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Cyclic voltammetry on carbon paper 

 

Figure S1. Cyclic voltammetry of (a, c) DHI-melanin and (b, d) DHI/DHICA-melanin on carbon 

paper electrodes (loading 0.1 mg/cm2) at 5 mV/s. Protocol of acquisition: dark (6 cycles) → light 

(16 cycles) → dark (14 cycles).  

 

Under light irradiation, the current for both melanins slightly increases. Table S2 includes the 

values of the capacity and capacitance, for dark and light conditions, for increasing cycle numbers.  
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Figure S2. Current measurements with chopped light for (a) (c) DHI-melanin and (b) (d) 

DHI/DHICA-melanin. Gray rectangles represent the lapse of time spent by the samples in the dark. 

Acquisition protocol: 0 V → 0.1 V → 0.2 V→ 0.3 V → 0.4 V → 0 V → -0.1 V → -0.2 V → -0.3 

V → -0.4 V vs Ag/AgCl. Prior the current measurements, fresh electrodes were pre-cycled in the 

potential range -0.4 V/0.4 V, at 5 mV/s, for 5 cycles. Current measurements carried out on DHI- 

and DHI/DHICA-melanins indicate an increase of the current under light conditions, for both 

anodic and cathodic applied potentials. 

 

Considering the more significant effect of the light on the current when a positive potential is 

applied to the photoelectrode, a positive potential has been used throughout this work to study the 

effect of the light on the electrochemical energy storage performance of melanin electrodes. Work 

is in progress to study, by time resolved spectroscopy and DFT calculations, the reasons why the 

positive potential induces a superior effect on the current with respect to the negative potential. 
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Figure S3. Open circuit potential measurements of (a) DHI-melanin and (b) DHI/DHICA-melanin. 

Nyquist plots at frequency range 106 Hz-10-1 Hz of (c) DHI-melanin and (d) DHI/DHICA-melanin. 

(e) and (f) are zoomed high-frequency-range Nyquist plots for DHI-melanin and DHI/DHICA-

melanin, respectively. Acquisition protocol: Open circuit potential vs. time (dark) → EIS (dark) 

→ 40 min irradiation (without bias) → open circuit potential vs. time (light) → EIS (light). 
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Bare carbon paper 

 

 

 

Figure S4. (a) Cyclic voltammetry at 5 mV/s and (b) Nyquist plot of bare carbon paper (inset: high 

frequency), 0.25 M NaCH3COO (pH 5).  
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Galvanostatic charge-discharge measurements 

 

Figure S5. Galvanostatic curves of DHI-melanin (a, c, e) and DHI/DHICA-melanin (b, d, f). Black: 

3rd cycle (under dark). Red: 2003rd cycle (under light, after 40 min irradiation). Blue: 5000th cycle 

(last cycle, under light conditions). Protocol of acquisition: dark → light → 40 min irradiation 

(without bias) light → dark → light, each for 1000 cycles. 
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Figure S5 shows 3 cycles of galvanostatic curves. Under light conditions, the potentials of both 

positively and negatively biased DHI-melanin electrodes shift towards negative values, by ca 9% 

(from 0.34 in the 3rd cycle to 0.31 V in both 2003rd cycle and 5000th cycle), whereas for 

DHI/DHICA-melanin shift towards positive values, by 6% (from 0.17 in the 3rd cycle to 0.18 V in 

2003rd cycle) and 12% (from 0.17 in the 3rd cycle to 0.19 V in the 5000th cycle). 
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Scheme S1. Electrochemical configurations used to study our melanin samples on carbon paper: 

(a) supercapacitor (including a reference electrode) and (b) single electrode.  
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Table S1. Performance of integrated solar cells and energy storage devices in the literature (see 

explanations of abbreviations and acronyms below). 

