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Abstract Fibroin nanofibrils were synthesized by a pH-
controlled heat denaturation method. The nanofibrils were
then applied to the surface of a carbon paste electrode to
prepare a novel and biocompatible electrode for electrical
double-layer supercapacitor applications. The capacity per
surface area at a charge/discharge current of 1.0 A was
obtained as 4.68 mF cm 2. The electrode showed im-
proved capability and charge/discharge behavior.

Keywords Electrical double-layer supercapacitor -
Fibroin - Nanofibrils - Biosupercapacitor

1 Introduction

Supercapacitors are high performance electrochemical en-
ergy storage devices, which have received interest for
different applications in electronic vehicles and circuits and
backup power devices. Electrical double-layer superca-
pacitors (EDLSCs), as high performance electrochemical
energy storage systems, store energy as an electric field in a
dielectric medium to supply a high specific power with
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long cycling stability and high currents. EDLSCs store
energy mainly in the electrical double layer which is
formed at the electrode/electrolyte interface via reversible
adsorption of ions at the electrode surface.

To fabricate EDLSCs electrodes, carbonaceous materi-
als including graphite [1], carbon black [2], high porosity
carbons [3], carbon fibers [4], carbon nanotubes [5], carbon
aero-, xero-, and cryo-gels [6-8], fullerenes [9], and gra-
phene [10] have been employed. On the other hand, by
immobilization of a high density of charged species on the
electrode surface, the charge and capacity can be increased.

Integrating biology with material researches causes em-
ployment of biomolecules in fabrication of new tools and
devices. For this purpose, immobilization of biomacro-
molecules at the surface leads to interesting properties and
applications in biosensors, bioelectronics, biomaterials,
implants, tissue engineering, and energy-related devices
[11-16]. In this regard, biomacromolecules of proteins [12],
enzymes [17], and DNA [15] were immobilized on different
surfaces. Most of these biodevices utilize external power
sources or conventional energy storage [18, 19]. However, it
is needed to develop energy storage devices that satisfy the
biocompatibility, non-cytotoxicity, environmental friendly,
and long-term functionality [16, 19]. The most well-known
biocapacitor is the lipid bilayer membranes storing energy as
an ionic charge separation across the insulating bilayer.
Discharging of this membrane is employed for transduction
of energy and signal processing. However, it is challenging
to develop biocapacitors in vitro. On the other hand, su-
percapacitors that are fabricated by immobilizing nanosized
biomaterials and employ aqueous electrolytes provide an
enhanced surface charge in a biocompatible manner and
have a high specific capacity, power density, rate capability,
and safety [20, 21]. Along this line, DNA [22-25], c-type
cytochrome electrically conductive microbial biofilm [25],
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albumin nanoparticles [16], and bioinspired peptide nan-
otubes [26] have been employed to fabricate EDLSC
electrodes.

Silk fibroin has a variety of biomedical applications,
including preparation of gels, sponges, and films [27], drug
delivery [28], biosensors [29], bone formation [30], and
regenerative medicine [31]. The amino acids’ building
blocks of fibroin are ionically charged and cause to for-
mation of accumulated-charge surfaces, when it is immo-
bilized. Immobilized fibroin can provide a high local
charge density with a high ionic conductivity.

In the present work, a carbon paste electrode (CPE) was
covered by nanofibrils of fibroin for EDLSC applications.

2 Materials and methods
2.1 Materials

All chemicals were of analytical grade form Merck and
were used without further purification. Cocoons of Bom-
byx Mori were purchased from a local store. Graphite fine
powder with an average size of <50 pm was received from
Merck. All solutions were prepared with doubly distilled
water.

2.2 Extraction of silk fibroin

Cocoons of Bombyx Mori were cut into small pieces and
degummed twice by boiling, 20 min each, in an aqueous
solution of 0.02 M Na,COj in order to remove glue-like
silk sericin proteins and wax and then rinsed thoroughly
with distilled water. Degummed silk was then thoroughly
washed with distilled water and dried briefly at 37 °C. The
extracted silk fibroin was then dissolved in a ternary system
of a mixed solution of calcium chloride, ethanol, and water
(CaCl,:C,HsOH:H,O of 1:2:8 mol ratio) at 90 °C for 6 h.
After that the silk fibroin—salts solution was centrifuged at
8000 rpm for 10 min. The filtered solution was dialyzed
continuously for 48 h against running pure water to remove
CaCl,, smaller molecules, and some impurities using a
cellulose semi-permeable membrane. After dialysis, the
protein solution was centrifuged at 6000 rpm for 5 min to
remove impurities, precipitated matter, and the aggregates
that occurred during dialysis.

