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Abstract: Biocompatible and biodegradable powering materials are appealing systems for biomedical
and electronic devices. Melanin is a natural and multifunctional material with redox capability, which
is of great interest in electrochemical energy storage functionalities. In our work, we explored the use
of soluble melanin derivatives as active materials for symmetric solid-state supercapacitors operating
in the dark and under illumination. We observed that our devices were photo-pseudocapacitive.
Additionally, under illumination, our best device showed a specific capacitance of 57.7 mFg~! at
a scan rate of 0.01 Vs—1, with a decrease of 53% in resistance compared to that in the dark. Our
outcome suggests that soluble melanin is a promising material for solid-state powering elements in
wearable and environmentally friendly devices.
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1. Introduction

Electronic devices to constantly monitor patients” health conditions or common citi-
zens will be extremely important in the 21st century [1]. Such devices comprise a sensing
element capable of measuring a physiological quantity and converting it into an electronic
signal to be transmitted to another apparatus for analysis and interpretation [2]. Both sens-
ing and transmission processes need to be powered by a battery or a supercapacitor [2-6].
Among various materials for electrochemical energy storage applications, melanin and
melanin-inspired materials have received increased attention in recent years. The biocom-
patibility and biodegradability properties of melanin associated with its redox activity have
enabled the development of Na* and Mngr batteries [7,8] and supercapacitors [9-14] for
biomedical and green electronics applications.

Even though several studies use melanin in energy storage applications, most use
it to increase the content of nitrogen, oxygen, or sulfur after carbonization and/or calci-
nation [13,14]. Nonetheless, nowadays, few reports in the literature have studied truly
melanin-based supercapacitors, and such devices operate in aqueous electrolytes [9,11],
implying that it is time to evaluate melanin’s efficiency in the solid state.

Generally, melanin is described as a system based on 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) in fully reduced (HQ), fully oxidized
(IQ), and semi-reduced/semi-oxidized (SQ and QI) states (Figure 1). Up to ten of these
monomers self-assemble into 3 to 4 m—m-stacked units of different sizes with an interplanar
spacing of 3.7 A [15-17]. This molecular arrangement yields unique physicochemical prop-
erties such as biocompatibility [18,19], biodegradability [18], metal-binding affinity [20], a
broad-band UV-Vis absorbance [15,21], and a hydration-dependent conductivity [22-27].

In this work, we explored two soluble melanin derivatives’ electrochemical energy
storage properties with different oxidation states by assembling a solid-state supercapacitor.
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Additionally, due to the broad-band absorption spectra of melanin, we also evaluated light
effects on its energy storage capacity.
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Figure 1. Scheme of the different redox forms of melanin building blocks in increased oxidation state.
R = H for DHI species and R = COOH for DHICA species. Indolequinone imine and quinone imine
forms are tautomers.

2. Materials and Methods
2.1. Melanin Derivatives

Soluble melanin derivatives were synthesized following [21] by dissolving 0.3 g of
3,4-dihydroxyphenyl-DL-alanine (Sigma-Aldrich, 98%, Sao Paulo, Brazil) in 60 mL of
MiliQ water (18 M() cm). To increase the solution pH to 8-9, the condition for melanin
synthesis, 400 pL of ammonium hydroxide (Synth, 28-30%) was added to the mixture. The
synthesis solution was stirred at room temperature (27 °C) and was oxygenated with an
air pump for three days (Mel) or in a 150 mL stainless-steel reactor with 6 atm of internal
pressure of industrial oxygen gas for 6 h (Mel-P). Afterward, the solution was filtered using
a 3500 MWCO dialysis membrane for four days. The dialysate medium was MiliQ water
and it was changed every day. After that, the suspended colloidal particles were dried for
two days in an oven at 80 °C. These samples had identical polymerization structures but
different DHICA /DHI ratios, i.e., oxidation degrees (Mel < Mel-P) [21].