 

 

Device 

structure 

 

Electrode 

materials 

 

Electrolyte 

 

Energy storage 

performance 

 

Efficiency 

(%) 

 

Ref 

PSB* Man-ph
*   

WO3/TiO2/N719* 

Mce-ph Pt 

ELph
* LiI/I2/PC*/tBP* Qch

* 1.8 C cm-2 tot 0.6 1                    

DSSC*/SC* 

 

Man-ph TiO2/N719 

Mce-ph Pt 

MES+, MES- 

PEDOT 

ELph LiI/I2/tert-butyl 

alcohol/tBP 

ELES
* LiClO4/MPN* 

 

Cs
* 0.52 F cm−2 

 
con 4.4 

 

2 

DSSC/SC Man-ph TiO2/N3 

Mce-ph Pt 

MES+, MES-   

PProDOT-Et2
* 

ELph LiI/I2/CH3CN 

ELES LiClO4/MPN 

Cs 0.48 F cm−2 

Emax
* 22 Wh cm−2 

Pmax
* 

0.6 mW cm−2 

stor 0.6 3 

DSSC/SC 

(1D) 

Man-ph ZnO 

NW/N719 

Mce-ph ZnO 

NW/graphene 

MES+, MES- ZnO 

NW 

 

ELph LiI/I2/tBP/MPN 

ELES PVA/H3PO4 gel 

Cs 0.4 mF cm-2 

 
con 0.02 

 

4 

OPV*/SC Man-ph 

P3HT/PCBM* 

Mce-ph Al 

MES+, MES- CNT 

ELph PEDOT/PSS 

ELES PVA/H3PO4 gel 

Cs 28 F g−1 con 3.4 

 

5 

DSSC/SC 

(1D) 

Man-ph 

Ti/TiO2/N719 

Mce-ph CNT 

MES- Ti/TiO2 

MES+ CNT 

ELph LiI/I2/DMPII*/tBP/ 

CH3CN 

ELES PVA/H3PO4 gel 

Cs 0.6 mF cm-2 stor 68 

tot 1.5 

6 

Tandem solar 

cell/LIB 

Man-ph TiO2 

NT/N719 

Mce-ph Pt 

MES- Ti/TiO2 

NT/N749 

MES+ 

LiCoO2/carbon 

ELph LiI/I2/tBP/CH3CN 

ELES LiPF6/ethylene 

carbonate/dimethyl 

carbonate 

 

Qdis
* 39 μAh tot 0.82 

 

7 

DSSC/SC Man-ph TiO2/N719 

Mce-ph ZnO 

NW/PVDF 

MSC+ Pt/Au 

MSC- ZnO 

NW/PVDF 

ELph LiI/LiI3/GNCS* 

/DMII*/tBP/MPN/ 

CH3CN 

 

Qdis 2.1 C g−1 con 3.7 8 
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DSSC/RFB* Man-ph m-

TiO2/Z907* 

Mce-ph Pt 

MES+, MES- Pt 

ELca LiI/I2/LiClO4/PC 

ELan DMFc*/LiClO4/MPN 

for both DSSC and RFB 

Qdis 53 mAh l-1 

 
con 0.15 9 

DSSC/SC 

(1D) 

Man-ph TiO2/N719 

Mce-ph PaNi 

MES+, MES- PaNi 

ELph 

BmimI*/I2/tBP/LiClO4/GIT

C*/CH3CN 

ELES H2SO4 

Cs 41 mF cm−2 

 
tot 2.1 

con 5.4 

10 

DSSC/SC Man-ph TiO2/N719 

Mce-ph CNT/PaNi 

MES+, MES- 

CNT/PaNi 

ELph 

LiI/I2/tBP/DMPII/PVDF-co-

HFP*/MPN 

ELES PVA/H3PO4 gel 

Cs 208 F g−1 tot 5.1 

con 6.1 

11 

DSSC/SC Man-ph TiO2/N749 

Mce-ph Pt 

MES+, MES- 

hydrogenated 

TiO2 

ELph LiI/I2/tBP/DMPII/ 

MPN 

ELES Li2SO4 

 

