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Abstract
This research is intended to develop a flexible and dopamine-based electrode material by
blending polydopamine (PDA) with cellulose nanofiber (CNF). Inspired by its unique adhesion
behavior, dopamine, a biomimetic protein, was utilized to form a strong adhesion between the
CNFs. Herein, we report PDA concentration’s effect to produce PDA-CNF composite showing
good electrochemical redox response, good mechanical properties, and improved thermal
stability. The PDA-CNF composite with CNF:PDA = 5:2.5 showed the highest Young’s
modulus, the strain at break, and toughness among other CNF:PDA combination composites. A
PDA-CNF working electrode was made using a microfabrication process. Cyclic voltammetry
analysis showed high ion permeability through the CNF backbone structure and oxidation
process by PDA in PDA-CNF electrode. These findings indicate the feasibility of the PDA-CNF
composite for enhanced longevity in flexible electrode applications utilizing the combination of
high mechanical flexibility and thermal stability.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Neural interface technology for sensing the electrical brain
signals and stimulating the brain has attracted clinical applic-
ations and scientific interests. An electrode as the neural inter-
face is the most critical part in sensing neural activities and
stimulating neural cells [1]. Implantable electrodes are surgic-
ally implanted on the cortex’s surface or penetrated the brain
to sense electrical brain signals or transmit stimuli into the
brain. Metal-based implantable electrodes have been used for
more than 60 years owing to their advantages of non-toxicity,
low impedance, high signal to noise ratio, and better mechan-
ical properties for penetrating the brain. However, they have a
chronic reaction associated with dissolution by the tissue flu-
ids and inflammatory reaction.

Metal-based implantable electrodes have been used for
more than 60 years owing to their advantages of non-toxicity,

low impedance, high signal to noise ratio, and better mech-
anical properties for penetrating the brain. However, they
have a chronic reaction associated with dissolution by the tis-
sue fluids and inflammatory reaction [2]. Even with a suc-
cessful implementation of neural sensing electrodes in the
brain, it has chronic neural recording’s longevity issues. The
recording capabilities of electrodes have been mostly lim-
ited to a few months; they then degrade over time due to
neuronal cell degeneration and cell layer formation on the
electrodes from the inflammatory immune response caused
by the chronic implantation operation [3, 4]. During chronic
recording, the brain is subjected to movement brought upon
by external motion of the body. The difference in mater-
ial stiffness between the brain and the electrode makes the
brain microvasculature and neural cells more susceptible to
mechanical damage such as glial scarring. To mitigate the
damages, it is advantageous to use a flexible electrode and
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ultimately enhance the electrode longevity and to mediate tis-
sue and cell damage from mechanical motion in the brain
[5]. Flexible materials-based electrodes have been developed
using Parylene-C, polyimide, polydimethylsiloxane, SU-8,
benzocyclobutene, and liquid crystal polymer [6–11]. The
development of new materials and novel devices for record-
ing and manipulating neural activity is critically important
to enable a transformative understanding of dynamic signal-
ing in the brain. Efforts have been made to enhance chronic
neural recordings’ yield and longevity by applying functional
materials [12–15]. By rapid progress in neural probing device
technologies, unit spike and multi-neural ensemble recording
could be available over a long time [16, 17]. Thus, flexible and
biocompatible electrode materials are necessary to enhance
the electrode longevity and mitigate inflammatory reactions,
applied for human physiological monitoring, drug delivery,
energy harvesting garment from body movement, and motion
sensors [18–21].

