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Dye-sensitized solar cell (DSSC) technology represents a valuable source for renewable energy pro-
duction. Although with a rather low conversion efficiency, the continuous improvement of the
price/performance ratio is making this technology more competitive than other sources of electrical
power generation. To date, one of the major challenges is the search of novel and low-cost photosensi-
tizers, a key player in the overall photo-conversion process. Natural dyes have shown to be an excellent
alternative that still needs to be further explored. In this work, the spectroscopic and electrochemical
properties of two different families of naturally occurring pigments (i.e, 8-carboline alkaloids (BCs) and
the red protein R-phycoerythrin (R-PE)) as well as their role in DSSCs are addressed. DSSC assemblies
show that R-PE represents a highly suitable photosensitizer showing quite a high stability with a
relative high solar energy to electricity conversion efficiency (n = 0.11 %) when comparing with other
recombinant proteins (n = 0.30 %). Algae extracts used without further purification showed herein
the highest efficiencies. The latter fact has a concomitant positive effect on the overall production
cost of these photovoltaic cells. Surprisingly, and despite their positive effect on the coating of the
semiconductor surface, the use of SCs as additive decreases the overall conversion efficiency of the R-
PE based DSSCs evaluated. Data support the hypothesis these alkaloids would be blocking the incident

UVB/UVA radiation.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

0.5%.2 In particular solar power (mainly based on silicon tech-
nologies) covers less than ~0.05% of the real energy demand.

In most Latin-American countries, the installed capacity for
energy production is mainly based on thermal and hydraulic
technologies (~45%-65% and ~35%-45%, respectively).!"> The
contribution of other sources of energy varies among the coun-
tries. In the case of Argentina, nuclear energy represents the
4.2%, whereas wind and solar renewable energies only represent

* Corresponding authors.

E-mail addresses: fcabrerizo@intech.gov.ar (F.M. Cabrerizo),
fcerda@fcien.edu.uy (M.F. Cerda).

1 In the particular case of Argentina thermal and hydraulic energy production
represent the 651% and 302%, respectively; whereas in Uruguay data reported
are 36% and 45%, respectively.

2 Data obtained from the 2017 annual report published by CAMMESA
(Compaiiia Administradora del Mercado Mayorista Eléctrico S. A.).

https://doi.org/10.1016/j.egyr.2019.10.045

Instead, Uruguay’s energetic matrix is in a frank growth towards
renewable energies such as biomass (43%), wind (6%) and solar
(1%) power, at expense of the fossil-based technology.>

Solar power certainly represents a renewable source with a
great potential to drive a change in the global energy matrix
towards more sustainable and economically viable technologies.
This fact becomes more relevant in developing countries, such
as Argentina and Uruguay, where the geographical and climate
conditions also provide excellent opportunities for relative short
energy payback times. However, the investment on solar tech-
nologies in these countries is still very low, mainly due to the
fact that production and/or installation costs are still a challenge.

3 Data obtained from the 2017 annual report (Balance Energetico Nacional
2017) published by the Uruguay Ministry of Industry, Energy and Mining.
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Dye sensitized solar cells (DSSCs) has a number of attractive
features with respect to conventional photovoltaic-silicon based
cells (O’'Regan and Gratzel, 1991; Tributsch, 2004; Cao et al.,
2009; Chen et al., 2009; Yu et al,, 2010; Yella et al., 2011; Bis-
quert et al., 2004; Gao et al., 2008; Ito et al., 2011; Grdtzel
and Zakeeruddin, 2013; Yum et al., 2012; Dwivedi et al., 2013):
(i) low production/investment costs (easily to be produced by
conventional roll-printing techniques); (ii) current devices are
lightweight, semi-flexible and semi-transparent offering a variety
of design opportunities not applicable to glass-based technologies
(Hagfeldt et al., 2010); (iii) enhanced performance under real
outdoor (bifacial cells capture light from all angles) and under
higher temperatures conditions; (iv) highly operative under low
or diffuse light (cloudy skies, indoor and even underwater condi-
tions) (Li et al., 2019); (v) short energy payback time (<1 year);
(vi) Although its relatively low solar energy conversion efficiency
(up to ~12%-13%) (Gratzel, 2009; Mathew et al,, 2014),4 when
comparing with the best purchasable thin-film cells (up to 20%)
(Grdtzel and Zakeeruddin, 2013; Nazeeruddin et al., 2011), a bet-
ter price/performance ratio can still be achieved allowing DSSCs
to compete with other technologies.