Cs 1.1 mF cm-2 

C%* 99% 

@3000 cycles 

 

tot 1.6 

con 3.2 

12 

DSSC/SC 

(1D) 

Man-ph TiO2/N719 

Mce-ph CNT 

MES+, MES- CNT 

ELph 

LiI/I2/tBP/DMPII/tBP/CH3C

N 

ELES PVA/H3PO4 gel 

Cs 21.7 F g-1 tot 1.8 

con 6.5 

13 

Perovskite 

solar cell/LIB 

Man-ph PC61BM* 

Mca-ec LiFePO4 

Man-ec Li4Ti5O12 

 

ELph 

CHNH3PbI3/PEDOT/ 

PSS 

ELES LiFP6/ethylene 

carbonate/dimethyl 

carbonate/diethyl carbonate 

Qdis 142 mAh g-1 

 
tot 7.8 

con 15.7 

14 

Perovskite 

Solar Cell/SC 

 

Man-ph TiO2 

Mce-ph 

MoO3/Au/MoO3 

MES+, MES- WO3 

ELph 

CHNH3PbI3-xClx/spiro-

MeOTAD* 

ELES PVA/H2SO4 gel 

Cs 431 F m-2 

Emax 25 mWh m-2 

Pmax 377 mW m-2 

con 11.9 

 

15 

 

 

Perovskite 

Solar Cell/SC 

Man-ph c-TiO2/nano 

TiO2 

Mce-ph 

PEDOT/carbon 

MES+, MES- 

PEDOT/carbon 

ELph CH3NH3PbI3 

ELES LiClO4/TMAI*/IPA* 

Cs 12 mF cm-2 

C% 95%@2000 cycles 
tot 4.7 

con 6.4 

stor 74 

16 

SiNW solar 

cell/SC 

Man-ph  

PEDOT/PSS 

/SiNW/n-doped Si 

Mce-ph Ag 

MES+, MES- 

polypyrrole 

ELph PEDOT/PSS 

ELES PVA/H3PO4 gel 

Cs 252 mF cm-2 

 

Emax 

8.8 mWh cm-2 

tot 10.5 17 

Commercial 

solar cell/SC 

MSC Activated 

carbon/PVDF 

ELES Na2SO4 Cs 170 Fg-1 

C% 85% 

@15000 cycles 

— 18 
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Emax 17.7 Wh kg-1  

Pmax 450 W kg-1 

SiNW* solar 

cell/SC 

Man-ph 

PEDOT:PSS 

/SiNW/n-doped Si 

Mce-ph Ag 

MES+, MES- 

graphene 

ELES H2SO4 

 

Cs 16 mF cm−2 

C% 90% 

@10000 cycles 

con 12.4 

tot 2.9 

19 

Perovskite 

solar cell /SC 

Man-ph c-TiO2/m-

TiO2 

Mce-ph nanocarbon 

MES+, MES- 

nanocarbon 

ELph CsPbBr3 

ELES SiO2 gel 

Cs 38 mF cm-2 

Emax 10 mWh cm-2 

Pmax 480 mW cm-2 

con 5.1 20 

Perovskite 

solar cell/SC 

Man-ph c-TiO2/m-

TiO2 

Mce-ph nanocarbon 

MES+, MES- 

nanocarbon 

ELph CH3NH3PbI3 

ELES PVA/H3PO4 gel 

Cs 12.5 mF cm-2 C% 

85%@3000 cycle 

con 7.1 

 

21 

Perovskite 

solar cell/SC 

MES+, MES- 

carbon/PTFE 

ELph CsPbI3-xBrx 

Spiro-

MeOTAD/LiTFSI/FK209/t

BP 

ELES PYR14TFSI/TEGDME 

Cs 390 mF cm-2 

Q 360 mC cm-2 

Emax 

0.5 mWh cm-2 

Pmax 

68.4 mW cm-2 

— 22 

Light-assisted 

SC 

MSC WO3 H2SO4 pH 0 Cs 7.5 mF cm-2 

 

