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Abstract

A copolymer poly(methyl methacrylate‐co‐vinylferrocene) was synthesized and

used for the first time in a biofuel cell design. Bioanaode enzyme glucose oxi-

dase and biocathode enzyme bilirubin oxidase were physically immobilized

onto the copolymer‐modified electrodes. Characterization studies were con-

ducted by scanning electron microscopy, carbon‐13, fourier transform infrared

and hydrogen‐1 nuclear magnetic resonance, and cyclic voltammograms. The

designed biofuel cell was operated with linear sweep voltammetry. The maxi-

mum current was at 45°C with 120 μg of polymer amount. An improved power

density of 323 μW cm−2 that is higher than other ferrocene‐based fuel cells was

obtained with 10‐mM glucose at 0.4 V with the designed bioanode.
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1 | INTRODUCTION

Biofuel cells are commonly based on microbial and enzy-
matic working electrodes. Microbial cells have the superi-
ority of being able to catalyze the complete oxidation of
biofuels and have long lifetimes (up to 3–5 years) but
are plagued by low power density (1–90 μW cm−2).1

Enzyme‐based fuel cell (EFC) is an eco‐friendly and com-
pact power supply that generates electrical energy from
the natural fuels by utilizing the enzymes as
electrocatalysts.2 However, it suffers from inefficient elec-
tron transport between the biomolecule and electrode
because the active center of the biomolecule is deeply
wileyonlinelibrary.com/j
buried in the protein shell.3 To overcome this drawback,
it should be especially focused on designing of bioanode
that is responsible for the fuel oxidation for construction
of the EFC to improve generated power with a high cata-
lytic current density. Enzyme glucose oxidase (GOx) is
commonly used for bioanode because it offers relatively
low cofactor redox potential.4 But a proper redox media-
tor is needed due to its nonconductive protein shell that
covers the active site as well as the redox center for shut-
tling the electrons between electrode and enzyme.
Researchers have been working to accelerate the electron
transfer rate on the electrode surfaces in recent years. For
this purpose, conductive nanoparticles5-7 and mediator‐
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modified working electrodes such as carbon nanotubes,8,9

osmium complexes,10 p‐benzoquinone,11 and 2,2'‐azino‐
bis(3‐ethyl benothiazoline‐6‐sulfonate)12 have been devel-
oped and used. Among the numerous mediators, ferro-
cene plays an important role. Ferrocene containing two
cyclopentadienyl ligands that were bound on the opposite
sides of a central Fe(II) atom [Fe(C5H5)2] is an organome-
tallic substance. It presents excellent electrochemical
characteristics, a one electron transfer to/from ferro-
cene/ferrocenium that is typically rapid, because of the
low reorganization energy of the Fe(II) and Fe(III) redox
states.13

Up to now, poly(vinylferrocene) (PVFc) containing
polymers have gained attention due to redox activity,
and chemically stable materials are attained by placing
the ferrocenyl groups in other chains.14 In the study of
synthesizing these kinds of polymers, Nunns et al.15

achieved to synthesize a large number of those with
unprecedented characteristics. Tonhauser et al.16

reported the synthesis of the first amphiphilic PVFc con-
taining copolymers. Conducting polymer composites of
PVFc and polypyrrole were synthesized in another
report,17 and the results showed that PVFc containing
composites were more stable than the homopolymer of
PVFc. The copolymers of vinylferrocene such as poly
(vinylferrocene‐co‐hydroxyethyl methacrylate),18 poly
(glycidyl methacrylate‐co‐vinylferrocene),19 acrylamide
copolymers,20 and poly(N‐acryloylpyrrolidine‐co‐
vinylferrocene)21 were used in sensor studies and
resulted in successful signals. Although such good
results were achieved by using these polymers, as far
as we know, PVFc and its copolymers have not been
used for an EFC design yet. In this report, poly(methyl
methacrylate‐co‐vinylferrocene) was synthesized by free
radical polymerization and used for the first time in
design of the EFC system to acquire a biocompatible
polymer and accelerated electron transfer on the gold
surface. The bioelectrode performance was tested with
different temperature and various polymer amounts.
The power generation efficiency of the designed EFC
used glucose as fuel was investigated.
2 | MATERIALS AND METHODS