Modern devices are composed of nano-porous layer of a semi-
conductor material (typically anatase-based TiO, nanoparticles),
covered with a molecular dye (mostly based on Ruthenium com-
plexes) (Hagfeldt et al.,, 2010) capable to harvest the incident
sunlight mimicking the chlorophyll in green leave, immersed
under an electrolyte solution above which is placed a platinum-
based catalyst (cathode) (Govindaraj et al., 2015). It has been
estimated that either Ru(ll)-based or other organic dyes con-
tribute to 10%-15% to the total costs of a DSSC, mainly due to
costly synthesis (Hagfeldt et al., 2010). The search for alterna-
tive and more economic photosensitizes (dyes) may certainly
contribute to further reduce its manufacturing costs.

Although DSSCs based on natural dyes show even lower ef-
ficiency values (0.1%-3%) (Hagfeldt et al.,, 2010; Li et al, 2019;
Calogero et al,, 2012, 2018; Shalini et al., 2015; Hao et al., 2006;
Wongcharee et al., 2007; Yamazaki et al., 2007; Enciso and Cerda,
2016; Enciso et al., 2017; Calogero and Marco, 2008; Meng et al.,
2008; Zhang et al., 2008; Zhou et al., 2011; Hug et al.,, 2014;
Castillo et al., 2016; Teoli et al., 2016; Lucioli et al., 2018; Guzel
et al., 2018) than those made of synthetic pigments (up to ~12%
and ~8% for Ru(Il)-complexes and organic dyes, respectively)
(Hagfeldt et al., 2010), the extremely low manufacturing and/or
extraction costs make natural pigments a competitive alternative.
The costs for natural dyes are quite difficult to estimate and
mainly depend on the availability of the source and the extraction
method. However, the use of cheap sources or waste streams of
the food industry can be a good option. In this regard, pigments
extracted from algae represent an attractive alternative. More
than 30 million tons of seaweed are annually produced for in-
dustrial purposes and part of this production (c.a. 14 million tons)
is composed of a few red seaweed species used for hydrocolloid
(agar and carrageenan) extraction (FAO, 2018). Biorefinery ap-
proach has been proposed (Siller-Sanchez et al., 2019) to recover
valuable products from this biomass, including phycobiliproteins
(Radmer, 1996) and simultaneously minimizing the solid wastes.

Among all the phycobiliproteins (Enciso and Cerda, 2016), the
water-soluble light-harvesting phycoerythrin proteins found in

4 Highest certified solar-to-electric power conversion efficiencies reported
varies according to the chemical structure of the dye, the electrolyte and the
semiconductor. To date, the most efficient DSSC made of a single absorber
component (photosensitizer) based on ruthenium (II)-containing metallorganic
dyes adsorbed on nanocrystalline TiO,, in conjunction with iodide-based elec-
trolytes, achieved a certified efficiency of 11.9% under full sun illumination
(AM 1.5 G, 1, 000 W m-2). Gratzel (2009) On the other hand, DSSC based
on porphyrin derivatives using the cobalt(II/Il[) redox shuttle exhibit power
conversion efficiencies of 13%. Mathew et al. (2014).

cyanobacteria, red algae and cryptophytes, have some unique
characteristics that make this protein a good candidate as a
primary pigment (Li et al., 2019; Enciso and Cerda, 2016; Enciso
et al, 2018): (i) R-phycoerythrin (R-PE) is quite a stable 240
kDa protein formed by a basic 8 heterodimer, that oligomer-
ize to («B)s hexamer organized in an annular architecture, like
all phycobiliproteins (Jiang et al., 1999; Septilveda-Ugarte et al.,
2011). (ii) Each « subunit contains 2 phycoerythrobilin (PEB)
chromophores whereas each 8 subunit contains two PEB and one
phycourobilin (PUB). Both, PEB and PUB are open-chain tetrapyr-
role chromophores covalently linked to specific cysteine residues
of the apoprotein by a thioester linkage (Scheme 1) (Septlveda-
Ugarte et al., 2011; Contreras-Martel et al., 2001; Vasquez-Sudrez
et al, 2018). Such a high number of chromophores (34 chro-
mophore per R-PE molecule), sensing different environments,
contributes to a broad absorption spectrum in the visible region
of the electromagnetic spectra (450-600 nm) with an exception-
ally high absorption coefficients, &, at the maximum centred at
ca. 550 nm (ranging from 1.81 x 10° M~! to cm~12.1x 10% M~!
cm~!, according to different authors) (Septlveda-Ugarte et al.,
2011; Glazer and Stryer, 1984). (iii) R-PE provides quite a broad
pH-operational range since this protein shows to remarkable
functional stability in the pH range of 3.5-10.0 (Liu et al., 2009).
(iv) The presence of free carboxylic acid groups can contribute to
better anchor the protein on the surface of the semiconductor.
This is a crucial step to assure the electron flow in the cell
(Hagfeldt et al., 2010; Enciso and Cerda, 2016; Enciso et al., 2018,
2016).