— 23 

Light-assisted 

SC 

MSC eumelanin NaCH3COO (aq) pH 5.5 Cs 5.3 mF cm-2 Emax 

52 mJ g-1 Pmax 5.9 

Wg-1 

C% 96% 

@3000 cycles 

Q%*103% 

@3000 cycles 

tot 0.6 

(see note 

below) 

 

This 

work 

 

Device structure 

PSB: Photovoltaically Self-charging Battery 

DSSC: Dye Sensitized Solar Cell 

SC: Supercapacitor 

OPV: Organic Photovoltaic cell 

P3HT/PCBM: poly(3-hexylthiophene)/phenyl-C61-butyric acid methyl ester 

LIB: Lithium Ion Battery 

RFB: Redox Flow Battery 

SiNW: Silicon NanoWire 

Materials 

Man-ph: Material for photoanode 

Mce-ph: Material for counter electrode of solar cell 

MES+: Material for the positive electrode of energy storage unit 

MES-: Material for the negative electrode of energy storage unit 

N719: Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) (dye) 
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N749: cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)-ruthenium(II)-bis-tetrabutylammonium (dye) 

N3: Cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) (dye) 

CNT: Carbon NanoTube 

PC61BM: [6,6]-phenyl-C61-butyric acid methyl ester 

PProDOT-Et2: poly(3,3-diethyl-3,4-dihydro-2Hthieno-[3,4-b][1,4]dioxepine) 

PaNi: polyaniline 

PEDOT: poly(3,4-ethylenedioxythiophene)  

PSS: poly(styrenesulfonate) 

PVDF: polyvinylidene fluoride 

Z907: Ru(2,2’bipyridyl-4,4’-dicarboxylic acid)( 4,4’-dinonyl-2,2’bipyridine)(NCS)2 

c-TiO2: compact-TiO2 

m-TiO2: mesoporous-TiO2 

PTFE: polytetrafluoroethylene 

Electrolytes 

ELph: solar cell electrolyte  

ELES: energy storage electrolyte 

ELca: electrolyte for cathode 

ELan: electrolyte for anode 

PC: propylene carbonate 

tBP: 4-tertbutylpyridine 

MPN: 3-methoxypropionitrile 

PVA: poly(vinyl alcohol) 

DMPII: dimethyl-3-n-propylimidazolium iodide 

GNCS: guanidinium thiocyanate 

DMII: 1,3-dimethylimidazolium iodide 

DMFc: bis(pentamethylcyclopentadienyl)iron 

BmimI: 1-butyl-3-methylimidazolium Iodide (ionic liquid) 

PVDF-co-HFP: poly(vinylidene fluoride-co-hexa-fluoropropene) 

Spiro-MeOTAD: 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene 

TMAI: tetramethylammonium iodide 

IPA: isopropanol 

PYR14TFSI: N-butyl-N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide 

TEGDME: tetraethylene glycol dimethyl ether 

LiTFSI: bis(trifluoromethylsulfonyl)imide lithium salt 

FK209: tris(2-(1H-pyrazol-1-yl)-4-tertbutylpyridine)-cobalt (III) tris(bis (trifluoromethylsulfonyl)imide) 

Energy storage performance 

Qch: charging capacity 
 Qdis: discharging capacity 

Cs: specific capacitance 

Emax: maximum energy density 

Pmax: maximum power density 

Q: capacity 

C%: capacitance retention 

Q%: capacity retention 

Efficiency 

tot overall (energy conversion and storage) efficiency 

con: photon-to-electrical energy conversion efficiency 

stor: energy storage efficiency 
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In this work, the total energy conversion and storage efficiency has been calculated using the 

equation: 

