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Biocompatible and biodegradable materials that store electrochemical energy are attractive candidates
for applications in bioelectronics and electronics for everywhere. Eumelanin is a ubiquitous biopigment
in flora and fauna. It exhibits strong broad-band UV-visible absorption, metal chelation as well as good
thermal and photo-stability. Eumelanin is based on 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole
carboxylic acid (DHICA) building blocks, present in different redox forms (hydroxyquinone, semiquinone
and quinone). The synergy between the redox activity of the building blocks and the capability of several
of their functionalities to reversibly bind cations constitutes the foundation for the use of melanin
in pseudocapacitive energy storage systems. In this work, we report on the energy storage properties of
eumelanin in supercapacitor configuration. Initially, a gravimetric specific capacitance as high as 167 F g~*
(specific capacity of 24 mA h g~1) was observed for eumelanin on carbon paper electrodes, in aqueous
electrolytes. A maximum power density of up to 20 mW cm~2 was deduced for the corresponding melanin
supercapacitors. Capitalizing on these results, we used an unconventional patterning approach to fabricate
binder-free flexible micro-supercapacitors on plastic substrates. Our results demonstrate that melanin is a
valid candidate for future supercapacitor electrodes. The biocompatibility and biodegradability featured by
eumelanin, combined with its easy availability and room temperature processing, make it an extremely
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Introduction

Environmentally and human friendly electronic devices based
on natural biocompatible and biodegradable materials are expected
to benefit our everyday life, by improving our current capability to
handle waste electrical and electronic equipment (WEEE) and
boosting the development of smart environments for “ubiquitous
sensor networks” and biomedical implants."*
Micro-supercapacitors are of the utmost importance to address
the need for on-board energy supply/storage, e.g. in wearable
electronic devices and embedded wireless sensor networks.>™°
Supercapacitors, with respect to batteries, exhibit higher power
density and longer cycle life."* Micro-supercapacitors are mostly
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attractive material for environmentally and human friendly energy storage solutions.

fabricated from three classes of materials, i.e. carbon (activated
carbon and nanostructured carbon), conducting polymers and
metal oxides."” Micro-supercapacitors based on natural electrode
materials and aqueous electrolytes, exhibiting mechanical flexi-
bility, are of primary interest for environmentally and human
friendly microelectronics for everywhere.*™”

Melanin is a ubiquitous biopigment in flora and fauna.
It exhibits strong broad-band UV-visible absorption, metal
chelation as well as good thermal and photo-stability. Different
forms of melanin perform various functions in the human
body, such as photoprotection (eumelanin) and hair and eye color
(eumelanin and pheomelanin). Moreover, melanin pigments are
also present in unexposed regions such as the inner ear and the
substantia nigra of the brain."®*2° The form of melanin most
investigated by physicists and materials chemists is eumelanin
(indicated henceforth as melanin for simplicity). Melanin is based
on 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole carboxylic
acid (DHICA) building blocks (Scheme 1). The different redox
forms of the building blocks, hydroxyquinone, semiquinone and
quinone moieties, coexist in the macromolecular structure that
results from the non-covalent interactions of nanoaggregates,
which in turn ensue from the n-m stacking of planar sheets of
the building blocks, of variable extent.>"*> The macromolecular
structure of melanin stabilizes the semiquinone and quinone
(oxidized) redox forms of the building blocks. The quinone
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Scheme 1 Melanin building blocks DHI (R—H) and DHICA (R—COOH) and their redox forms hydroquinone (H>Q), semiquinone (SQ) and quinone (Q);

the quinone iminium (Ql) form is the tautomer of quinone.

functionality of the molecule has the ability to store 2e/2H"
per quinone unit (Scheme 1).'%*7%°