2.1 | Reagents

Methyl methacrylate (99%), vinylferrocene (97%),
azobisisobutyronitrile, chloroform (≥99% GC grade),
tetrahydrofurane (99.9% GC grade), diethyl ether (99.7%),
acetonitrile (99.9% GC grade), GOx from Aspergillus niger
(10 kU), bilirubin oxidase from Myrothecium verrucaria
(25 U; BOD), and glucose monohydrate were bought from
Sigma‐Aldrich. Potassium dihydrogen phosphate and
dipotassium hydrogen phosphate were obtained from
Merck. Enzyme and glucose stock solutions were freshly
prepared in 100 mM, pH 7.4 phosphate buffer for EFC
experiments.
2.2 | Chemical synthesis of poly(methyl
methacrylate‐co‐vinylferrocene)

Poly(methyl methacrylate‐co‐vinylferrocene) [poly(MMA‐
co‐VFc)] was synthesized by free radical polymerization
technique.22 The synthesis reaction was initiated by dis-
solving 1.2 g of methyl methacrylate, 1 g of vinylferrocene
(VFc), and 0.04 g of azobisisobutyronitrile (initiator) in
10 ml of freshly distilled chloroform by mixing the reac-
tion medium at room temperature under argon medium.
The polymerization reaction was carried out in oil bath at
70°C for 2 hr afterwards. Synthesized polymer was pre-
cipitated in diethyl ether. The polymer was filtered and
then washed with ultrapure water, dried in vacuum oven
at 50°C for 1 day. It was redissolved and reprecipitated in
tetrahydrofuran and in 100 ml of diethyl ether, respec-
tively for the purification. Finally, it was again dried
under vacuum overnight at 50°C. A 10 mg ml−1 of the
resulting poly(MMA‐co‐VFc) solution was prepared in
tetrahydrofuran to use for electrode coating. Hydrogen‐1
(1H‐NMR) and carbon‐13 nuclear magnetic resonance
spectroscopy (13C‐NMR) spectra of the samples were
charted using a Bruker Minispec Pulsed Spectrometer in
cadmium chloride solvent and tetramethylsilane internal
standard. Fourier transform infrared spectroscopy (FT‐
IR) spectrums were recorded with the Perkin Elmer Spec-
trum 100 spectrometer.
2.3 | Electrochemical apparatus and
biofuel cell operation

CH Instruments 1040B electrochemical analyzer was used
for enzymatic fuel cell experiments. Gold (diame-
ter = 2 mm) working electrodes, wire platinium that was
used as the counter electrode, reference electrode (Ag/
AgCl), and the electrochemical cell were supplied from
CH Instruments. To design a glucose/O2 biofuel cell, poly
(MMA‐co‐VFc)/GOxandpoly(MMA‐co‐VFc)/BODbiofilm
modified gold electrode was used as the bioanode and the
biocathode, respectively. The biofuel cell compartment
was filled with the aerated 100 mM, pH 7.4 phosphate
buffer. The four‐electrode system was immersed into the
compartment, and the biofuel cell was operated by using
linear sweep voltammetry technique (LSV) at a potential
scan between −1 and +1 V. The power density was
measured as explained previously.23
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The schematic setup and electrochemical reactions of
the biofuel cell were presented in Scheme 1. In this setup,
enzyme GOx responsible for the oxidation of glucose is
immobilized onto the poly(MMA‐co‐VFc)‐coated anode
side, whereas BOD is immobilized onto the cathode pre-
pared with the same polymer. When glucose is added into
the solution, it is oxidized by the bioanode, then released
electrons are moved to the biocathode side under a suit-
able potential. Molecular oxygen is reduced by BOD on
the cathode surface with this electron flow. As long as
the enzyme reactions continue on the anode and cathode
surfaces, this continuous electron flow generates an elec-
tric current in the circuit.
2.4 | Fabrication of the biofuel cell
electrodes