While the industrial development of plastic in many ways
made life easier and comfortable, the decomposition of
plastics has become a serious global concern. The decom-
position of plastics like polyvinyl chloride (PVC), polypro-
pylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), andmany others consumes a lot of energy and produces
substantial greenhouse gases. Therefore, there is a growing
demand for alternative sustainable materials with similar or
superior properties. In this context, cellulose, the most abund-
ant natural polymer on earth, is attractive for its biocompat-
ible, renewable, and cost-effective behaviors [22, 23]. Cellu-
lose can be found naturally in plant cells such as wood and
cotton or various bacterial species, algae, and fungi. Among
them, wood-based cellulose is the most common and preferred
one, as it is readily available in the form of pulp fibers. By
mechanical or chemical treatment, the pulp fibers can be trans-
formed into cellulose nanofibers (CNFs) or cellulose nano-
crystals (CNCs) that possess outstanding flexibility, transpar-
ency, and mechanical properties as compared with the ori-
ginal cellulosic fiber. Not only that, crystalline cellulose is
found to be even stronger than Kevlar fiber or steel wires and
Young’s modulus of CNF of wood pulp is about 90–110 GPa
[24, 25]. Cellulose contains many hydroxyl groups, which
allow in forming intermolecular or intramolecular hydrogen
bonds between fibers or within fibers [22, 24] and easy chem-
ical modification for improving functional properties. Cellu-
lose has become an attractive and alternative candidate for
new generation structural and functional applications, includ-
ing neural interfacing substrate [26–33]. In this article, CNF is
used for the flexible electrode substrate owing to its flexibility,
mechanical properties, and biocompatibility.

However, the CNF-based flexible electrode should have
unique surface characteristics that will enhance the elec-
trode longevity and mitigate inflammatory reactions. In recent
years, mussel adhesive proteins have drawn an interest in the
research community for their unique ability to form strong
bonds between the mussel and various substrates. It was
found that 3,4-dihydroxyphenyl-1-alanine (DOPA), the crit-
ical element of mussel adhesive proteins, is responsible for
the adhesive properties between the mussels and substrates

[34, 35]. Inspired by the structure of DOPA, a dopamine
coating having the same functional unit as is in the mus-
sel adhesive proteins has been developed, which can self-
polymerize under mild alkaline conditions and generate poly-
dopamine (PDA) coating layer onto almost all types of mater-
ials including glass, ceramics, plastics, metals, and semi-
conductors [36]. PDA coating has been extensively repor-
ted in numerous articles for nanofiller and modifier of bulk
nanocomposites, a corrosion protection layer, antifouling sup-
porting layer, stem cell growth, biosensors, and wastewa-
ter purification [37–42]. Modification of CNF by PDA has
been of particular interest for many areas, including oxidative
polymerization coating, mechanical properties improvement,
flame-retardant composites, caffeine removal, organic dyes
removal, Cr(VI) ion removal, oil-separation, enhanced scaf-
folds, drug delivery, photo-degradation performance, and con-
taminants removal from water [43–53]. Recently, researchers
are focused on exploiting the various unique properties of PDA
on cellulose-based composites.

Inspired by PDA’s benefits, in this article, CNF was blen-
ded with PDA to improve further the composite’s mechanical
and electrochemical properties, suitable for flexible electrodes
that will enhance the longevity and mitigate inflammatory
reactions. A novel strategy to develop a flexible and func-
tionally stable PDA-CNF (P-CNF) composite is made with
controlled PDA adhesion. The PDA effect is investigated on
the physical, mechanical, thermal, and electrochemical beha-
viors of P-CNF composites. As the PDA adhesion in the
P-CNF composite depends on the dopamine polymerization,
P-CNF composite characteristics can be altered depending on
the dopamine concentration and reaction time. These effects
were reflected in the physio-mechanical properties of the pre-
pared P-CNF composite. The P-CNF composite will be use-
ful for flexible electrodes in many biomedical applications
[48, 51, 54–56].

2. Materials and methods

2.1. Materials

Dopamine hydrochloride and Trizma base (⩾99.9% purity)
were purchased from Sigma Aldrich, South Korea. The cel-
lulose nanofibers (CNFs) used here was isolated from hard-
wood kraft pulp received from Chungnam National Univer-
sity, South Korea (original source from Canada). Tris buffer
consisting of 10 mM Tris (pH 8.1) was used for all the exper-
iments. The buffer solutions were made with ultrapure water
(Milli-Q gradient).