The synergy between the redox activity of the building blocks
and the capability of several of their functionalities to reversibly
bind cations constitutes the foundation for the use of melanin
in pseudocapacitive energy storage systems. Unlike super-
capacitors making use of carbon electrodes, which store energy
by a purely electrostatic process, redox-active materials (pseudo-
capacitive materials) permit to exploit faradaic processes to
achieve higher specific capacitance. The redox processes are
accompanied by ion motion from/to the electrolyte into/from
the redox active material. In melanin, carboxyl, amine, hydroxyl
(phenolic), quinone and semiquinone moieties can serve as
potential sites for metal cation accommodation.>® Kim et al.
reported catechol-mediated reversible binding of multivalent
cations in melanin half-cells and, based on different affinities
for multivalent cations of catechols and quinones, proposed that
these cations bind to melanin via catechols and are extracted
from melanin as catechol oxidizes into quinone. Functionalities
other than catechols would likely have a minor effect on charge
storage.'*”*® Studies of the generation and transport of charge
carriers established that the electrical response of melanin
strongly depends on its hydration state through a compropor-
tionation equilibrium. In presence of water, hydroquinone and
quinone moieties form charge carriers, protons and electrons
(semiquinone extrinsic free radicals).>**° Recent studies by our
groups contributed to the understanding of the proton conduc-
tion properties of melanin, in controlled humidity conditions.***>
Important findings on the ion transport properties of melanin
have been reported in relation to its biological role in the human
body, where melanin is believed to act as an ion storage and
release medium.'®*® For applications in electrochemical energy
storage, the relatively low electrical conductivity of melanin
(107*-10"* S em ") points to the need for efficient current collectors,
such as electrically conductive carbon-based materials.>*>*

Here we report on the use of melanin as electrode material
for supercapacitors and micro-supercapacitors. The pseudo-
capacitive properties of melanin were initially studied using
conductive carbon paper as current collector and then exploited
to demonstrate, through the use of unconventional patterning,
melanin-based flexible micro-supercapacitors. The main novelty
of our work is the discovery of a new natural material for
supercapacitor electrodes, besides well-established materials,
such as activated carbons, carbon nanotubes, graphene, metal

This journal is © The Royal Society of Chemistry 2016

oxides and conducting polymers. Natural materials have already
been used for the fabrication of supercapacitor electrodes.
Nevertheless, in most cases, these materials have to be pyrolysed
and activated to yield activated carbon electrodes, or they are
mixed with conducting polymers to yield pseudocapacitive
electrodes (see Table S1, ESIT).>*>* Unlike these natural materials,
our melanin can be simply deposited by solution processing at
room temperature and does not require any thermal treatment or
further mixing. The biocompatibility and biodegradability featured
by melanin, together with its easy availability, make it an extremely
attractive material for environmentally and human friendly energy
storage solutions.>

Results and discussion
Cyclic voltammetry studies on melanin

The capability of melanin to store charge was initially assessed
by cyclic voltammetry using electrodes consisting of melanin
drop cast on conductive carbon paper (indicated henceforth
with Mel/CP, see Experimental), exploiting the high mechanical
stability of melanin on CP (Fig. 1 and Fig. S1, ESIT). As a matter
of fact, we were able to run only 1-3 voltammetric cycles using
melanin deposited on other types of electrodes, such as indium
tin oxide (ITO). We investigated different electrolytes, in a typical
three-electrode configuration, to assess the effect of the com-
position and pH of the electrolyte on the Mel/CP behavior.
In NH,CH3COO,q at pH 5.5, the voltammetric response of
Mel/CP electrodes with increasing melanin loadings (33.75 and
67.5 g cm~ %, normalized with respect to the electrode footprint)
shows that the current density increases with increasing loading
(Fig. 1a). Our measurements also show that bare CP does not
contribute significantly to the overall capacitance. The Mel/CP
voltammograms are quasi box-shaped (rectangular). The
absence of easily distinguishable voltammetric peaks is likely
due to the convolution of several redox processes taking place
at sites characterized by different molecular environments and
different affinity to the electrolyte.>® Indeed, melanin is a
mixture of chemically similar biopolymers, rather than a well-
defined chemical entity.’® This chemical heterogeneity, coupled
with limited solubility, made the characterization of melanin
notoriously challenging over the years.”®

The presence of melanin on CP was confirmed by Scanning
Electron Microscopy (SEM) images obtained in back-scattered
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Fig.1 (a) Cyclic voltammetry of 33.8 ng cm~2 and 67.5 pg cm~2 Mel/CP electrodes and bare carbon paper (CP, control sample) in NH4CH3zCOO 4

pH 5.5; scan rate 50 mV s~ (b) SEM image, acquired in BSE mode, of a sample made of melanin on carbon paper (CP, loading of ca. 0.9 mg cm