 𝜂 =
𝑃𝑜𝑢𝑡 

𝑃𝑖𝑛𝑝𝑢𝑡
=

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎   

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  
 =   

0.59 𝑚𝑊 𝑐𝑚−2

100 𝑚𝑊 𝑐𝑚−2  = 

0.6% 

The maximum power density has been calculated using 𝑃𝑚𝑎𝑥 =  
𝑉𝑀𝑎𝑥

2

4 𝐸𝑆𝑅 A
 , where Vmax is the upper 

limit of the potential while discharging, ESR is the equivalent series resistance and A is the 

electrode active area.  
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Table S2. Capacity and capacitance of DHI- and DHI/DHICA-melanin on carbon paper, extracted 

from the cathodic currents in the cyclic voltammograms in Figure S1. 

Sample Condition Cycle number Capacity 

(mC cm-2) 

Capacitance 

(mF cm-2) 

DHI-melanin Dark 2 2.3 3.2 

4 2.2 3.7 

6 2.3 3.8 

Light 8 2.6 4.9 

10 2.6 4.8 

12 2.7 5.1 

14 2.8 5.2 

16 2.8 5.2 

18 2.8 5.2 

20 2.7 5.1 

22 2.8 5.3 

Dark 24 2.5 4.3 

26 2.4 4.5 

28 2.3 4.3 

30 2.3 4.2 
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32 2.3 4.2 

34 2.3 4.3 

36 2.3 4.2 

DHI/DHICA-

melanin 

Dark 2 1.7 2.7 

4 1.8 3.0 

6 1.8 3.1 

Light 8 2.0 3.4 

10 2.0 3.6 

12 2.1 3.8 

14 2.1 3.8 

16 2.1 3.9 

18 2.1 3.8 

20 2.1 3.9 

22 2.1 3.8 

Dark 24 1.8 3.4 

26 1.7 3.2 

28 1.8 3.2 

30 1.8 3.3 

32 1.8 3.3 



 

 S16 

34 1.8 3.2 

36 1.7 3.2 
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Table S3. Average capacity and capacitance calculated for steps lasting for 1000 cycles each in 

galvanostatic results of melanin-supercapacitor on carbon paper (Figure 2 and 3). Protocol of 

acquisition: dark → light → 40 min irradiation (no bias) → light → dark → light, each for 1000 

cycles. 

Sample Condition Cycles where the 

average values are 

calculated 

Capacity 

during 

charging 

(mC cm-2) 

Capacity during 

discharging 

(mC cm-2) 

Capacitance 

(mF cm-2) 

DHI-melanin Dark (0-1000) 35 35 121 

Light (1001-2000) 32 33 115 

Light (2001-3000) 40 41 127 

Dark (3001-4000) 37 38 116 

Light (4001-5000) 39 39 119 

DHI/DHICA-

melanin 

Dark (0-1000) 20 20 67 

Light (1001-2000) 20 20 67 

Light (2001-3000) 21 21 71 

Dark (3001-4000) 20 20 68 

Light (4001-5000) 20 20 67 
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Table S4. Capacity and capacitance change of eumelanin on carbon paper during galvanostatic 

measurements. The comparison is made for every 1000 cycles (Figures 2 and 3). 

Conditions DHI-melanin DHI/DHICA -melanin 

 Capacity change Capacitance change Capacity change Capacitance 

change 

Dark -20% -12% -28% -12% 

Light -9% -13% -10% -6% 

Light -8% -3% -10% -2% 

Dark -2% -2% -3% -2% 

Light +5% +4% -3% + 1% 

 

 

Table S5. Fitting parameters of the equivalent circuit of both DHI- and DHI/DHICA-melanin in 

the frequency range 2 kHz -82 Hz (see also Figure 2 and Figure 3 in the main file). 

Fitting parameters  DHI-melanin DHI/DHICA-melanin 

Dark Light Dark Light 

Rtot = Ru+Rct (Ohm) 22.0 18.6 20.3 17.9 

Q (mF.sn-1) 0.8 1.2 0.4 0.6 

n 0.7 0.6 0.7 0.7 
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