2.2. Preparation of P-CNF composite

Before using CNFs for preparing P-CNF composite,
they were isolated by using the combination of 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation and
aqueous counter collision (ACC) methods [57–62]. The hard-
wood pulp was oxidized with TEMPO, 98% oxidized for
60 min, and then subjected to 30 times ACC process to obtain
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Figure 1. Schematic diagrams for the P-CNF composite preparation: (a) the preparation procedure and (b) the reaction scheme of PDA and
CNF.

fine nanofibers. The P-CNF composite was fabricated as fol-
lows: 50 ml of 1% concentration TEMPO-oxidized CNF
suspension (contained 500 mg CNF) was homogenized for
5 min at 1000 rpm followed by magnetic stirring at 500 rpm
for 15 min. Hundred milligrams of dopamine hydrochloride
was dissolved in 5 ml of 10 mM Tris buffer solution and
immediately added into the above CNF suspension to make
a CNF:PDA ratio of 5:1. The mixture was then stirred vigor-
ously at 500 rpm and 50 ◦C for 1.5 h to allow the polymeriza-
tion process. Finally, after cooling under the sonication bath,
the mixture was cast on a polycarbonate substrate using a doc-
tor blade, followed by air drying. The composite was detached
from the substrate with the help of ethanol. The fabrication
process of the P-CNF composite and the corresponding reac-
tion scheme is shown in figure 1.

More P-CNF composites with CNF:PDA ratio of 5:2.5 and
5:3.5 were prepared using the same procedure under identical
conditions by varying PDA concentration. For simplicity, we
named the three composites as P-CNF1, P-CNF2, and P-CNF3
where, 1, 2, and 3 represent the CNF-PDA composite ratio
(5:1, 5:2.5 and 5:3.5), respectively. This method of preparing
P-CNF composites by casting produced composites with even
thickness throughout, approximately 14 µm.

2.3. Characterization

Surface chemical composition analysis of all P-CNF com-
posites and the pure CNF was carried out using a Fourier
transform infrared spectroscopy (FTIR, Excalibur FTS 3000,
Bio-Rad, Hercules, USA) at 16 scan rate with 4 cm−1 res-
olution. The elemental compositions of the composites were
determined by x-ray photoelectron spectroscopy (XPS) on a
K-Alpha Thermo scientific spectrometer with monochromatic

Al Kα x-ray radiation. All XPS spectra were corrected accord-
ing to the C1s line at 284.8 eV. The cross-sectional mor-
phologies of the tensile fractured composites were analyzed
using a field emission scanning electron microscope (FESEM,
Hitachi S4200, Tokyo, Japan). The thermal properties were
investigated with thermogravimetric analysis (TGA) TG 209
F3 Tarsus equipment over a temperature range from 30 ◦C to
600 ◦C under nitrogen at a heating rate of 10 ◦C min−1. The
tensile test was performed with a custom tensile testing sys-
tem [32]. Specimens were cut into dimensions of 60× 10 mm.
The gauge length of the samples was 40 mm, and the applied
pulling rate was 0.005 mm s−1. Five samples for each con-
dition (100 mg, 250 mg, and 350 mg PDA) were meas-
ured, and the averaged values were used to approximate the
corresponding mechanical properties of the P-CNF compos-
ites. A reference specimen was prepared using the pure CNF
suspension.

2.4. Electrochemical characterization

The electrochemical response of the P-CNF composites was
investigated by conducting cyclic voltammetry (CV) using
an electrochemical interface, Solartron SI 1287. The electro-
chemical experiments were conducted with a three-electrode
system. In this case, a platinum plate served as the counter
electrode, and an Ag/AgCl reference electrode filled with 3 M
KCl solution from Sigma Aldrich was applied. Platinum elec-
trodes covered with pure CNF, PDA, and P-CNF compos-
ites were used as the working electrode in experiments. The
CV tests were performed under a voltage ramp in the range
−0.8 to 0.8 V at various scan rates in phosphate-buffered
saline (PBS). All the CV experiments were conducted at room
temperature.

3



Smart Mater. Struct. 30 (2021) 035025 R M Muthoka et al

Figure 2. (a) The flexible electrode concept made of P-CNF composite, (b) the P-CNF electrode implemented on a silicon wafer for CV
measurement, (c) fabrication process of the P-CNF composite working electrode for CV measurement.

The working electrode is very important to measure the
electrochemical behaviors of the composites consistently.
Figure 2(a) shows the flexible electrode concept made of P-
CNF composite. However, it is not easy to fabricate because
the Pt electrical line and electrode deposition, encapsulation,
and electrode zone elimination are complicated in fabrication.
Thus, before implementing the flexible P-CNF electrode, we
primarily implemented the electrode on a silicon wafer instead
of a P-CNF flexible substrate, shown in figure 2(b), and per-
formed its CV measurement. It can easily be fabricated, and
stable CV results are expected.