The gold electrodes were polished with slurries of fine
containing alumina powders of 0.05, 0.3, and 1 micron
on a polishing microcloth pad. Then, the electrodes
were flushed with ultrapure water. At the final cleaning
step, cyclic voltammograms of the gold electrodes at a
potential scan ranging between −1 and +1 V with a
scan rate of 50 mV s−1 in phosphate buffer solution
were conducted. A 12 μL of the 10‐mg ml−1 poly
(MMA‐co‐VFc) solution was spread directly onto the
pretreated surface of the gold anode and cathode, then
waited at room temperature to evaporate solvent. The
working electrodes were immersed in ultrapure water
prior to the enzyme immobilization. A 10 μL of GOx
(10 mg ml−1) and 10 μL of BOD was dropped onto
the poly(MMA‐co‐VFc) thin film‐coated anode and
cathode, respectively. The working electrodes were
SCHEME 1 The schematic diagram of the EFC with the surface reac
waited for physical immobilization of the enzymes at
room temperature for 2 hr and rinsed with phosphate
buffer to remove free enzyme on the electrode surfaces.
3 | RESULTS AND DISCUSSION

3.1 | Material characterization and
surface morphology

Poly(MMA‐co‐VFc) was characterized by using 1H‐NMR
and 13C‐NMR, scanning electron microscope (SEM), and
FT‐IR. The methoxy group of the poly(methyl methacry-
late) at 3.5 ppm and aromatic pentadienyl cycle of ferro-
cene at 4.1 ppm were observed in 1H‐NMR spectrum
(Figure S1a). Aromatic pentadienyl cycle of ferrocene
was also determined at 69 ppm and carbonyl group
(−C═O) of poly(methyl methacrylate) was observed at
178 ppm in the 13C‐NMR spectrum (Figure S1b). The
FT‐IR spectrum was presented in Figure S2. The charac-
teristic signals of carbonyl group of poly(methyl methac-
rylate) were observed at 1724.96 cm−1. The strong
signals of ferrocene rings and −C─H stretching of aro-
matic pentadienyl cycle of PVFc were observed at
1036.30 and 3332.67 cm−1, respectively. It was understood
from the spectrums that the desired copolymer was suc-
cessfully synthesized.

SEM images of poly(MMA‐co‐VFc) in Figure 1a, GOx
immobilized poly(MMA‐co‐VFc) in Figure 1b, and BOD
immobilized poly(MMA‐co‐VFc) in Figure 1c coated elec-
trode surfaces were taken with Quanta FEG 450 SEM
device. The poly(MMA‐co‐VFc) film‐coated electrode
was compact and uniform, which was beneficial for the
adequate adsorption of enzyme molecules. It was
tions



FIGURE 1 (a) Scanning electron microscope of the poly(MMA‐

co‐VFc), (b) poly(MMA‐co‐VFc)/glucose oxidase, and (c) poly

(MMA‐co‐VFc)/bilirubin oxidase film‐coated electrode surface at a

magnification of the 400 nm
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observed that surface morphology was altered due to
adsorption and coverage of enzyme molecules over the
poly(MMA‐co‐VFc) film. Grain and circular enzyme clus-
ters were observed from the SEM image of the poly
(MMA‐co‐VFc)/GOx electrode as a result of GOx adsorp-
tion. The previously published SEM images of GOx were
similar in appearance.24,25
3.2 | Electrochemical characterization

Poly(MMA‐co‐VFc)/GOx bioanode was characterized
using the cyclic voltammetry (CV) technique by operating
three‐electrode system in 100 mM, pH 7.4 phosphate
buffer containing 10 mM of K3Fe(CN)6. The scan rate
dependence cyclic voltammetric response of the bioanode
in the potential range of 80 to 500 mV s−1 for the redox
reactions of Fe(CN)6

−3/Fe(CN)6
−4 on the bioelectrode

was shown in Figure S3a (The inner CVs represented
the slowest scan rate). The peak currents changed line-
arly by the square root of the scan rate over the range
of 80 to 500 mV s−1 (Figure S3b), suggesting diffusion
controlled mass transfer reactions and reversible system.
In reversible systems, the current of the peak is given by
Randles–Sevcik equation that is used to determine the
electron diffusion coefficient in the polymeric film layer:

Ip ¼ 2:69 × 105
� �

× n3=2 × A × De
1=2 × C × v1=2 (1)

where Ip is the peak current, A; n is the electrons
involved; A is the electrode area, cm2; D is the diffusion
coefficient, cm2 s−1; C is the concentration, mol cm−3;
and v is the scan rate, V s−1. Thus Ip rises with square
root of v and is directly proportional to substances con-
centrations. The electron diffusion coefficient (De) in the
polymeric layer was calculated from the slope of the lin-
ear curve. The regression equation was y = 0.0002x
−9.10−7 (r2 = .999) for the oxidation currents and y =
−0.0002x−9.10−6 (r2 = .997) for the reduction currents.
De was found to be 5.62 × 10−6 cm2 s−1.