,2)

stained with uranyl acetate. The bright areas correspond to melanin chelating the uranyl oxycation. Acceleration voltage 10 kV. (c) Cyclic voltammetry
of 33.8 ug cm 2 Mel/CP in NH4CH3COO,q pH 5.5 at different scan rates. (d) Specific capacitance and capacity vs. scan rate of Mel/CP electrodes
(33.8 ug cm™3), in NH4CH3COO ;) pH 5.5. Geometric size of the samples 0.4 cm?.

electron (BSE) mode (Fig. 1b). The intensity of the BSE signal is
related to the atomic number. Melanin and CP are not distin-
guishable in BSE SEM images since they are constituted of
carbon and other low-atomic number species. Therefore, to
distinguish melanin from CP, we used staining with the salt
uranyl acetate, exploiting the well-established property of melanin
to chelate cationic species containing high atomic number
metals, such as uranium.>®°”

The voltammetric current of Mel/CP electrodes has a linear

drv
dependence on the scan rate (i = C@’ Fig. 1c and Fig. S2, ESL,

where C is the capacitance) thus suggesting that the Mel/CP
electrochemical behavior is pseudocapacitive. Notably, the electri-
cally conducting network of CP permits values of the specific current
(current normalized by melanin weight), as high as 5 A g~ *. The
specific capacitance of the Mel/CP electrodes was obtained by
normalizing, over the melanin loading, the slope of the plot
of the integral of the cathodic current over time vs. electrode
potential. The gravimetric specific capacity (storable charge per
unit weight) was deduced from the cathodic current integrated
over time and normalized by the melanin loading (Fig. 1d).
At 5 mV s~ ', we obtained a specific capacitance of 167 F g™*
(i.e. 5.6 mF cm2), which well compares with values found on
high surface area carbons, carbon nanotubes and graphene,®
and a specific capacity of 24 mA h g™ ". The specific capacitance
and capacity decrease with increasing scan rate, as expected for

9518 | J Mater. Chem. C, 2016, 4, 9516-9525

pseudocapacitive processes, which are affected by the rate of
charge transfer/transport and mass transport (diffusion) of counter
ions to/from the redox sites. However, faradaic side reactions,
potentially contributing to the pseudocapacitive response, cannot
be excluded at relatively low scan rates. From the comparison of
the electrochemical behavior in different electrolytes, within a pH
range compatible with the chemical stability of melanin (Fig. S3
and $4, ESIT),” " we deduced that the best response is achieved
for NH4CH3COOg,q) PH 5.5, in agreement with the well-established
proton conduction properties of melanin (for the cycling stability
of Mel/CP electrodes see Fig. S5, ESIT).>> At pH 5.5, the currents in
NH,CH;COO,q) are higher than in Na,SO,(q) (this holds true for
different NH,CH;COO(,q concentrations). This result suggests
possible specific effects of the ions constituting the electrolyte
on the electrochemical behavior.®> NH,CH;COO has acido-base
properties possibly assisting proton transfer associated to electron
transfer. Furthermore, aqueous solutions of the organic salt
NH,CH;COO are expected to wet the melanin surface better than
Na,SOy(aq), thus promoting the access of the electrolyte to the
melanin redox sites. Given that the highest specific capacitance
was obtained with NH,CH3COO,q), this electrolyte was selected for
further studies of supercapacitors.

Melanin-based supercapacitors

The pseudocapacitive properties of Mel/CP electrodes were
exploited to demonstrate supercapacitors based on identical