In addition, the use of additives that can expand the overall ab-
sorption spectrum and/or to decrease the UV-ageing phenomena
can certainly improve the efficiency as well as the stability of op-
erating DSSCs (Hagfeldt et al., 2010). In this context, S-carbolines
(BCs) (Scheme 1) represent a group of alkaloids having quite
interesting intrinsic photophysical and photochemical properties,
that deserve to be investigated. Briefly, SCs show an extremely
high photochemical stability, a relative low efficiency of photoin-
duced reactive oxygen species generation, quite large absorption
coefficients (¢) in the UVB/UVA region (~2.5 x 10* M~! cm™!
and ~5 x 103 M~! cm™!, respectively), high quantum yields
of fluorescence in the visible region (0.4 < & < 0.98) as
well as excellent antioxidant properties (Mercader et al., 2009;
Gonzalez et al., 2009a,b; Cabrerizo et al., 2010; Hrsak et al., 2015;
Rasse-Suriani et al., 2018, 2016). Thus, the use of SCs can have
several ramifications: (i) acting as a secondary pigment harvest-
ing UVA light (ii) having a direct impact on the stabilization of
the protein (both either improving or affecting protein stability
towards denaturation); (iii) stabilizing the protein anchorage to
the electrode surface; and/or (iv) affecting the redox behaviour of
R-PE, all factors with great influence on cell performance.

In this work, the red protein R-PE, extracted from two differ-
ent algae species Anotrichium furcellatum and Palmaria decipiens,
was evaluated as photosensitizer in DSSCs, in combination with a
set of UVA absorbing chromophores derived from the SC family.
We propose herein a fundamental electrochemical and spectro-
scopic complementary study on all the investigated compounds
to further understand and elucidate the best operative conditions
for a DSSC base on R-PE natural pigment.

2. Materials and methods
2.1. Chemicals and procedures

MilliQ water and reagent grade chemicals were used without
further treatment. S-carboline (8Cs) harmine (2), Harmaline (1)

and Harmane (8) were provided by Sigma-Aldrich and were used
without further purification. Methyl- and chloro-SC derivatives
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Scheme 1. Chemical structure of the compounds investigated herein.

as well as N(9)-N(9’)-nHo dimer ((nHo),) were synthesized fol-
lowing the procedures described elsewhere (Rasse-Suriani et al.,
2018, 2016; Erra-Balsells and Frasca, 1983).

R-Phycoerythrin (R-PE) was extracted from Anotrichium fur-
cellatum and Palmaria decipiens. A furcellatum was collected from
Puerto Madryn (Argentina) in July 2017 by SCUBA diving at
a hard 3 m depth-bottom (42°47/13.03” S, 64°56'57.07” W).
At laboratory, the taxonomic identity of biological samples was
confirmed before inspection under 100 to 400X magnification.
Tissues were cleaned of epibionts and other debris in seawater,
briefly washed consecutively with tap water and ethanol 96%,
and dried to constant weight at 40 °C. P. decipiens was collected
in January at seaside shores of the Antartic area (62°09'31, 1”7 S,
58°56'29.8” W), briefly washed with tap water followed by Milli-
Q water at the laboratory, dried under hot air and then stored at
4°C.

R-PE extraction and purification was done following the pro-
cedure described elsewhere (Enciso et al.,, 2018) giving R-PE

(raw) and R-PE (pure) samples. Final pH values (2.0, 3.0, 5.0
or 6.8) were adjusted adding microdrops of concentrated H,SO4
or using phosphate buffer solutions. An absorption coefficient
(£%39 ") value of 1.96 x 106 M~! cm™', at the 550 nm, was used
to further calculate the concentration of R-PE solutions.