To investigate the electrochemical characterization of
VFc unit, a CV experiment was conducted by using a bare
gold electrode in VFc solution. Figure S4 shows the CVs
of the bare gold electrodes in acetonitrile (A), in 2‐μM
VFc solution prepared with acetonitrile (B) at 100 mV
s−1 scan rate (vs. Ag0/Ag+). As expected, no redox peaks
were observed on the curve (A), whereas the cathodic
peak displaying on the curve (B) between −0.2 and
−0.4 V was directly related to VFc unit in the solution.
Initially, the ferric ion exists in both the oxidized form
Fe(III) and the reduced form Fe(II) in VFc.26 The electro-
chemical behavior of the bare gold and poly(MMA‐co‐
VFc)/GOx biofilm‐coated gold surface was investigated
in phosphate buffer by CV at 100 mV s−1 scan rate (vs.
Ag/AgCl). In Figure 2, the typical CV of VFc unit at neg-
ative potentials was observed for Au/poly(MMA‐co‐VFc)/
GOx electrode. The voltammetric behavior indicated that
the gold electrode surface was successfully covered by
copolymer with VFc unit. In addition, the copolymer
coated surface caused an increase in current density com-
pared with the bare gold surface. The reduction peak
observed for the copolymer coated surface at +0.4 V was



FIGURE 2 CV of the bare gold and poly(MMA‐co‐VFc)/GOx film‐coated gold electrode in 10 ml of phosphate buffer at a potential scan

ranging between −1 V and +1 V (vs. Ag/AgCl) with a scan rate of 100 mV s−1
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due to the bare gold electrode, not the polymer, because it
was observed in the CV of the bare gold electrode.
3.3 | Effective polymer mass for enhanced
fuel oxidation

An important role of the polymeric layer used as support
material is to protect the active sites of the enzyme from
the adverse effects of the components of the reaction mix-
ture and the processing conditions. The greatest advan-
tage of polymeric film is that it can be synthesized freely
and modified according to the enzyme requirements and
the process used in biological fuel cells and biosensors.27

However, even if the desired polymer is synthesized, the
increasing density of polymer on electrode surface may
slow/hinder electron flow because it is an obstacle to
mass transfer. Therefore, the polymer density on the elec-
trode surface should be optimized to obtain an effective
power generation from the EFC. Poly(MMA‐co‐VFc)/
GOx bioanode surfaces were prepared at various amounts
of polymer ranging between 20, 40, 50, 120, and 180 μg [2,
4, 5, 12, and 18 μL of poly (MMA‐co‐VFc)]. A 10 μL of
GOx (10 mg ml−1) was dropped onto the each bioanode.
The prepared bioanodes were tested in 10 ml of aerated
phosphate buffer containing 3‐mM glucose with using
LSV technique at a potential scan between −1 and +1 V
with a scan rate of 100 mV s−1. The anodic currents
obtained from LSV technique were presented in
Figure 3. The current increased with the increasing
amount of polymer reached to the highest value at
120 μg of polymer amount and then decreased after
exceeding this quantity. It was understood from Figure 3
that an internal diffusion barrier originating from the
polymer density limited the electron transfer realized on
the electrode surface through the electrochemical process
beyond 120 μg of poly(MMA‐co‐VFc) quantity. In another
perspective, an internal diffusion barrier in which the
enzyme is present inside the polymeric film, it can limit
diffusion of substrate molecules into the polymer.28
3.4 | Temperature test

The temperature effect can be particularly important for
enzymatic systems in which the activity and durability
of biocatalysts are generally maximized in a very strict
temperature range.29 Enzymes are denatured at very high
temperatures, the enzyme and substrate can not comple-
ment each other, resulting in a lower reaction rate. To
investigate the effect of temperature on the biofuel cell
electrodes, four series of biofuel cell comprised 120 μg of
poly(MMA‐co‐VFc)‐coated anodes and cathodes were pre-
pared. A 10 μL of GOx (10 mg ml−1) was dropped onto
the surface of the polymeric film modified anode, and
10 μL of BOD (10 mg ml−1) was dropped onto the modi-
fied cathode. The prepared biofuel cells were operated at
0.4 V in a 500‐μM glucose solution prepared with aerated
phosphate buffer at 25, 35, 45, and 55°C. Corresponding
current‐temperature graph of the bioanode and the