This journal is © The Royal Society of Chemistry 2016
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positive and negative Mel/CP electrodes, immersed in the electrolyte
NH,CH;COO(,q) PH 5.5. Supercapacitors with different melanin
loadings were characterized by galvanostatic charge/discharge
cycles (Fig. 2). The profiles of the cell voltage and potentials of
the individual electrodes during a galvanostatic charge/discharge
cycle at 12.5 mA cm > (i.e. 92.6 A g~ ', considering the melanin
loading of both electrodes) have a triangular shape. The coulombic
efficiency (charge liberated during the discharge divided by charge
accumulated during the charge) is 99.7% (Fig. 2a). These results
demonstrate the good reversibility of the charge/discharge process.
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Fig. 2 Mel/CP supercapacitors with two identical Mel/CP electrodes of
equal loadings and with NH4,CH3sCOO,q) pH 5.5 electrolyte. (a) Cell voltage
and electrode potential profiles during a charge—discharge galvanostatic
cycle (20th cycle) obtained at 12.5 mA cm~2 with 67.5 ug cm~2 Mel/CP
(each electrode). (b) Capacitance density vs. current density, for three
different melanin loadings. (c) Ragone plots extracted from galvanostatic
discharge cycles for different melanin loadings with current density of
0.125, 0.25,1.25, 2.5, 5, 12.5, 17.5, 25, 37.5 mA cm 2,
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The capacitance of the supercapacitor, evaluated from the reciprocal
of the slope of the cell voltage over the charge liberated during the
discharge, is of 0.48 mF cm > (ie. 3.6 F g ' considering the total
melanin loading on the two electrodes). The corresponding maxi-
mum energy density, Emay, iS 0.135 mJ ecm™> and the maximum
power density, Pray, i 20 mW c¢cm™ >, deduced from the relation-
2
4 x ESR
areal capacitance, V is the cut off voltage (0.75 V) and ESR is the
equivalent series resistance (6.8 Q cm?).%®

The charge/discharge rate capability of supercapacitors
with Mel/CP electrodes featuring different melanin loadings
was investigated by galvanostatic charge/discharge cycles, run
at different values of the current density (Fig. 2b). The capaci-
tance density increased with the increase of the melanin
loading from 33.8 to 67.5 pg cm™ 2, whereas at 150 pg cm™>
the performance did not significantly improve, likely due to the
relatively low melanin conductivity and to a more difficult
access of the electrolyte to the electrode.>'® The supercapacitor
with the lowest melanin loading featured the highest retention
of the capacitance density that decreased by only 57% by
increasing the current density by more than two orders of
magnitude, i.e. from 0.125 up to 50 mA cm 2.

The analysis of the galvanostatic discharge profiles for
increasing values of the current density permitted to deduce
the energy density (E =1[V -dt, in mJ cm™?, where I is the
current density) and the average power density (P = E/At
in mW cm 2, where At is the discharge time) delivered during

1
ships Eqax = ECVZ and P = ( ), where C is the cell

a complete discharge. The E and P values were in turn used to
build Ragone plots, where the energy density is plotted versus
the power density (Fig. 2¢).°*®® For a melanin loading of
33.8 ug cm 2 we obtained a relatively high value of the power
density, i.e. up to 13.2 mW cm 2, and a relatively low value
of the energy density (highest value 0.08 mJ cm™?). Super-
capacitors with 67.5 pg cm~? and 150 pg cm > loadings showed
similar power density (highest value ca. 9.3 mW cm™?) and
energy density (highest value ca. 0.23-0.25 mJ cm™?). These
results point to the need of efficient and stable electrical
contact between the melanin and the carbon current collector,
further confirmed by the cycling performance of the super-
capacitor (Fig. S6, ESIt).

We propose the following working principle for our melanin
supercapacitors (Fig. 3). At the positive electrode, during charging
(Fig. 3b), the redox active groups that are in the (semi) reduced
form (semiquinone, SQ, and hydroquinone, H,Q) are oxidized,
thus leading to the increase of the concentration of quinone (Q)
groups. At the same time, protons and ammonium cations are
released in solution and anions (acetate) are incorporated in the
electrode material. At the negative electrode, Q and SQ groups are
reduced with an increase of the concentration of H,Q groups.
At the same time, anions are released in solution and protons
and ammonium cations are incorporated in the electrode material.
These processes are reversed during discharging (Fig. 3c).