2.2. Techniques and equipment

Spectro-electrochemistry. Electrochemical experiments were car-
ried out with a Dropsens-SPELEC spectro-electrochemical equip-
ment coupled with screen printed gold electrodes (Dropsens C110
and AUTR10). Voltammograms were recorded in air-equilibrated
conditions. In milliQ-aqueous media, phosphate buffer (0.1 M,
pH 6.8) or NaClO4 (0.1 M) were used as supporting electrolytes.
The pH of non-buffered solutions was adjusted to 2.0, 3.0 and
5.0 by adding, when necessary microdrops of H,SO4 (3 M). The
potential of the pseudo reference electrode in water solutions was
0.228 V vs. SHE. The latter value was determined by adding the
redox couple ferricyanide/ferrocyanide (E = 0.358 V vs. SHE).
In the case of the experiments performed in acetonitrile (MeCN),
tetraethylammonium perchlorate (0.04 M) was used as support-
ing electrolyte. In this case the potential of the pseudo reference
electrode was 0.347 V vs. SHE. The latter value was determined by
adding the redox couple ferrocene/ferrocenium (E = 0.640 V vs.
SHE). Voltammetric profiles obtained for supporting electrolytes
under each condition are shown in Fig. SI.1. For comparative
porpoises, the potential values reported herein were corrected
and depicted vs. Ag/AgCl. In situ UV-visible absorption spectra
were recorded using screen-printed gold optically transparent
electrodes on a plastic substrate (DRP-AUTR10).

UV-visible absorption spectroscopy. UV-visible spectra of fresh so-
lutions were obtained in a spectrophotometer Lambda 25 (Perkin
Elmer). Each spectrum was acquired in the range within 200 and
800 nm with a resolution of 1 nm. A quartz cell with an optical
pathway of 1 cm was employed for the experiments (Rasse-
Suriani et al., 2018, 2016). The concentration of R-PE solutions
was calculated according to Beer-Lambert’s equation using a
molar absorption coefficient value at 550 nm, £°°° "™ of 1.96 x
105 M~ cm™".

Fluorescence Excitation-Emission spectroscopy. The acquisition of
fluorescence excitation-emission matrixes was performed in a
spectrofluorometer Fluoromax4 (HORIBA Jobin Yvon) (Rasse-
Suriani et al., 2018). The instrument consists in a Xenon lamp,
two monochromators-excitation and emission, respectively- and
a photomultiplier R928. The data was processed using a PC with
the FluorEssence™ software. Matrixes were acquired scanning
the emission within the range 250 y 600 nm with a resolution
of 5 nm while recording the excitation spectrum in the range
between 296 and 700 nm with a resolution of 2 nm.

2.3. DSSCs assembly and characterization

For DSSCs, FTO/TiO, electrodes (DYESOL, screen printed with
Dyesol’s DSL 18NR-AO Active Opaque Titania paste, active area
of 0.7 cm?) and FTO/Pt (screen printed with SOLARONIX's Pt
Platinum Catalyst) were used as working and counter electrodes.
The selected electrolyte was 50 mM iodide/tri-iodide (I17/I3) in
acetonitrile (SOLARONIX Iodolyte AN-50) 30. When SC alkaloids
were evaluated as additives three different procedures were fol-
lowed for DSSCs assembly and preparation: (i) a SC solution was
prepared and directly added to the FTO/TiO, electrode surface
free of R-PE; (ii) a mixture of R-PE and SCs was prepared and
added to the FTO/TiO, electrode surface; and (iii) the photoelec-
trode was incubated first with the R-PE solution and after 24 h
the electrode was rinsed and then the BCs dissolved in water was
added to the photoelectrode surface.
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Current density vs. voltage (J-V) and electrochemical are clearly defined when using acetonitrile as solvent (Fig. S1.4
impedance spectroscopy (EIS) were measured on assembled and Table 1). Although these seven compounds showed the same
DSSCs with a CHI 604E potentiostat. J-V characterizations were profile, it is worth to mention that the relative intensity of the
accomplished at a potential scan rate (v) of 0.05 Vs~!, at room first oxidation peak (ca. 0.9 V) shown by 2, 4 and 10 is consid-
temperature, in the dark and under illumination (100 mW cm™2) erably higher than that observed for 6, 7, 8 and 12. A similar
using a solar simulator from (ABET Technologies, 1 sun, 1.5 AM). effect was previously reported by Allen and Powell (1958) for
On the other side, EIS experiments were carried out at potentials related compounds and this phenomenon was attributed to the
between 0 and 0.65 V measuring within the frequency range presence of a methoxy group as substituent in the aromatic ring.