2.3 Preparation of fibroin fibrils

5 mL of 0.35 % (w/v) fibroin solution was prepared by
dilution of 5 % (w/v) fibroin stock solution with distilled
water. Then, the pH of this solution was adjusted at 1.6
with addition of a diluted HCIl solution. The resulting
mixture was then incubated at 70 °C for 24 h in oil bath.
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After the incubation, the nanofibrillar protein sample was
diluted two times with distilled water. The nanofibrils were
washed with redistilled water and suspend in water. The
final suspension had a concentration of ~3.5 pug pL~".

2.4 Preparation of supercapacitor electrodes

CPE was prepared by hand-mixing of graphite fine powder
and mineral oil with an 80/20 % (w/w) ratio. The paste was
carefully mixed and homogenized in an agate mortar for
20 min. The resulting paste was kept at room temperature
in a desiccator. The paste was firmly packed into a cavity
(2.0 mm diameter and 0.5 mm depth) at the end of a Teflon
tube. Electrical contact was established by a copper wire
connected to the paste in the inner hole of the tube. The
electrode surface was gently smoothed by rubbing on a
piece of weighing paper just prior to use. The superca-
pacitor electrode (FF-CPE) was prepared by covering a
CPE with different volumes of a fibroin nanofibrils sus-
pension in water, and the electrode surface was dried under
an IR lamp.

2.5 Apparatus

Electrochemical measurements were carried out in a con-
ventional three-electrode cell containing 100 mM Na-
phosphate buffer solution, pH 7.4 (PBS) powered by an -
Autolab type III potentiostat/galvanostat (The Nether-
lands). An Ag/AgCl, 3 M KCl, a glassy carbon rod and
CPE or FF-CPE were used as the reference, counter and
working electrodes, respectively. The system ran on a PC
through GPES and FRA 4.9 softwares. In order to obtain
information about the morphology and size of the fibroin
nanofibrils, scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were performed. SEM
was performed by the instrument Sceron Technology, AIS-
2100, Korea and AFM by a JPK Instruments AG-Nano-
Wizard II in ambient conditions operating in the non-
contact mode.

3 Results and discussion

Figure 1 shows SEM micrographs of fibroin fibrils with
different magnifications. At low magnifications, SEM mi-
crographs show long amorphous fibrous fibrils with an
apparent width of about 10 um and length of up to several
hundred pm. These fibrils relatively squirm and in some
parts have a wide width. Also, some fila, particles, and
agglomerated structures with different shapes are observed
in the images. Higher magnification images indicate that
the fibers themselves comprise highly packed nanofibrils of
long (higher than some micrometers) length with about
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Fig. 1 SEM micrographs of fibroin fibrils with different magnifications

100 nm diameter, and a structure of “nanofibrils in fibrils”
was formed through incubation of fibroin at low pH and
high temperatures.

Figure 2 shows AFM images of fibroin fibrils with dif-
ferent magnifications. Patterns similar to those of SEM
images appeared in AFM images. Fibroin fibrils with a sub-
structure of nanofibrils are observed in the images.

In order to optimize the composition of FF-CPE, dif-
ferent CPEs covered with different volumes of the fibroin
nanofibrils suspension were prepared. Figure 3 shows
cyclic voltammograms of CPE and FF-CPEs prepared by
covering 10, 20, 40, 50, 60, 70, and 80 pL of the
nanofibrils suspension recorded in the range of 0-500 mV
with a potential sweep rate of 50 mV s™' in PBS. The
voltammograms of all the electrodes are rectangular with a
symmetric shape. In the swept range of potential, the fi-
broin components (amino acids) are not electroreactive,
and only the charging currents are dominated indicating the
characteristic of a capacitance in a combination with an
Ohmic resistance [32]. In the voltammograms, the charging
current for CPE is the lowest and that for FF-CPE with
covering 60 pL of the fibroin nanofibrils suspension is the
highest. Inset in Fig. 3 shows the dependency of the av-
erage capacitive current at 250 mV in the voltammograms
on the volume of the fibroin nanofibrils suspension. Based
on the data, the currents in the voltammograms increased
up to 60 pL due to increment in the density of charged
species on the surface and then decreased due to increment
in the thickness of the fibroin layer (formation of a thick
protein layer) and enhancement in the Ohmic drop [16].

Therefore, the volume of 60 pL of the fibroin nanofibrils
suspension was selected to fabricate FF-CPE in further
studies.