With the aim to shed light on the evolution of the chemical
features of our melanin-based electrodes after charging and
discharging processes, we performed an X-ray photoelectron

J. Mater. Chem. C, 2016, 4, 9516-9525 | 9519
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c) discharging
negative electrode  positive electrode

Fig. 3 Working principle of melanin-based supercapacitors constituted by
two identical negative and positive electrodes, immersed in NH4CHzCOOH ,q)
pH 55. (a) Situation before a potential is applied between the electrodes,
(b) situation produced during charging and (c) situation produced during the
discharging of the electrodes. See Scheme 1 for the chemical structure of H,Q,
SQ and Q groups.

spectroscopy (XPS) study on the positive electrode of our super-
capacitor. Although the results of the high resolution spectra
did not permit to draw an exhaustive and detailed picture,
nonetheless they permitted to deduce an increase of the Cis
peak associated to the aromatic C—=O0 bonding (binding energy
of 287.4 eV), in agreement with the hypothesis of an increased
concentration of quinone groups during the charging step
(Table S2 and Fig. S7-S9, ESIf). No significant shift of the
position of the N1s and O1s peaks was detected. Such a shift
might have been attributed to the formation of new bonds
involving O and N atoms, during the charging and discharging
steps. The slight, but still significant, increase of the overall N1s

9520 | J Mater. Chem. C, 2016, 4, 9516-9525
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concentration after charging with respect to discharging,
can tentatively be attributed to the chemical affinity between
melanin and NH;.°>°” Indeed, NHy(,q)' is expected to be pre-
sent as NH; in proximity of the positive electrode during the
charging step.

Melanin-based micro-supercapacitors

The progress in electronics for everywhere calls for flexible
and conformable microelectromechanical systems (MEMS)
with integrated power sources. Flexible supercapacitors have
generated enormous interest in the last years. A wide range of
devices, based on several electrode/electrolyte combinations,
fabricated with lithography or direct write techniques have
been reported.®®7*

We fabricated planar and binder-free micro-supercapacitors on
flexible polyethylene terephthalate (PET) substrates (Scheme S1,
ESIf) employing an unconventional and environmentally
friendly microfabrication process based on parylene patterning
(Fig. 4)."”7>77 Pre-cleaned PET sheets (thickness of about
180 um) were placed on a glass wafer pre-coated with a thin
polydimethylsiloxane (PDMS) layer, to ensure flatness and rigidity
during the following lithography steps. To facilitate parylene peel-
off at the end of the patterning process, a cetyl trimethyl-
ammonium bromide (CTAB) solution was spin coated on PET
prior to parylene coating. Successively, a 2 pm-thick ParyleneC
film was deposited. A positive-tone photoresist was then spun
onto parylene and a mask aligner was used to expose it through a
photomask featuring the shape of the supercapacitor electrodes.
After photoresist development, the unprotected parylene was etched
by oxygen plasma and the unexposed photoresist was removed (see
Experimental), to leave a patterned parylene layer, which acted as a
mask for the patterning of the micro-supercapacitors. The electrode
material of the micro-supercapacitors consisted of a composite layer

a) b) c)
d) e) by

Fig. 4 Process flow for fabrication of micro-supercapacitors on flexible
PET substrates: (a) a glass slide is covered with PDMS; (b) PET is laminated
on the glass slide; (c) ParyleneC is deposited by chemical vapor deposition;
(d) ParyleneC is patterned by photolithography and oxygen RIE to generate
ParyleneC-free regions on PET; (e) Ti (4 nm) and Au (40 nm) are deposited
by e-beam evaporation; (f) melanin/carbon black slurry is drop cast;
(g) ParyleneC is peeled-off; (h) and (i) PET is removed from the glass slide
to achieve the final flexible device.

This journal is © The Royal Society of Chemistry 2016
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of melanin and carbon black (Timcal Super C65, surface area
60 m> g~ ') drop-cast on evaporated Ti/Au current collectors
(2 mm x 4 mm), with an electrode gap of 200 pm (see
Experimental and Scheme S1, ESIT). After a thermal treatment,
the parylene film was peeled off, leaving the patterned micro-
supercapacitor (Fig. 5a). A PDMS or glass well was used to
confine the electrolyte (NH,CH;COO(,q) pH 5.5).

From the voltammograms of micro-supercapacitors on PET
(Fig. S10a and b, ESIf), we deduced the areal, volumetric and
gravimetric specific capacitances (Fig. 5b and Fig. S10c, ESIT), at
scan rates ranging from 0.01 V s~ to 10 V s~ ', At a scan rate of
0.01 V s ', we deduced a gravimetric specific capacitance of
10.8 F g ', considering the total melanin loading on the two
electrodes, and a specific capacity of 1.8 mA h g™ (Fig. S10c,
ESIt), whereas at 10 V s~ * corresponding values of 2.5 F g, and
0.4 mA h g~ were obtained. Areal and volumetric capacitances of
4.2 mF cm~” and 1.7 F em ™ were deduced at 0.01 V s~ " (Fig. 5b).

