high frequency region,
which may be attributed to the redox reactions of the
composite, while the inclined line at the low frequencies seems
to be due to the pseudocapacitance of the polymer layer. The
electrochemical impedance spectra were analyzed by an equiv-
alent circuit model (Fig. 7c), where R is mainly arising from the
electrolyte resistance, the intrinsic resistance of the active
material and the contact resistance at the electroactive material/
current collector interface; Cq; and R represent the double-
layer capacitance at the electrode/electrolyte interface and the
charge transfer resistance on the electrode (the resistance of
electrochemical reactions). The Warburg open element W,
models the diffusion of ions in the polymer layer and is char-
acterized by the Warburg constant (W). The constant phase
element (CPE) is applied to denote the pseudocapacitance of the
polymer layer. CPE is defined by:

Zcpe = CPE(jw) 7,

where CPEr and p are frequency-independent constants and w
is the angular frequency.* It should be emphasized that our
experimental data are consistent with the electrical equivalent
circuit (see ESI Fig. S77). Table 2 lists the fitting values for the
equivalent circuit elements (Fig. 7c).

—0—-0.010V
—0— 0.235V
—o— 0.390V
—&— 0.600 V
= 0.800V

2" (Q)

(a)

15 20 25 30
Z'(Q)

Fig. 7
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The p values given in Table 2 indicate the capacitive nature of
the CPE element. The CPEr values that characterize the pseu-
docapacitance of the PEDOT-NQS layer are 200 times as high as
Cq1- Hence, the EIS data support the conclusion that the NQS-
doped polymer makes the main contribution to the capaci-
tance of the PEDOT-NQS/MWCNT composite. As the electrode
potential increases from —0.010 to 0.800 V, the Rg, R, and Cq;
values remain virtually the same, and the W constant changes
insignificantly. The CPEy value varies the most and reaches the
maximum at 0.390 V, which is due to summing the contribu-
tions of the redox transformations of PEDOT, PEDOT-NQS and
NQS. The CPEr value drastically decreases within the potential
window 0.600-0.800 V, where the main contribution is made by
PEDOT. The change of the CPEr value with the potential is
consistent with the results of cyclic voltammetry (Fig. 5b). As is
seen from Table 2, the PEDOT-NQS/MWCNT composite has low
Rg, R, and W values, which assures high power characteristics
of supercapacitors designed on its basis.

Table 2 Fitting values for the equivalent circuit elements by the
simulation of impedance spectra at deferent potential values

w, CPE,,
Potential, V.. Rs, Q@ R,, Q@ Cq, F Qs @s Y p
—0.010 0.637 0.143 0.000655 2.93 0.060 0.922
0.235 0.625 0.125 0.000632  2.03 0.122 0.921
0.390 0.615 0.097 0.000633  2.46 0.170 0.846
0.600 0.610 0.103 0.000633 2.72 0.061 0.852
0.800 0.602  0.099 0.000626  3.02 0.059 0.842
0.6 4
=0—-0.010V
-—0— 0.235V
0.5 - =0=—0.390V
=/ 0.600 V
.800 V
4] o om0
c
N 0.3 |
0.2 -
0.1 4 (b)
0 $ $ $ } }
0.5 0.6 0.7 0.8 0.9 1.1
Z'(Q)
R, R:, W CPE
> >—r

(c)

(a) Nyquist plots of PEDOT-NQS/MWCNT composite in 1 M H,SO, at different potential values; (b) expanded high frequency region of

Nyquist plots; (c) electrical equivalent circuit used for fitting the impedance spectra.
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The PEDOT-NQS/MWCNT composite was further studied by
the galvanostatic method (Fig. S87). The composite capacitance
calculated by the formula described in® was 487 and 534 F g~ "
at1.51 and 0.56 A g~ ', respectively. For comparison, Snook et al.
reported in the review*® on composites containing PEDOT/PSS
and carbon nanotubes with specific capacitance varying from
85t0 150 F g~ .

4. Conclusions

We have performed an enzymatic oxidative EDOT polymeriza-
tion on the surface of acid-treated MWCNTSs using the redox
active compound NQS as dopant and showed that laccase-
mediated EDOT polymerization in atmospheric oxygen
enables the production of a stable, electrochemically active
PEDOT-NQS/MWCNT composite with a high specific capaci-
tance of 534 Fg~ ' (at 0.56 A g~ ). The enzymatically synthesized
PEDOT-NQS/MWCNT composite has a significantly broader
potential window as compared to PANI-based composites,
which can increase the energy density of supercapacitors on the
basis of the PEDOT-NQS/MWCNT composite.
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