FIGURE 3 The current performances obtained from the bioanodes fabricated with various polymer amounts with 10‐mM glucose
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biocathode was presented in Figure 4. It was observed
that the maximum current value was reached at 45°C
for each two electrodes. Excessive increase in temperature
leaded to a reduction in the signal of the electrodes,
which was because the thermal degradation of the
enzyme. The designed biofuel cell was operated at room
FIGURE 4 Effect of temperature on the efficiency of bioanode and b
temperature because the long‐term operation of the bio-
fuel cell at such a high temperature can damage the
enzymes. In addition, in vivo applications are based on
the fact that enzymatic fuel cells have the ability to oper-
ate optimally at temperatures between room temperature
and body temperature.
iocathode in enzyme‐based fuel cell
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3.5 | Performance of the bioanode and the
biofuel cell

To investigate the fuel oxidation performance of the
bioanode, LSVs of poly(MMA‐co‐VFc)/GOx electrode
were recorded in air‐saturated buffer solution containing
glucose at varied concentrations ranging between 1 and
40 mM at 100 mV s−1 scan rate. The obtained anodic
peak currents were presented in Figure 5a. The electron
transfer process of GOx is a two electron and two pro-
ton‐dependent reactions, and the peak current of the
anode is attributed to oxidation of FADH2 placed in
the redox active center of GOx.30 In the system, as the
oxidation of glucose increases, more reduced FADH2

are formed, resulting in more FADH2 being oxidized
on the anode surface with the increasing glucose. As
seen in Figure 5a, the oxidation current increased gradu-
ally and linearly (y = 0.4562x + 1.9023, r2 = .991;
Figure 5b), which could be attributed to the GOx‐cata-
lyzed glucose oxidation (Scheme 1), with the increasing
glucose concentration. This current increase tendency in
a large fuel range probably will lead to result in
FIGURE 5 (a) Linear sweep

voltammogram of the bioanode

calibration to increasing glucose

concentrations ranging between 1 and

40 mM in phosphate buffer at a potential

scan ranging between −1 and +1 V (vs.

Ag/AgCl) with a scan rate of 100 mV s−1

and (b) calibration curve obtained from

linear sweep voltammogram in linear

range from 1 to 40 mM.
higher power output for the designed EFC. The perfor-
mance of the EFC comprised the poly(MMA‐co‐VFc)/
GOx bioanode and poly(MMA‐co‐VFc)/BOD biocathode
was further investigated with LSV under the optimum
conditions to characterize power output of the system31

in presence of 10‐mM glucose. First, the current density
(I, μA cm−2) − voltage (V, Volt) curves were obtained,
then they were converted to the power density (P, μW
cm−2) − voltage curves in accordance with P = I × V
equation.32 The generated power (P, μW) was divided
over the active surface area for calculation of the power
density. The power density as a function of the cell volt-
age for the EFC operated at room temperature was pre-
sented in Figure 6. The ultimate power density was
found to be 323 μW cm−2 at 0.4 V, which was superior
to those previously reported ferrocene‐containing redox
polymer‐based fuel cell electrodes using poly(N‐(3‐
dimethyl (ferrocenyl) methylammoniumbromide)
propylacrylamide) that was used to improve the effi-
ciency of current generation in a GOx modified anode
(1.7 μW cm−2 at 0.27 V),33 ferrocene‐modified linear
poly(ethyleneimine) utilized as fructose dehydrogenase



FIGURE 6 Effect of cell voltage on power density (obtained from biocathode) of the enzyme‐based fuel cell
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immobilized bioanode in an enzymatic fuel cell (29 μW
cm−2).34 In another study, ferrocene‐modified solid
binding matrix/graphite composite film was used as
GOx‐based anode and horseradish peroxidase‐based
cathode. The composite material was placed layer‐by‐
layer on a large polymeric surface. The electrodes were
assembled into a biofuel cell, which utilized glucose as
fuel and hydrogen peroxide as oxidizer. The power out-
put of the cell was 0.15 μW cm−2 at 0.021 V.35 A
membraneless biofuel cell was prepared based on GOx
anode and laccase cathode by using 1,1'‐
dicarboxyferrocene as the mediator. Grape, banana,
and orange juice containing glucose were used as the
fuel. The system generated the highest power density
of 28.4 μW cm−2.36 The power densities obtained from
the previous paper were presented in Table 1.
3.6 | Operational stability, reproducibility,
and wastewater test of the bioanode