0.1 Hz to 3 MHz (in the dark and under illumination). Instead, our data support the hypothesis that this effect is closely
related to the intrinsic capability of each substituent to further
3. Results and discussions increase or decrease the overall electronic density of the aromatic
BC ring. This is accounted by the fact that compounds lacking
3.1. Electrochemical characterization of BCs the methoxy substituent (such as 10) also show a relatively high

intensity of the first oxidation peak. On the other hand, chloro-
Four representative groups of BC derivatives were studied derivatives 6 and 7 that contain the methoxy group show lower
by cyclic voltammetry. These compounds were selected taking intensities than 1. For cationic derivatives (3, 5,9 and 11) voltam-

into account their intrinsic physicochemical and photochemical mograms recorded at v = 0.05 V s~ showed one broad oxidation
properties in connection with the processes involved in DSSCs: peak at c.a. 1.10 V suggesting the presence of two overlapped
(i) harmine derivatives, due to their higher capability to par- electrochemical processes (Table 1 and Figs. 1b and SI.2). This is

ticipate in photo-redox processes; (ii) harmane derivatives, a confirmed by the presence of two well defined peaks observed on
group of photo-stable compounds with a distinctive ground and voltammograms recorded at lower scan rates, v = 0.005 V s!

photoexcited electronic distribution, showing quite a high intrin- (Fig. 1b, inset). It is noteworthy that methyl substituent placed at
sic fluorescence efficiency in the visible region; (iii) N-methyl- N(2) induces a large shift towards more positive potential values.
and (iv) chloro-derivatives as representative examples of electron In turn, voltammogram of the dihydroBC investigated, 1, showed
rich and deficient fC-aromatic ring, respectively; and (v) harma- four oxidation peaks (Table 1 and Fig. 1). The two peaks observed

line (1), as representative example of 3,4-dihydro-BC derivatives at higher oxidation potentials were coincident with those shown
with a distinctive redox activity and a relatively large absorption by 2.

coefficient in the visible region of the electromagnetic spectra. Results presented herein are in line with the general mech-

Voltammetric profiles were registered in air-equilibrated so- anism proposed by Agiii et al. (2007) for compounds 1, 2 and
lutions, using gold electrodes and 0.1 M NaClO4 (pH 3) as sup- 8, where the dihydro-derivative (1) follows a two-electron oxi-
porting electrolyte, following different potential scan rates and dation process giving rise to the formation of the corresponding
routines. It is worth mentioning that, under these conditions, full-aromatic derivative (i.e., 2). Full-aromatic SC ring can be fur-

all evaluated compounds showed adsorption to the electrode ther oxidized following another two-electrons oxidation process
surface. This is accounted by the decrease in the cathodic peak Agiii et al. (2007), Stankovi¢ et al. (2015), Svorc et al. (2015).
related to the O-desorption, c.a. 0.60 V. The latter effect was However, we demonstrate herein for the first time that each
particularly notorious for the cationic SCs. When applying very of these two oxidation processes occur in two consecutive one-
negative electrode potentials, the gold surface become clean and electron steps as is depicted in Scheme 2. The latter difference
compounds are desorbed. might be accounted for by the different experimental conditions
In the cases of full-aromatic 8Cs having no substituent at N(2) used (electrode, pH and/or solvent conditions).

(ie. 2, 4, 6, 7, 8, 10 and 12), voltammograms recorded either

at v = 0.05 V s~! (F_lgs. 1 a“q SL12) F)r 0,'01 Vst (Fig. S1.3) 5 Authors stated that the methoxy group could induce a particular stabi-
exhibited two well defined anodic contributions at c.a. 0.9 V and lization for the cationic intermediate species formed upon oxidation with the
ca 1.2 V vs Ag/AgCl (Table 1). Their respective redox couples concomitant reorganization with the solvent.