The rate response of the micro-supercapacitor was investi-
gated by Electrochemical Impedance Spectroscopy (EIS). The
Nyquist plot (Fig. Sila, ESIt) consists of a high frequency
semicircle overlapped with a low frequency tail. The ESR
estimated by the Z, axis intercept of the plot at 100 kHz is
4.5 Q cm”. The high frequency semicircle is related to electron
transfer processes that give rise to the capacitive response of
the electrodes and to the contact resistance between melanin
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and carbon particles and between melanin and current collector.
The areal impedance related to the high frequency semicircle is
smaller than 4.5 Q cm? which indicates the good electronic
properties of the electrodes. The low frequency tail is almost
parallel to the Z; axis and is representative of the pseudocapaci-
tive behavior of melanin. The Bode plot (Fig. S11b, ESIT), given
in terms of capacitance normalized to the capacitance exhibited
at 10 mHz, where capacitance is obtained at each frequency by
the equation C = 1/(Z27f), reveals a good frequency response of
the micro-supercapacitor. Indeed, the micro-supercapacitor
features a pseudocapacitive behavior starting from frequencies
lower than ca. 1 kHz.

The galvanostatic charge/discharge characterization of micro-
supercapacitors yielded a maximum capacitance of 2.1 mF cm >
(i.e. 5.25 F g~ 1) at 0.625 mA cm™ > (Fig. S12, ESIt and Fig. 5¢) and
an equivalent series resistance (ESR) of 6 Q cm® that well
compares with the value estimated by EIS. We obtained Eax
and Ppax of 0.6 mJ em 2 and 23 mW cm™?, calculated as
previously discussed. The practical energy and power values
were evaluated from the galvanostatic discharges at different
current densities and reported in a Ragone plot (Fig. 5d):
0.44 mJ cm > and 5.24 mW cm™> were the highest values
deduced. Ragone plots where the performance of the micro-
supercapacitor is normalized with respect to the volume or the
area of the micro-supercapacitor are shown in Fig. S12b (ESIf).
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Considering the typical thickness of about 12.5 pm for each
of our electrodes, the volume of each electrode in the micro-
supercapacitor is ca. 1 x 10~* cm?. Hence, Eax and Py, Of the
flexible melanin-based micro-supercapacitors, normalized
to the volume of the two electrodes, are about 0.24 J cm™>
(68 uW h em™>) and 9.4 W cm>. In principle, our patterning
process permits to microfabricate a “battery” of micro-
supercapacitors on the same flexible substrate, thus enabling
series/parallel connections for powering small electronics devices.
As an example, the three series connected micro-supercapacitors
of Fig. 5a could deliver a maximum power of 5.5 mW at 2.25 V.
Our micro-supercapacitor showed 61% retention of the capaci-
tance between the 500th and 20 000th cycle (Fig. S13, ESIY).
Within the same range, the supercapacitor showed a capaci-
tance retention of about 40% (Fig. S6, ESIt). Despite the fact
that a melanin-based supercapacitor is a totally new concept,
and as such there is plenty of room to improve its performance,
the values of the energy and power density, as well as device
stability, compare reasonably well with the those of micro-
supercapacitors based on more established materials.>"®
Preliminary tests performed on the melanin micro-super-
capacitors show that no significant change of the voltammetric
current occurs upon bending the micro-supercapacitors up to
about 50% (Fig. S14, Scheme S2 and video file in the ESIf)."”
The capacitance contribution of carbon Super C-65 in micro-
supercapacitors was evaluated by cyclic voltammetry analysis
(Fig. S15, ESIT). The voltammograms show the higher capaci-
tance of melanin/carbon C-65 compared to carbon Super C-65.