The working electrodes were fabricated on a silicon wafer
by a micro-fabrication process. Figure 2(c) shows the fab-
rication process. Four different working electrode sizes were
designed and fabricated to characterize the electrochemical
properties of the P-CNF composites. A two-step lithography
technique was used. The first lithography process was applied
to pattern the platinum working electrode array on a silicon
wafer using a positive photoresist (PR). A lift-off process was
used to fabricate the platinum electrode array. The second

lithography was then applied using a negative PR (SU8) to
selectively make the circular electrode parts and the external
wiring parts. The silver paste was used for copper wiring to
the external wiring parts for CV measurement. A thin layer of
P-CNF suspension was dropped and cast over the patterned-
platinum layer and left out overnight to dry at 40 ◦C. The
electrodes array covered by P-CNF, or CNF depositions were
dipped into PBS, and CV tests were performed.

3. Results and discussion

3.1. Surface chemical property of P-CNF

The P-CNF composites were fabricated by blending CNF
suspension and PDA, and the corresponding PDA reac-
tion scheme is presented in figure 1. The color change of
the composites from clear to dark indicates the oxidative
self-polymerization of dopamine hydrochloride. The pos-
sible mechanism of the polymerization process has also been
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Figure 3. (a) FTIR spectra of pristine CNF (i), P-CNF1 (ii), P-CNF2 (iii), and P-CNF3 (iv) composites; (b) XPS survey spectra of pristine
CNF (i), P-CNF1 (ii), P-CNF2 (iii), and P-CNF3 (iv) composites; (c), (d) XPS high-resolution C1s, N1s, and O1s spectra of the pure CNF
and P-CNF3 composite, respectively.

Table 1. Summary of the atomic and elemental composition obtained from XPS analysis and thermal decomposition temperature measured
from TGA analysis for various cellulose composites.

Concentrations of chemical species (%) Atomic concentration (%)
Thermal decomposition

temperature

284.9 eV 286.2 eV 288.3 eV

Samples –C–C– –C–O–,–C–N– –C=O C O N T5 T50

Pristine CNF 34.78 41.68 23.54 60.73 39.27 — 192 328.1
P-CNF1 34.04 42.26 23.70 57.26 39.65 3.09 191.4 333.6
P-CNF2 33.16 42.85 23.99 56.29 39.98 3.73 191.8 350.3
P-CNF3 30.76 44.71 24.53 55.46 40.41 4.13 196.3 363.5

explained elsewhere [34, 37]. The P-CNF composite can with-
stand twisting, bending, and folding forces, which illustrates
its flexibility.

The successful formation of PDA adhesion on the surface
of CNF was verified by FTIR and XPS analysis, as shown in
figure 3. Figure 3(a) compares the FTIR spectra of the pure
CNF with P-CNF composites. The FTIR spectrum of the pure
CNF showed a broad peak around 3150–3620 cm−1 corres-
ponding to the stretching of –OHgroups of free alcohol and the
hydrogen bonds [32]. The band at 1610 and 1022 cm−1 were

attributed to the characteristic peaks for the O−H bending
of absorbed water and C–O–C stretching, respectively [57].
The peak observed between 2840 and 3000 cm−1 assigned
to CH-stretching. The FTIR spectra of all P-CNF compos-
ites showed almost identical spectral features to that of the
pure CNF, but some new absorption peaks have also appeared.
The peaks at 1430–1610 cm−1 were attributed to the aromatic
ring stretching, and N–H bending vibrations resulted from
PDA. The broad peak at 3326 cm−1 was due to the catechol
–OH groups and N–H groups [34]. These changes in the FTIR
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Figure 4. TGA weight loss curves of the pure CNF, P-CNF1,
P-CNF2, and P-CNF3 composites.

spectra indicate the presence of PDA on the CNF surface. The
intensity increase of the above peaks further demonstrates that
the PDA adhered more on the CNF surface as the dopamine
concentration increased.