1 1
[—110.005vs")
——11(0.050Vs")

//H\\\\f

80 160

60
40

40

03 10 12
{_L 20 E /V vs. Ag/AgCI 20
~
— . 5
-20 -20
40 —
-4 -40

—5 (b)

00 0.2 04 06 0.8 1.0 1.2 0.0 02 04 06 0.8 1.0 1.2
E /V vs. Ag/AgClI

Fig. 1. Voltammetric profiles for screen printed Au-pc of (a) chloro-harmine and (b) N-methyl-harmine derivatives in 0.1 M NaClO4 (pH 3.0) aqueous solutions, at
v =0.050 V s~ and room temperature. Inset: compound 11 in 0.1 M NaClO, (pH 3.0) aqueous solutions (v = 0.005 V s~! and 0.05 V s71).
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Table 1

List of peak oxidation potential (Eox) of BC derivatives measured in NaClO4 (0.1 M) acidic aqueous and acetonitrile
(MeCN) solution, at v = 0.050 V s~! and room temperature.

Compound pH E{Waten v

v

1 3.0 0.31, 0.58, 0.96 and 1.20

5.0 0.17, 0.66, 1.00 and 1.25
2 3.0 0.94 and 1.22

3.0 (050, 0.94, 1.05 and 1.22)

5.0 0.93 and 1.12
3 3.0 1.22

3.0 (0.95 and 1.18)

6.8 €1.03 and © 1.17
4 3.0 0.93 and 1.18

3.0 (0.93 and 1.18)
5 3.0 1.16

3.0 “(0.91 and 1.20)
6 2.0 0.93 and "1.17

3.0 0.98 and 1.27

5.0 0.95 and 1.21

6.8 €0.92 and “1.28
7 3.0 0.95 and 1.27

6.8 €0.96 and “1.24
8 3.0 0.93 and 1.21

3.0 *(0.60 and 1.27)
9 3.0 1.20

3.0 *(0.93 and 1.15)
10 3.0 0.93 and 1.25

3.0 *(0.93 and 1.25)
11 3.0 1.16

3.0 “(0.92 and 1.24)
12 3.0 0.90 and 1.33

3.0 “(0.91 and 1.30)
13 3.0 0.92 and 1.29
R-PE (pure) 3.0 0.90

5.0 0.98

6.8 1.10

R-PE (raw) 5.0 90.90 and 0.98

R-PE + 3 6.8 €0.70

R-PE + 6 2.0 1.0
5.0 b1.1
6.8 0.80

R-PE + 7 6.8 € 1.02

(Ean = 1.05; Ecye = 0.75) and (Eay = 1.40; Ecye = 1.07)

(Ean = 1.18; Ecy = 0.90) and (Eyy = 1.40; Eey = 1.27)

(Ean = 0.90; Ecae = nd) and (Ean = 1.20; Ecye = nd)

(Ean = 0.95; Eci¢ = 0.60) and (Eyy = 1.23; Eie = 1.19)

(Ean = 0.90; Ecye = 0.62) and (Eyy = 1.38; Ecy = 1.10)

*Peak-values observed in the voltammograms recorded after 500 repeated cycles between 1.0 and 1.2 V.
?These oxidation potentials are corrected and referred vs. Ag/AgCl, as in aqueous media.

bValues obtained from the deconvoluted signal shown in Fig. 5.

“Values obtained from the deconvoluted signal shown in Fig. SI.7.

dValues ascribed to chlorophyll. Nd = not detected.

The effect of pH was qualitatively investigated by measuring
the voltammogram in pH 5.0 aqueous solutions of 1 and 2, as rep-
resentative examples of dihydro- and full-aromatic derivatives,
respectively (Fig. 2). Briefly, voltammograms recorded at pH 5.0
for the full aromatic derivatives showed, under both high and
low scan rates (0.05 V s~! and 0.01 V s~!), the two oxidation
peaks described in the experiments performed at pH 3 (Fig. 1).
On the contrary, in the case of 1, results show that the number
and position of the oxidation peaks depend on both the pH and
the potential scan rate. Briefly, at pH 5 and at high scan rate (0.05
V s~1), although the four peaks described at pH 3.0 were also
observed, a shift on the oxidation potential was clearly detected
on the first two peaks (Table 1). In contrast, under low potential
scan rate (0.01 V s~! and pH 5.0) these peaks were not detected.
This fact suggests that the kinetic of the process connected to
these two peaks are favoured under higher acidic conditions (pH
< 3.0).

3.2. Spectro-electrochemical characterization of the oxidation prod-
ucts

It has been widely accepted that BC radical-cation produced
upon electrochemical oxidation would follow a thermal reaction
giving rise to the formation of symmetric 8C dimers ((8C),) (Agiii
et al.,, 2007). However, the data reported are not as convincing
as one might otherwise desire and direct evidence of dimeriza-
tion have not been reported to date. Moreover, in the case of
N-methyl-derivatives the presence of the methyl group would
reduce or avoid due to steric effects) the efficiency of such a
dimerization process.