Conclusions

In summary, we demonstrated supercapacitors and flexible
micro-supercapacitors making use of electrodes based on the
biocompatible and biodegradable pigment melanin, working in
aqueous electrolytes. Melanin-based supercapacitor electrodes
are fabricated at room temperature, by easy solution processing,
without the need of a high-temperature treatment, unlike the
large majority of supercapacitors based on biopolymer-derived
electrodes reported to date. In slightly acidic media, a gravi-
metric specific capacitance as high as 167 F g~ " (specific capacity
of 24 mA h g~') was observed for melanin-based electrodes on
carbon paper. A maximum power density of up to 20 mW cm >
was deduced for the corresponding melanin supercapacitor.
Capitalizing on these results, we demonstrated a binder-free
micro-supercapacitor fabricated on flexible polyethylene terephtha-
late (PET). The microfabrication was performed by unconventional
lithography based on ParyleneC patterning. Our flexible micro-
supercapacitors showed a power density of 5.24 mW cm ™~ at
an energy density of 0.44 mJ cm > and a specific capacitance
of 10.8 F g ' (about 4.3 mF cm 2, ie. 1.7 F cm °). Micro-
supercapacitors were operated at fast electrode potential scan
rates (up to 10 V.s™ ).

The performance of melanin micro-supercapacitors can be
further improved by (i) using interdigitated finger structures
with tuned electrode width, length, interelectrode distance and
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number of fingers and (ii) improving the formulation of the
melanin slurry to optimize melanin loading. To achieve a better
understanding about the redox sites active during the operation
of the (micro-)supercapacitors, we are presently characterizing
the electrochemical properties of chemically controlled melanins,
e.g. obtained by the solid state polymerization of the DHI
building blocks.”® Our work paves the way to the fabrication
of biodegradable/bioresorbable micro-supercapacitors using
substrates such as poly(lactic-co-glycolic acid) (PLGA) or shellac
and current collectors based on magnesium or iron alloys.
Melanin based micro-supercapacitors may serve in biocompatible
and biodegradable power sources for applications such as
implantable medical devices, wearable electronics and ubiquitous
sensor networks.

Experimental section
Materials

For the microfabrication process, we used glass slides (Corning),
Polydimethylsiloxane (PDMS) Sylgard 184 from Dow Corning,
PET sheets from Policrom Inc. (Bensalem, PA), CTAB from Sigma
Aldrich and Parylene C from SCS Coatings. Photoresist SPR
220 3.0 and stripper PG 1165 were purchased from MicroChem.
Developer AZ 726 was purchased from MicroChemicals.
Eumelanin, phosphate buffered saline (PBS) tablets, ammonia
buffer pH 10, sodium sulfate decahydrate (Na,SO,-10H,0) were
purchased from Sigma-Aldrich. Ammonium acetate and
dimethyl sulfoxide (DMSO) were purchased from Caledon Labs.
All the materials were used as received. To prepare the solution
of ammonium acetate NH,CH3;COO(,q) pH 5.5, the salt was
dissolved in water by sonication to obtain a concentration of
7.5 M and acetic acid was added to adjust the pH to 5.5 (other
concentrations of ammonium acetate solutions, at pH 5.5, were
also studied following an analogous procedure). The ionic
conductivity of NH,CH;COO(q) pH 5.5 was 60.5 mS cm ™t
whereas that one of 0.5 M NaSOy(aq) PH 5.5 was 61.3 mS cm ™.
To prepare the PBS solution, one tablet was dissolved in 200 mL
of deionized water. This yields 0.01 M phosphate, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C.

Fabrication of melanin electrodes on carbon paper (Mel/CP
electrodes)

A melanin suspension in DMSO at 3 mg mL ™' was prepared by
mixing in a planetary mixer (Thinky ARM-310) at 2000 rpm
for 30 min. Three different loadings of the aforementioned
suspension (33.8 ug ecm™>, 67.5 pg ecm > and 150 pg cm 2,
normalized with respect to the electrode footprint) were applied
by drop-casting melanin on carbon paper (CP, Spectracarb™
20504, 10 mils). After drop casting, the samples were dried at
50 °C under vacuum (ca. 40 mbar) for 2 h, to facilitate DMSO
removal. Mel/CP electrode area is 0.4 cm?,

Structures of the supercapacitors and micro-supercapacitors

For the supercapacitors, two identical electrodes of melanin
on carbon paper (Mel/CP) were used as positive and negative