The successful PDA adhesion onto CNF was further ascer-
tained by comparing the XPS spectra of the above composites.
Figure 3(b) shows the XPS survey spectra of the pure CNF, P-
CNF-1, P-CNF2, and P-CNF3. The XPS spectrum of the pure
CNF showed a strong peak at the binding energy (BE) of 284.9
and 532 eV, assigned to C1s and O1s, respectively. However,
in P-CNF composites, a clear N1s peak was found at 400 eV,
which ascribes to nitrogenated groups’ existence on the CNF
surfaces. The appearance of N1s peak indicates the successful
adhesion of PDA layers on the surface of CNF. It can also
be seen from figure 3(b)(ii–iv) that the height of N1s peak
increases with increasing the concentrations of PDA, suggest-
ing the adhesion of a higher amount of PDA content as a result
of the continuous successful polymerization reaction. Detailed
compositions of C, O, and N atoms are given in table 1. An
apparent change in carbon bond composition was observed
in the high-resolution carbon spectra (C1s), supporting PDA
adhesion onto CNF. The high-resolution C1s spectrum of the
pure CNF was deconvoluted into three different curves. The
BEs centered at 284.9, 286.2, and 288.3 eV are assigned to the
carbon skeleton (–C–C–/–C–H–), a hydroxyl group (–C–OH),
and carbonyl group (–C=O), respectively (figure 3(c)(i)). The
C1s spectrum of modified composite (shown only the profile
for P-CNF3 composite) also showed three similar peaks at the
same binding energy. Meanwhile, the peak intensities of the
–C–O/–C–N and –C=O groups showed significant improve-
ment, suggesting the adhesion of catechol/quinone groups of
PDA onto the CNF (see figure 3(d)(i)). The O1s and N1s core-
level spectra for the pure CNF and P-CNF3 composite are
presented in figures 3(c) and (d). As the pure CNF does not
contain any nitrogen group, therefore no peak for N1s was
detected at the BE of 400 eV (figure 3(c)(ii)). The broad and
intense O1s peak confirms the ample oxygen content in the
pure CNF. For better clarity, the high-resolution O1s and N1s
spectra for P-CNF3 composite are also presented in figure 3(d)

Figure 5. Stress–strain curves of the pure CNF, P-CNF1, P-CNF2,
P-CNF3 composites.

(ii) and (iii). As expected, broad peaks for both N1s and O1s
have emerged in the XPS profiles. The results shown in table 1
indicate an appreciable increase in the percentage of atomic
oxygen and nitrogen for all the modified composites, resulting
in a higher –C–O/–C–N and –C=O groups than the pure CNF.

3.2. Thermal stability

Figure 4 shows the TGA curves of pure CNF, P-CNF1, P-
CNF2, and P-CNF3 composites. The TGA curves showed that
the weight loss of all P-CNF composites occurred in three
steps. The initial weight loss between 30 ◦C and 130 ◦C was
mainly due to the vaporization and weight loss of absorbed
water andmoisture content in the cellulose. The secondweight
loss in the region 220 ◦C–330 ◦C can be explained due to
the cleavage of glycosidic linkages of the cellulose and the
decomposition of surface functional groups. The third decom-
position was shown at a higher temperature, generally around
350 ◦C–550 ◦C. The weight loss in this region is attributed
to the degradation of cellulose. The decomposition temperat-
ures at 5% (T5) and 50% weight loss (T50) are 192 ◦C and
328.1 ◦C, respectively, and summarized in table 1. It is excit-
ing to find that the PDA use can significantly delay the decom-
position temperature of the CNF to shift to the higher temper-
ature side. It has been reported that PDA exhibits good thermal
stability up to 400 ◦C [35]. Although not much difference was
shown at the initial stage of decomposition (at 5% decom-
position) between the pure CNF and P-CNF composites but
marked increase in the temperature was found at 50% decom-
position temperature. It is also apparent that increasing PDA
concentration can steadily increase the thermal stability of the
composites.

The P-CNF3 composite exhibited the highest thermal sta-
bility with an increase of 35.4 ◦C at T50 compared to the pure
CNF. No further improvement in the decomposition temper-
ature was noticed beyond P-CNF3 (CNF:PDA = 5:3.5), thus
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Table 2. Mechanical properties of P-CNF composites.