The operational stability of a new freshly prepared poly
(MMA‐co‐VFc)/GOx bioanode was investigated. Figure S5
shows the 50 cycles CVs of the bioanode in the air‐satu-
rated phosphate buffer at 100 mV s−1 scan rate. After 50
cycles, the redox peaks directly related to VFc unit were
still obvious. The peak currents were the same up to 38
cycles, declined only about 7 μA at the last 12 cycles,
indicating that the fabricated electrode was highly stable.
Five different poly(MMA‐co‐VFc)/GOx bioanode were
prepared to determine if the prepared electrode was
reproducible and each of these electrodes was tested on
Days 1, 2, 3, 4, and 7 (5 days). CVs of each prepared
bioanode in the air‐saturated phosphate buffer at a scan
rate of 100 mV s‐1 were shown in Figure S6a–e. Figure
S6 showed that the current values obtained from different
electrodes were the same. The relative standard deviation
(RSD %) of the current values obtained from 5 days usage
of each electrode varied between 0.7% and 1.35% (Figure
S6f). The low standard deviation of the current values
obtained from interday usage of five different electrodes
prepared under the same conditions indicated that the
storage time period of the bioanode might be longer than
5 days, and the proposed electrode is highly reliable and
reproducible.

The bioanode performance of the designed EFC was
tested with a municipal wastewater sample collected from
the aeration reactor of the Biological Treatment Plant in
Zonguldak City. The sample was filtered with a Whatman
membrane filter (0.2 μm) to eliminate microorganisms
and other particules and then 200 μL of the filtered sam-
ple was added into the 10 ml of air‐saturated buffer. EFC
was operated in this solution at a fixed potential of 0.25
where glucose oxidation was observed (as seen in
Figure 5a). The amperometric current‐time graph was
presented in Figure S7. An oxidation current of 0.6 μA
was observed on the bioanode by the addition of the 50‐
fold diluted wastewater sample. The bioanode presented
a reasonable and high current density of 955 μA cm−2

for the real municipal wastewater, this result showed that



TABLE 1 Power densities of the previously published enzyme‐based fuel cells

Electrode

Fuel
(glucose;
mM)

Power
density
(μW/cm2) Reference

3‐(dimethylferrocenyl)propyl‐linear poly (ethylenimine) 60 146 37

*[poly(3‐aminobenzoicacid‐co‐2‐methoxyaniline‐5‐sulfonicacid) based buckypaper
electrode

*[poly(3‐aminobenzoicacid‐co‐2‐methoxyaniline‐5‐sulfonicacid) based vertically aligned
carbon nanotubes electrode

107
10 122 9

Carbon nanotubes‐hydroxyapatite nanocomposite 10 15.8 38

ZnO‐ferrocene/multiwalled carbon nanotubes/nafion
Ferrocene/carbon nanotubes

50 53 39

13

Poly(4‐vinylpyridine)[Os(N,N′‐dimethyl‐2,2′‐biimidazole)3]2+/3+) 15 350 40

Multiwalled carbon nanotube buckypaper Human serum + 20‐mM
glucose

49.16 41
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the system utilized glucose content of the wastewater
effectively to generate power.
4 | CONCLUSION

Poly(MMA‐co‐VFc) copolymer was chemically synthe-
sized and first time used as electrode surface material
for a biofuel cell development. Based on the poly
(MMA‐co‐VFc), a high performanced bioanode was suc-
cessfully developed. The GOx‐based bioanode not only
showed efficient electron transfer but also good cata-
lytic activity toward glucose oxidation, whereas BOD
assisted the reduction of O2 at the poly(MMA‐co‐VFc)‐
coated cathode. Optimum conditions including poly-
mer amount, temperature, and cell voltage were inves-
tigated to achieve the best performance. The resulting
fuel cell produced a maximum power density of
323 μW cm−2 with 10‐mM glucose at 0.4 V in pH 7.4
phosphate buffer at room temperature. The design
offers many advantages such as simplicity, low cost,
the possibility of miniaturization, and long‐term stabil-
ity. In addition, the copolymer can be easily coated on a
wide variety of surfaces, which are suitable for using in
microelectronic devices.
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