To confirm the composition of the samples, UV-vis spectroscopy and elemental anal-
ysis were performed via X-ray photoelectron spectroscopy. The absorbance spectra and
atomic composition (atomic concentration and atomic ratio) are shown in Figure S1 and
Table S1, respectively, in Supplementary Materials, and they are compatible with melanin
derivatives [21,28]. For more details, see the Supplementary Materials.

2.2. Supercapacitor Assembly and Characterization

Melanin solutions were prepared in ambient conditions by dissolving 30 mg of each
sample in 0.5 mL of MiliQ water and by stirring for one hour. Afterward, 1 mL of multi-
walled carbon nanotube (MWCNT) solution (0.6 mg/mL in water) was added as a con-
ductive filler and was stirred for another hour. We considered bare melanin solutions
(i.e., without MWCNT); however, it presented poor capacitor behaviors (Figure S2) and no
further analysis was carried out.

Prior to melanin drop-casting deposition (60 uL; equivalent to a material load of
1.25 mg-cm 2 for Mel and 1.22 mg-cm 2 for Mel-P), the FTO substrates were cleaned with
soap (1:1 v%, Extran®:MiliQ water), a sequential sonication (20 min/each) in MiliQ water,
acetone, and isopropanol, and were dried with Nj. The melanin film was dried for half an
hour at 110 °C, under atmospheric conditions, and was allowed to cool down to room tem-
perature (+27 °C). Then, polyvinyl alcohol-phosphoric acid (PVA-H3POj) gel electrolyte
(10% PVA and H3PO, in H,O) was used to cover the 1 cm? area of the melanin film and
as a spacing layer of a symmetric cell configuration (glass/FTO/Melanin:MWCNT /PVA-
H;3PO4-gel/MelaninMWCNT /FTO/ glass).

Surface morphological analysis was investigated through scanning electron micro-
scope (SEM) images obtained with a Zeiss EVO/LS15.
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The supercapacitor’s electrochemical performance was obtained using a Metrohm
Autolab Potentiostat (Autolab PGSTAT302 equipped with a FRA32 impedance module)
in a two-electrode cell through cyclic voltammetry and galvanostatic charge/discharge
measurements. Electrochemical impedance measurements were conducted within the
frequency range of 10° and 10~2 Hz and an offset voltage of 0 V. Impedance spectra were
analyzed with ZView-impedance Software (v. 2.8d). The measurements were carried out
under dark and light (100 mW/cm? simulated AM 1.5 G solar irradiation from a calibrated
solar simulator, Spectra-Nova) conditions.

The specific capacitance (C, in Fg’l) was calculated using Equation (1), the maximum
energy (Epr, in mWhg 1) was calculated using Equation (2), and the maximum power (Py;,
in mWg 1) was calculated using Equation (3) [29],

Q 1 v
C= 3wV rwve ) I(V)av )
Ip V2
Em = ij\;I )
Vin
PM= IEsrRw ©)

where Q is the total charge (C), w is the active material loading (g), v is the scan rate
(Vs71),and V~ and V* are the negative and positive electrode electrochemical potentials,
respectively. Ip is the constant discharge current, Vj is the cutoff potential (the charging
up-limited potential), and s represents the discharge %/' ESR (the equivalent series resis-
tance) was calculated by the ratio between the drop voltage (AV) from the galvanostatic

charge/discharge spectra and Ip, through the relation ESR = %.