Young’s modulus (GPa) Tensile strength (MPa) Strain at break (%) Toughness (KJ m−3)

Pristine CNF 8.62 ± 0.12 117.72 ± 8.34 2.06 ± 0.21 1380.95 ± 58.60
P-CNF1 6.22 ± 0.79 55.71 ± 21.96 1.12 ± 0.35 392.09 ± 106.75
P-CNF2 6.74 ± 0.40 79.97 ± 11.68 1.14 ± 0.44 660.58 ± 126.32
P-CNF3 5.52 ± 0.82 18.44 ± 6.98 0.57 ± 0.14 42.99 ± 4.01

Figure 6. FESEM images: (a)–(d): surface images of the pure CNF, P-CNF1, P-CNF2, and P-CNF3 composites, respectively; (e), (f):
cross-sectional images of the pure CNF, P-CNF1, P-CNF2 and P-CNF3 composites, respectively.

not included here. Such a thermal decomposition temperature
improvement for P-CNF3 composite might be associated with
the strong hydrogen bonds and cross-linked network struc-
ture between the CNF and PDA resulting to restricted thermal
motion of the cellulose chains at high temperature (see the
schematic diagram in figure 1(b)). In addition, the PDA lay-
ers within the CNF could impede the onset of degradation of
cellulose. It can be an effective physical barrier to prevent
the release of volatile products during decomposition. The
fiber residue remaining above 550 ◦C indicates carbonaceous
materials in the composite [54].

3.3. Mechanical properties

Figure 5 presents a comparison of the stress–strain curves of
the pure CNF and P-CNF composites. From the stress–strain
curve, it can be observed that the blending of PDA in CNF
exhibited promising mechanical properties. Blending CNF
with PDA produced P-CNF composites with Young’s modu-
lus values higher than the pristine PDA but lower than the pure
CNF sample. The Young’s modulus for the pure CNF sample
without any stretching or alignment treatment was found to
be 8.6 GPa. The pristine PDA exhibits low Young’s modulus
in the range of 2.0–4.4 GPa, depending on experimental and
simulationmethods [39, 40, 55]. Table 2 shows themechanical
properties of P-CNF composites.

The flexibility of P-CNF composites is essential for bio-
medical electrode materials. The flexibility is governed not
only by Young’s modulus but also its strain at break. The

area given by stress–strain curve up to strain at break gives
so-called toughness. Toughness is another parameter that
indicates the flexibility of the composites. Strain at break and
toughness values of prepared composites are shown in table 2.
The tensile strength increased from P-CNF1 to P-CNF2 and
then decreased again as the concentration increased to P-
CNF3. By physical observation, all samples prepared for P-
CNF3 presented large amounts of aggregates, while P-CNF2
and P-CNF1 showed small sizes of aggregates that could only
be observed by a microscope. A large number of aggregates
might be attributed to the low mechanical properties observed
at P-CNF3 composite. To verify the PDA aggregation trend,
we prepared P-CNF composites with high CNF:PDA ratios,
for example, 5:4.5 and 5:5, and more inconsistent aggregates
were observed. Hence they were disregarded for the P-CNF
composite fabrication. The strain at break increased from P-
CNF1 to P-CNF2 and decreased after that, similar to the tensile
strength trend. The toughness of the composite was found to
be 660.6 kJ m−3 for P-CNF2. From the mechanical properties
concern, the optimum PDA concentration was found to be at
5:2.5 CNF:PDA concentration that corresponds to P-CNF2.

3.4. Morphology

Based on the mechanical test results, it is necessary to under-
stand the morphologies of the composites. Figure 6 shows the
cross-sectional FESEM images of the pure CNF and various
P-CNF composites. The cross-sectional fracture surface of the
pure CNF is shown in figure 6(a). As can be seen, the fracture
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Figure 7. Cyclic voltammetry curves for different surface conditions on 2 mm diameter electrodes: (a) pure CNF, (b) PDA and (c) P-CNF3;
(d) different scan rates, 50 and 100 mV s−1, (d) different PDA concentrations: P-CNF1, P-CNF2 and P-CNF3.

edges of all the composites exhibited a compact layer-by-layer
stacking structure. However, after modification with PDA, the
composites formed a compact and dense layered structure
due to the higher hydrogen bonding interactions and unique
adhesion of PDA molecules. The compactness increased
with increasing the PDA concentration, suggesting more
extensive hydrogen-bonding interactions due to more PDA
adhesion.