This journal is © The Royal Society of Chemistry 2016
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electrodes and Ag wire was used as quasi reference electrode.
For the micro-supercapacitors, the positive and negative electrodes
were made of melanin/carbon black composite (weight ratio 4/1,
i.e. 16 mg of melanin and 4 mg of conductive carbon Super C-65 in
1 mL DMSO) deposited on Au electrodes (see below). The capaci-
tive performance of carbon Super C-65 was evaluated by cyclic
voltammetry in a three-electrode cell. Melanin/carbon Super C-65
(weight ratio 4/1-96 pg of melanin and 24 pg of carbon Super C-65)
and pure carbon Super C-65 (24 pg) in DMSO were deposited on
Au and used as working electrodes in the electrochemical cell. The
electrode area was 0.36 cm”.

Unconventional lithography steps for micro-supercapacitors
on plastic

To fabricate flexible micro-supercapacitors on plastic, polyethylene
terephthalate (PET) substrates were cleaned by sequential sonica-
tion in acetone, isopropanol, and de-ionized (DI) water, dried
using a nitrogen flow and laminated on a cleaned glass wafer
pre-covered with a polydimethylsiloxane (PDMS) adhesive layer,
which was used to ensure the PET flatness and rigidity during the
successive patterning steps. An aqueous solution of CTAB (103 M)
was spun on PET to enable parylene delamination at the end of the
process. The PET substrates were then transferred to a system for
parylene-C deposition (SCS coating). After ParyleneC deposition, a
positive tone photoresist (MEGAPOSIT SPR 220.3) was spin-coated
on Parylene-C, then exposed to the UV light of the Karl Suss MA-6/
BA-6 mask aligner (wavelength 365 nm) through a photomask and
developed by immersion in AZ-726 to open windows on ParyleneC.
The unprotected parylene-C was then etched by oxygen reactive ion
etching (RIE) and the photoresist remaining on ParyleneC film was
removed by immersing the samples in PG 1165 remover. Subse-
quently, 4 nm Ti and 40 nm Au were deposited on the patterned
samples by E-beam evaporation, followed by a drop casting of
melanin/carbon black slurry for micro-supercapacitors (see above).
After a soft baking at 40 °C under vacuum (30 mm Hg for
20 minutes), the ParyleneC layer on PET was slowly peeled off,
leaving patterned melanin micro-supercapacitors on PET. The
fabrication process was completed by peeling-off PET from the
PDMS/glass substrate. The area of each electrode is 0.08 cm?,
the thickness of the coating about 12.5 pm and the inter
electrode distance is 200 pm (Scheme S1, ESIf).

Electrochemical set-up

Cyclic voltammetry (CV) was performed using a Versa STAT 3
potentiostat (Princeton Applied Research) in a three-electrode
cell, where Mel/CP was the working electrode, Pt foil the counter
electrode and Ag/AgCl,q) the reference electrode. Galvanostatic
charge/discharge cycles of the supercapacitor and micro-
supercapacitor were performed using a Biologic VSP 300 multi-
channel potentiostat.

X-ray photoelectron spectroscopy (XPS)

High-resolution XPS analysis was carried out with a VG ESCA-
LAB 3 MKII instrument under Mg Ko radiation by applying
300 W (15 kV, 20 mA) power. The pressure in the chamber
during the analyses was 5.0 x 10~° Torr. The high resolution
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spectra were acquired with a pass energy of 20 eV and electrons
were collected at a 90 deg takeoff angle. Peak fitting was
performed with symmetrical Gaussian-Laurentzian product
functions after Shirley background subtraction. Wagner sensi-
tivity factors were used to normalize the peak intensities for
quantification.

Scanning Electron Microscopy (SEM)

SEM was performed at an acceleration voltage of 10 kV in
backscattered electron (BSE) imaging mode using a FEI Quanta
450 Environmental Scanning Electron Microscope (FE-ESEM).
Staining was achieved by exposing the samples (30 pL of a
suspension of 12 mg mL~" of melanin in DMSO poured on an
area of 1 cm x 0.4 cm leading to a final loading of ca. 0.9 mg cm™?)
to an aqueous solution of uranyl acetate (2%) for 3 minutes
followed by rinsing with deionized water for 5 minutes.
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