To begin with, the fate of the cationic species produced on
the electrode surface from SC solutions was investigated. Briefly,
after being subject to highly oxidative conditions (i.e., under 500
repeated cycles between 1.0 and 1.2 V) voltammogram profiles
were recorded for all the investigated compounds (Fig. SL.5). All
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Fig. 2. Voltammetric profiles for screen printed Au-pc of (a) 2 and (b) 1 in 0.1 M NaClO4 (pH 5.0) aqueous solutions, at two different potential scan rates (v = 0.010
V s~ and 0.050 V s~!) and room temperature. For comparative porpoise, supporting electrolyte profile (pH 5.0, v = 0.050 V s~!) is included.

9-methyl derivatives were stable (Scheme 2b). Instead, unsubsti-
tuted BCs and cationic N(2)-methyl-derivatives showed a thermal
reorganization of the electrochemically induced cation, giving rise
to the formation of new products (Fig. SI.5 and Table 1). Sur-
prisingly, in the cases of N(2)-methyl-derivatives, the new anodic
contributions observed in the voltammograms appear placed at
the same position of the peaks corresponding to their respective
N(2)-unsubstituted-full aromatic BC derivative (Scheme 2c).

To further investigate the fate of the cation electrochemically
formed from unsubstituted SCs UV-visible absorption spectra of
12 and 10 were recorded using screen printed transparent elec-
trodes, during the application of different electrochemical rou-
tines. These two particular SCs were selected having in mind that,

in the case of 12, the lack of substituents in the BC-ring would
allow the formation of stable symmetric dimers (13). On the con-
trary, the presence of two methyl groups at C(1) and N(9) in 10
would give place to an steric impediment decreasing the chances
of symmetric dimerization. For comparative purpose, the UV-
visible spectrum (Fig. 3a) and the corresponding voltammogram
(Fig. S1.2) of 13 standard solution were also recorded.

Briefly, the spectra of the three SCs recorded prior to oxidation
showed two absorption bands in the spectral range between
300 nm and 450 nm (Fig. 3). These spectra can be interpreted
as a combination of the absorption spectra of the corresponding
protonated (8CH™) and neutral (8CN) species (Fig. SI.6) (Rasse-
Suriani et al., 2018, 2016). The fact that the neutral species is
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adsorbed and detected even under highly acidic conditions (pH
3) suggests that the electrode surface plays a key role in the
displacement of the SC acid base equilibria towards the neutral
species (Scheme 2).

Under oxidative conditions (i. e, under the application of po-
tential cycles in the range 1.0 V-1.2 V during 30 min) the UV-
visible absorption spectra of oxidized 12 and 10 showed changes
giving rise to a BC-like chromophore (see red lines in Fig. 3).
Typically, the broad and intense band of the SCs centred at
ca. 370-380 nm follows a relative decrease towards a relative
increase in the intensity of the band centred at ca. 320 nm. These
spectra show similarities when comparing with that recorded for
the symmetric dimer 13 (Fig. 3a). Thus, at least for 12, dimer-
ization may be taking place during the thermal reorganization
of the cation radicals generated in the surface of the electrodes
at high positive potential values. These results show, for the first
time, direct spectroscopic evidence regarding the latter process.
It is noteworthy that, when subject to oxidative cycles, 2 and 8
give rise to the formation of a peak centred at ca. 0.5 V rather
frequent for full-aromatic BCs. Thus, the presence of the methyl
group at C(1) and/or the methoxy group at C(7) would play
a negative role in the dimerization process, giving rise to the
formation of other products. To further support the hypothesis
stated in this paragraph potentiostatic experiments in addition
to mass spectrometry as well as other spectroscopic techniques
are needed.

3.3. Electrochemical and spectroscopic characterization of R-PE

Although R-PE is a widely studied and characterized protein
its electrochemical properties still remains unknown. To begin
with, voltammograms for raw and pure R-PE were recorded and
the pH-effect was evaluated (Fig. 4a). Briefly, the peak potential
value related to oxidation of the protein placed at ca. 1.0 V is
pH dependent (Table 1). In addition, voltammograms recorded
from raw material show an extra peak at 0.90 V, assigned to
the presence of a very small fraction of chlorophyll. This is also
confirmed by the appearance of weak absorption (ca. 650 nm,
Fig. 4b) and emission (ca. 660 nm, Fig. 4c, left column) bands.