3. Results and Discussion

We start with SEM images to give insights into the superficial properties of the films.
Mel and Mel-P images are shown in Figure 2. As can be seen, the surface morphological
aspects of the films were featureless, smooth, and reasonably homogeneous, independent
of the sample, as demonstrated for many melanin films [30-34], implying that any textural
effect would be minimal or nonexistent. However, there were significant modifications
in the film cross-section. In Figure 2a, the Mel films were composed of large globular
structures, whereas Mel-P elongated structures were in an almost lamellar-like assembly
(Figure 2b). These differences are related to the different degrees of oxidation mentioned
in Section 2.1. Mel-P, a high oxidated sample, should present a higher content of the
carboxyl group. Thus, the decrease in the polymerization sites in Mel-P is expected to lead
to the formation of a more linear oligomer than Mel [19,34,35]. Based on the morphological
aspects of the film, we would expect Mel to a have higher superficial area than Mel-P, which,
in turn, would result in a higher interaction of the sample and the electrolyte. In addition,
we note that the oxygen and nitrogen content were close in both melanin samples (Table S1),
which means that differences in the morphological aspects would be more important than
the atomic composition in the devices under study. It is also interesting to mention that, in
the absence of MWCNT, such cross-sectional differences were subtle (Figure S3), indicating
a possible cause for the poor energy storage effect of pure melanin samples.

The electrochemical behavior of melanin samples was evaluated in a two-electrode
system in the dark, followed by an illuminating process. We note here that the same
cell was used under both dark and illumination conditions to decrease errors caused
by experimental manipulation; in addition, before illumination, the cell was discharged,
eliminating any charge accumulated from the previous process. A slightly acidic electrolyte
was used to enhance melanin’s proton transport [25,34]. Figure 3a,b show the cyclic
voltammetry curves of Mel and Mel-P samples at scan rates ranging from 0.01 to 1.00 Vs~!
in the dark. These curves of both melanin-based devices were quasi-rectangular between 0
and 0.8 V, which is typical of pseudocapacitance [9,11]. In addition, there was no change
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in the cyclic voltammetry spectra, even at higher scan rates. We note that the spectra
shape did not significantly change with illumination, as shown in Figure 3c,d, at a scan
rate of 0.01 Vs~!. For other scan rates, see Figure S4. Among these samples, Mel had a
tendency to present a higher specific capacitance (57.7 + 6.3 mFg~!) compared to Mel-P
(49.9 4 5.4 mFg~!) at a scan rate of 0.01 Vs~! under illumination. These values were 36.7
and 44.5% higher than those in the dark for Mel and Mel-P, respectively. In the same
line, we also observed a decrease in specific capacitance with the increase in scan rate
(Figure S5), which is compatible with melanin’s pseudocapacitive behavior [9]. Nonetheless,
the supercapacitors, operating in an aqueous electrolyte, showed a specific capacitance of
167 Fg~! [9]. Such a difference is most likely due to the different state of the electrolyte, i.e.,
wet vs. dry, as it is known that melanin capacitance increases in water [25,26].

EMT=1500kV  Signal A= SE1 o~ EHT=1600kV Signal A= SE1 o=
WO=50mm  Mag= 1000KX minas H WD=50mm  Mag= 1000KX rina

Figure 2. SEM images of (a) Mel and (b) Mel-P with a 10 k magnification.
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Figure 3. (a) Mel and (b) Mel-P cyclic voltammogram spectra at different scan rates. (¢,d) Comparison
of the cyclic voltammograms under dark and light conditions at a scan rate of 0.01 Vs—1.
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The galvanostatic charge/discharge of Mel and Mel-P at a current density of 0.1 mAg ™!
were also measured, and the results are shown in Figure 4. Note that our curves could
not reach 0.8 V, contrary to the cyclic voltammograms, due to a saturation effect (see
Figure S6). This effect is intriguing and will be studied in future work. Figure 4 shows that
the galvanostatic charge/discharge curves slightly deviated from the nearly triangular-like
shape; however, all samples showed similar charge and discharge behaviors, shapes, and
characteristic times. Analyzing the spectra in Figure 4, it is possible to see a small drop
in the voltage at the beginning of the discharge, which indicates low equivalent series
resistance. Based on Equations (2) and (3), we estimated an increase of 14.1% in energy
density and 5.4% in power density for Mel; and increases of 10.3% and 1.5% in energy and
power densities, respectively, for Mel-P (Figure 4c,d). A previous DHI/DHICA-melanin
supercapacitor operating in aqueous electrolytes showed an energy density of 7.7 pWhg !
and a power density of 5.6 Wg~! [11], which indicate that our solid-state system was about
three orders of magnitude lower than wet supercapacitors in energy and power densities.
The better results of the supercapacitor with the aqueous electrolyte could be related to the
lower amount of melanin used in the active layer, which would decrease light scattering
and intrinsic charge trap sites and the increased number of ionic charge carriers due to the
high humidity [24,25,27].
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Figure 4. Galvanostatic charge and discharge curves of (a) Mel and (b) Mel-P supercapacitor in
the dark and under illumination of 0.1 mAgfl. In (a), under both dark and light conditions, the
curves showed the same overall behavior. (¢) Energy density and (d) power density estimated for the
supercapacitors under study.