3.5. CV

CV provides information on the electrode and electrolyte
interface’s charge transfer properties in the presence of elec-
trochemical reactions and their reversibility. In this study,

CV was measured to analyze electrochemical properties
with different P-CNF depositions. Figures 7(a)–(c) show the
CV curves of CNF, PDA, and P-CNF3 depositions on the
2 mm electrode under 50 mV s−1 scanning speed. Accord-
ing to CV measurements, hydrogen adsorption and desorp-
tion were commonly observed with similar current densit-
ies, which showed hydrogen permeability of CNF, PDA, and
P-CNF3 depositions. CV measurements of PDA and P-CNF3
electrodes exhibited dopamine oxidation peaks near 0.4 V,
considered electrochemical reactions of dopamine to dopa-
quinone. As anticipated, the CNF electrode did not show the
dopamine oxidation peak. According to the results, it was
believed that PDA and residual dopamine in P-CNF depos-
itions were oxidized on the platinum electrode. Note that
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Figure 8. Images of (a) platinum electrodes array, (b) CNF, (c)
P-CNF3 electrode before CV analysis, and (d) P-CNF3 electrode
after CV analysis in PBS.

the CV curves gradually changed near the oxidation peak as
the iteration increases. This irreversible dopamine reaction
process rapidly decreased as the number of cycles increases,
as shown in figures 7(a)–(c). It is believed that the products
of dopamine oxidation were diffused and redeposited to P-
CNF and PDA backbone structures covering the electrode.
Figure 7(d) shows different scan rates for pure CNF, which
indicated no significant change in the CV. Figure 7(e) rep-
resents different PDA concentrations in P-CNF:P-CNF1, P-
CNF2, and P-CNF3, compared with the CNF and bare plat-
inum electrodes. When the CNF coated on the bare platinum
electrode, the CV curve area increased. When the PDA con-
centration increased, the CV curve area and the oxidation
dopant peak near 0.4 V further increased. The increase was
associated with the P-CNF coating.

The bare platinum electrode was CV tested as a refer-
ence and figure 8(a) shows its photograph, which showed a
clear surface without any discoloration and poisoning elec-
trode before and after CV tests. Figure 8(b) represents CNF
electrode photograph, where CNFwas uniformly coated on the
electrode. Figures 8(c) and (d) show P-CNF3 electrode before
and after CV test. It is assumed that the wrinkles of P-CNF3
deposited on the electrode might have resulted from the dif-
ferent affinity between the inert platinum and P-CNF3 layer.
Further studies remain to analyze the properties change in the
P-CNF layer by dopamine oxidation on the electrode. As illus-
trated in the CV analysis, the ion permeability control through
the CNF backbone structure and oxidation process by PDA can
provide unique functionality of flexible electrode materials for
biomedical applications, in conjunction with the biocompat-
ibility of CNF [51]. Also the conductive behavior with small
capacitance of P-CNF electrode could be beneficial for bio-
medical electrode applications. The P-CNF electrode can have

good interaction with biological objects for sending/receiving
biological signals.

4. Conclusions

This article demonstrated a simple, fast, and eco-friendly
route of fabricating considerably flexible and thermally stable
PDA-CNF composites with electrochemical properties for
flexible electrode material. The desired composites were suc-
cessfully developed by controlled blending of PDA with
CNF suspension. PDA concentration on the thermal, mech-
anical, and electrochemical behaviors of the composites was
described explicitly. FTIR and XPS analysis endorsed the suc-
cessful adhesion of PDA onto CNF. FESEM showed that PDA
adhesion could significantly influence the interconnected net-
work and layered structures of cellulose. The P-CNF compos-
ites showed a higher Young’s modulus than pure PDA and
slightly lower than pure CNF. The strain at break of the P-CNF
composites increased as the PDA concentration increased, and
over P-CNF2, it was somewhat decreased due to PDA aggreg-
ates. The toughness of the P-CNF composites showed a similar
trend. The prepared P-CNF composite is flexible enough for
biomedical electrode applications. CV analysis showed an ion
permeability through the CNF backbone structure and oxid-
ation process by PDA, which can provide unique function-
ality and biocompatibility for biomedical sensing. Combined
with the improvement of the thermal stability, flexibility, the
resulting electrochemical behavior of the P-CNF composites,
and the simplicity and ecofriendly nature of the process, this
work will be worthwhile for guiding the design of P-CNF
composites aimed for biomedical electrodes and other sensing
applications.
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