Figure 4a shows cyclic voltammograms of FF-CPE
recorded at different potential sweep rates in PBS. Rect-
angular voltammograms are observed in all the potential
sweep rates. Figure 4b shows the dependency of the anodic
and cathodic currents sampled at the middle of the
voltammogram as a function of the potential sweep rate.
The linear dependency indicates that the currents are
generated from the double-layer charging without con-
tamination of any redox process. Figure 4c shows the
variation of the total charge of the FF-CPE voltammograms
as a function of the potential sweep rate. The variation in
the electrode charge with the potential sweep rate is neg-
ligible. This indicates that the fibroin nanofibrils are ad-
sorbed strongly and irreversibly on the CPE surface
without significant desorption. On the other hand, the su-
percapacitive behavior of FF-CPE was attained at all the
potential sweep rates.

According to the results, fibroin nanofibrils were ad-
sorbed on the CPE surface and produced a fibroin nanofib-
rils-modified carbonaceous surface. Charge propagation
through a thin film involves the dynamics of several pro-
cesses that can overlap or influence themselves. In order to
inspect the current pass through the protein-modified sur-
face, two models of pinhole and membrane have been pro-
posed [33, 34]. Based on the pinhole model, the adsorbed
protein layer is impermeable, and ions and molecules can
penetrate into the protein layer through some small pinholes.
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Fig. 2 AFM images of fibroin fibrils with different magnifications

Alternatively, membrane model permits the protein layer to
act as a uniform phase barrier with certain permeability. On
the other hand, it has been reported that fibroin has a high
affinity to be adsorbed on the carbonaceous surfaces, such as
graphene and carbon nanotubes [35-37]. This attraction
force is so outstanding and higher than the theoretical values
expected [35]. The hydrogen bonding and polar—polar and
hydrophobic-hydrophobic interactions have been reported
to be the attraction forces between the silk fibroin (com-
prised polar random silk domains and the hydrophobic B-
sheet nanocrystals) and the carbonaceous surfaces [35]. The
affinity of the fibroin nanofibrils to the carbon surface is so
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Fig. 3 Cyclic voltammograms of CPE and FF-CPEs prepared by
covering 10, 20, 40, 50, 60, 70, and 80 pL of the nanofibrils
suspension. The potential sweep rate was 50 mV s~'. Inset The
dependency of the average capacitive current of the voltammograms
on the volume of the fibroin nanofibrils suspension

high that even at electrostatic unfavorable conditions, the
fibroin nanofibrils stay adsorbed on the surface. Fibroin, as a
natural protein with the amino acids building blocks, pro-
vides an excellent medium with biocompatibility, thermal
stability, and nontoxicity. The amino acids in the protein
structure are charged and provide a high density of charged
species immobilized on the surface. At the working pH, a net
negative charge is assumed for the fibroin nanofibrils, due to
the fibroin isoelectric point, p/ = 3.6 [38] or p/ = 1.4-2.8
[39]. The FF-CPE surface is covered by an ionic protein
layer of negative charged which can provide a high-capacity
double-layer capacitor.

Figure 5 shows Nyquist diagrams of CPE and FF-CPE
recorded at the open circuit potential in PBS. Impedance
curve for CPE contains a large arc followed by a line-like
behavior at very low frequencies. This signature is a typical
behavior of a blocking-type electrode/electrolyte interface
toward the electron transfer process. The electrode does not
represent redox reaction (appearance of a large arc), and a
small-capacitance double-layer capacity is represented (the
line at very low frequencies). On the other hand, the
impedance curve for FF-CPE contains two linear parts. The
high-frequency line has a slope of ~2.3, and another near-
vertical line appears at low frequencies. The signature of
the impedance curve is characteristics of an anomalous
diffusion [40], where the diffusing species is stopped for a
period of time and the diffusion rate is slowed, followed by
accumulation of ionic species in a thin layer (protein layer).
The ionic charges are diffused inside the protein membrane
and lead to provision of supercapacitive property.

Figure 6 represents typical galvanostatic charge/dis-
charge plots for FF-CPE at different currents. A triangular
feature is observed for all the plots including those
recorded at high currents. This indicates that FF-CPE
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Fig. 4 a cyclic voltammograms of FF-CPE recorded at different
potential sweep rates of 5, 10, 20, 40, 50, 75, 100, 150, 200, 250, 300,
350, 400, 450, and 500 mV s\ b Dependency of the anodic and
cathodic currents sampled at the middle of the voltammograms as a
function of the potential sweep rate. ¢ Variation of the total charge of
the FF-CPE voltammograms as a function of the potential sweep rate

represents an excellent electrochemical reversibility and
charge/discharge behavior. From these galvanostatic
charge/discharge plots, the FF-CPE capacitive behavior
can be quantified. The specific capacitance is estimated as
the capacity per weight (C,,) and the capacity per surface
area (Cs,), using the following equations:

Cyp = (A1) /(AVIM) (1)
Ca = (IA1)/(AVA), (2)
where I, At, and AV are the charge/discharge current, the
discharge time, and the potential change during the dis-

charge process, respectively, and m and A are the mass and
surface area of the active electrode material, respectively.