To evaluate the pseudocapacitive behavior of our devices, charge-storage capacity and
electrochemical impedance measurements were carried out. Figure 5 shows the Nyquist
and phase angle plots and the equivalent circuit (inset in Figure 5b). R., which represents
the electrode and electrolyte resistance, is in series with a charge-transfer resistance Ry,
which describes the kinetics of the electron-transfer processes [36,37]. The equivalent circuit
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also includes a constant phase (Cy;) and Warburg (W) elements to account for the system’s
capacitive response and any diffusion process involved, respectively [36,37]. The fitting
parameters are shown in Table S2. The constant phase element’s impedance is defined
as Zo = Q! (jw)™", where w is the angular frequency and 7 is a constant and fitting
parameter [36]. A pure capacitor corresponds to 77 = 1. We obtained 7 = 0.89 for Mel and
1 = 0.87 for Mel-P in the dark, with a reduction of 2.4% when the device was illuminated,
implying that the light did not destroy the capacitive behavior. This is further verified by
the small changes in the phase angle (Figure 5¢,d) and cyclic voltammograms (Figure 3).
However, we see a significant drop in the system’s resistance of about 52.8% for Mel and
78.7% for Mel-P under illumination, suggesting an improvement in the conductivity. On
the other hand, illumination also decreased the leak resistance by 61.9% for Mel and 98.5%
for Mel-P (Figure S7).

(a) Mel 3 (b) Mel-P Cal
300+ - 300+ R. L
[ [ |
v I Rct
__200- - 200 L
C] e
3 . =
N | 4 F N [ ]
I 100+ - T 100 -
® L
[/} "
]
'/‘ m  Dark ;' m  Dark
of & e Lightr 04 & Light
' 100 200 300 0 100 200 300
Z' (kQ) Z' (kQ)
(€) 90 Mel - (d) 90 {Mel-P I
80+ i ~ e N B 80 an B m g o
-~ e s X — N
8704 ~ /= X - 3 704 3 -
S ] ) - 1\ D =
S 60{ k4 " S 604 N
2 50{ 7 AL 2501 .-
z F o
O 40 - B 40 .
= Dark ¢ = Dark
301 = Light - 30 Light -
102 10" 10° 10" 10* 10° 102 10" 10° 10" 10* 10°
Frequency (Hz) Frequency (Hz)

Figure 5. (a,b) Nyquist plot and (c,d) phase angle as a function of frequency in the dark and under
illumination. The inset in (b) corresponds to the equivalent circuit used for spectra fitting.

To obtain more information on the device’s intrinsic charge transport, we evaluated
the capacitance as a function of frequency. In Figure 6, we observed a capacitance maximum
at low frequency. We note that in the dark, both melanin samples had similar frequency
dependences. On the other hand, when illuminated, the capacitance intensity increased
at frequencies ranging from 102 to around 10° Hz, as there were increases of 65.5% for
Mel and 250.2% for Mel-P at 1072 Hz. At lower frequencies, the ions’ transport tended to
dominate charge transport, indicating an increase in the number of ions in the system. It
is known that light can induce the formation of semiquinone species in melanin [38,39].
Hence, the redox process will donate H* and electrons to the system (Figure 1) and poten-
tially alter the charge transport mechanisms, as mentioned before. Accordingly, the increase
in capacitance would be related to photoinduced charge carriers, as well as changes in the
electrochemical processes at the electrolyte/electrode interface [11].
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Our results indicate that soluble melanin with a higher density of carboxylic groups
(Mel-P) could be an exciting material for solid-state charge storage applications due to its
fast synthesis and energy storage similar to Mel. Additionally, light also seems to improve
the electronic behavior in the supercapacitor studied, thus being an attractive effect for
such applications. At this stage, our solid-state supercapacitor has a lower efficiency
than others found in the literature [29,40—44] (none of them being melanin-based devices),
which could potentially be related to the melanin’s lower ionic current at a dry state [26].
We believe that optimizing the device could improve the system’s response, whether
with other types of electrolytes, a better biocompatible conductive filler, or even different
types of melanin. In fact, it has been proposed that S,N-codoped melanin-like carbon
spheres significantly increase their specific capacitance in regard to N-doped melanin-like
carbon spheres [13], which suggests that soluble sulfonated-melanin derivatives [45-47]
are attractive candidates for energy storage applications and must be explored in the future.
Additionally, this technology can be extrapolated toward flexible substrates, which would
be a significant advance for flexible/stretchable wearable devices.
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Figure 6. The frequency-dependence capacitance of (a) Mel and (b) Mel-P under dark and light conditions.

4. Conclusions

The work described here report the use of soluble melanin derivates as organic
redox materials to develop solid-state supercapacitors. Our devices demonstrated photo-
pseudocapacitive behaviors, with a 57.7 mFg~! specific capacitance at a scan rate of
0.01 Vs~! when illuminated, with improved electronic behaviors. We believe that these
encouraging results could be improved by further optimizing the electrolyte and melanin
derivate-type materials and extrapolating to the development of a flexible device. Our
outcome suggests that soluble melanin could be used for solid-state biocompatible pow-
ering elements, wearable devices, and even sustainable and environmentally friendly
storage technologies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ electrochem2020019/s1: Figure S1. Mel and Mel-P absorbance spectra were obtained with a 7.0
|ng~mL_1 solution in water. The absorbance of both derivatives is characterized by a featureless broad-
band spectrum that increases toward the ultraviolet. UV-visible measurements were made using a
Shimadzu UVmini-1240. Figure S2. Cyclic voltammogram spectra at different scan rates in the dark.
Figure S3. SEM images of (a) Mel and (b) Mel-P without MWCNT. Figure S4. Cyclic voltammogram
spectra at different scan rates under illumination for (a) Mel and (b) Mel-P. Figure S5. Specific
capacitance as a function of scan rate of (a) Mel and (b) Mel-P electrodes. Figure S6. Extrapolation
of the galvanostatic charge over time. These curves were obtained by fitting the ex-perimental
galvanostatic charge curves in Figure 3a,b (in the main text) with an exponential func-tion. The
fitting parameters were then used as fixed specs to estimate the curve as time increases. Figure S7.
Estimation of the supercapacitor’s leakage current. The symbols are the experimental data and the
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lines are the estimated leakage current. Experimental fitting data (in 10~2 to 10® Hz) were considered
as initial parameters in impedance software to further extrapolate at frequencies ranging from 1019
to 10° Hz. Table S1. Atomic composition (atomic concentration %) and atomic ratios of Mel and
Mel-P powders. The similarities between experimental and theoretical values indicate that Mel and
Mel-P are mixtures of DHI and DHICA species, as expected. Table S2. Fitting parameters used on the
equivalent circuit displayed in the inset of Figure 4b.
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