The values of the specific capacitance at different
charge/discharge currents for FF-CPE are reported in
Table 1. Cg, at a charge/discharge current of 1.0 pA was
obtained as 4.68 mF cm ™2 for FF-CPE, which is about 90
times higher than CPE. It has been reported that DNA can
enhance two times the specific capacitance of pristine
double-walled carbon nanotubes [23]. On the other hand,
Cs, at a charge/discharge current of 1.0 @A for FF-CPE is
about 6.8 times higher than G. sulfurreducens biofilm [25]
and around 18 times higher than bioinspired peptide nan-
otubes [26]. Also, C,, for FF-CPE is around six times
higher than albumin nanoparticle-coated carbon electrode
[16]. SEM and AFM results indicated that the fibrous fibrils
had high surface area. These fibers contained much amino
acid residues exposed upon fibril formation. Therefore, the
fibers provide a high density of surface charge causing a
high specific capacitance. It should be noted that the
specific capacitance of FF-CPE is lower than the pseudo-
capacitors. In the pseudocapacitors, occurrence of redox
reactions and employing the electrolyte solutions with
higher ionic conductivities cause a highly specific ca-
pacitance. However, biocompatible supercapacitors should
employ the electrolyte of physiologic pH (7.4). Therefore,
the biosupercapacitors electrolyte will have limited ionic
conductivity. Based on the data shown in Fig. 6, the values
of IR drops in the charge/discharge plots at various currents
are estimated, as shown in Fig. 6, inset. The linear de-
pendency indicates that the /R drop in the electrode obeyed
the Ohm’s law. Therefore, the main resistance in FF-CPE
is due to a constant resistive component inside the elec-
trode materials.

The entity of the high capacity of FF-CPE can be related
to two points. Fibroin nanofibrils provide a high ionic
charge at the CPE surface; a high density of charged
functional groups of amines and carboxylates is immobi-
lized at the surface. On the other hand, fibroin nanofibrils
provide a high real surface area on the CPE surface. These
nanofibrils supply large pinholes and channels for the
electrolyte ions to transport inside the electrode material.

Regarding the long-term stability of FF-CPE, 1000
consecutive charge/discharge curves were recorded. The
results showed that the capacitance derived from charge/
discharge curves changed <11 %. This indicates that FF-
CPE had a good charge/discharge cycle stability.

4 Conclusion

We used a heat denaturation method at a low-pH solution
to prepare fibroin nanofibrils. This method may be ex-
tendable to preparation of some other protein nanofibrils.
Fibroin nanofibrils were immobilized at a surface and in-
vestigated with regard to supercapacitive properties.

@ Springer



582

J Appl Electrochem (2015) 45:577-583

Fig. 5 Nyquist diagrams of 25
CPE and FF-CPE recorded at A
open circuit potential in PBS 4 =——@——FF-CPE 200 . .
20
A
300 [
A . § A
E sk 2 < 20 A
o A = N
= = Y100 F
=~ N
< 0 1 1 1
N 7 0 100 200 300 400
Z'/ Ohm
0.2 0.3 0.4 0.5 0.6 0.7
Z'/MOhm
5 10 15 20 25
Z'/MOhm
550 Acknowledgments We would like to thank the Research Council
500 L5.1ua 05 uA z 2 y=2sc 100 Sh.iraz University of Medical Sciences.(54l3.) and the Iran National
S R=09942 Science Foundation (INSF) for supporting this research.
450 | £
400 1

350
300
250
200
150

E / mV

100
50

0 0.1 02 03 04 0.5 0.
I/pA

0 50 100 150
t/s

200 250

Fig. 6 Typical galvanostatic charge/discharge plots for FF-CPE at
different currents of 0.5, 1.0, 2.0, 3.1, 4.1, and 5.1 pA. Inset Values of
IR drops in the charge/discharge plots at various currents

Table 1 The values of specific capacitance for FF-CPE derived from

the galvanostatic charge/discharge plots

I (pA) At (s) Ce (Fg™h Cy, (mF cm™?)
5.1 9 0.51 3.42
4.1 11 0.51 3.49
3.1 19 0.56 3.78
2.0 25 0.66 4.46
1.0 62 0.69 4.68
0.5 142 0.79 5.38

Immobilized fibroin nanofibrils at the surface, in one hand,
provided immobilized charged sites, and on the other hand,
provided pinholes and channels for water molecules and
electrolyte ionic species to penetrate inside the protein

layer on the electrode surface.
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