Pigment composition in red algae is dominated by phyco-
erythrin (R-PE), phycocyanin (PC), allophycocyanin (APC) and
chlorophyll a (Hurd et al, 2014). Interspecific differences in
pigment balance are considered physiological adaptations to dif-
ferent light environments (Dring, 1981) and R-PE dominate in
species adapted to deep waters (Dring, 1981; Pritchard et al.,
2013). Intraspecific fluctuations are considered physiological
adaptations to seasonal (Schmid et al., 2017; Pereira et al., 2012)
and depth (Dring, 1981; Gomez et al., 2005) environmental vari-
ations. R-PE has been reported to be the dominant pigment of P.
decipiens regardless of seasonal fluctuations (Liider et al., 2001).
Pigment composition of A. furcellatum has not been reported to
our knowledge. However, related species Anotrichium crinitum
and Griffithsia pacifica had been considered as deep-water species
with a pigment composition also dominated by R-PE (Pritchard
et al., 2013; Waaland et al., 1974). In this context, data reported
herein in Fig. 4 suggest that, albeit present in the raw extracts,
chlorophyll and other phycobiliproteins are in very low relative
concentration or negligible with respect to R-PE.

In addition, raw extracts show the presence of a set of emitting
indole-like chromophores (insets in Fig. 4c). However, the con-
centration of the latter compounds decreases substantially after
purification. Other non-fluorescent secondary metabolites (such
as carotenoids, carbohydrates, etc.) can also be removed after
purification. These metabolites can play a key role in the overall
DSSCs efficiency either acting as photosensitizers (Yamazaki et al.,
2007; Hug et al., 2014) or as stabilizers of R-PE in solution (see
Fig. 4).

3.4. Effect of Bcs in the stability of R-PE

In order to explore the potential use of BC alkaloids as ad-
ditives for R-PE-based DSSCs, the interaction between R-PE and
BCs was investigated. 2-methyl-harmine (3) and the two chloro-
harmines (6 and 7) were selected as representative examples
of electron rich and deficient SC-full aromatic rings, respec-
tively (Fig. 5 and S1.7). The addition of these BCs into R-PE
(pure) solution induces changes in the oxidation potential of the
protein. I. e., chloroharmines increase the oxidation potential,
whereas methyl-derivative induces the opposite behaviour (Ta-
ble 1). Changes are more evident in the respective deconvolution
plots (right column). In particular, 6 affects the redox potential
of R-PE (pure) in a dose-dependent manner: R-PE displayed an
oxidation peak at 0.98 V, at pH 5.0, whereas after the addition of
6 the anodic peak ascribed to the protein moves to 1.1 V (Fig. 5).
The other oxidation contribution arises from the SC itself. The
same trend was observed when working at pH 2.0 and 6.8 (Fig.
SL.7 and Table 1).

In operating DSSCs, sunlight passes through the transparent
electrode into the dye layer. The photoexcited dye is oxidized as
a consequence of the injection of one electron into the conduc-
tion band of the semiconductor. The injected electron migrates
through the sintered particle network to be collected at the
front side transparent conducting oxide (TCO) electrode. On the
final step, the dye is restored by the electron donation from
an electrolyte-redox system, typically the iodide/triiodide (17/I3)
couple (Govindaraj et al., 2015). Thus, from the thermodynamic
point of view, the efficiency of a DSSC depends on four distinctive
energy levels: the first excited (LUMO) and ground (HOMO) states
of the photosensitizer, the Fermi level of the TiO, electrode and
the redox potential of the electrolyte. The driving force for the
reduction of the oxidized dye by the electrolyte species is, in
particular, defined by two components: the redox potential for
I3~ /1~ couple (0.80 V vs NHE in acetonitrile) (Govindaraj et al,,
2015) and the oxidation potential (E.x) of the dye (related to
the HOMO energy). The regeneration of the photo-oxidized dye
by I~ therefore requires a dye HOMO energy level positioned at
least lower than +0.9 V vs. NHE in energy. As can be deduced,
the driving force to regenerate the oxidized dye becomes more
favourable when the oxidation potential E,x increases. There-
fore, the shift towards more positive R-PE oxidation potential
observed in the presence of chloroharmines make them good
candidates as additive for DSSC assembly.

3.5. Effect of pH and temperature on the R-PE tetrapyrrole chro-
mophores

The stability of the photosensitizers used in DSSCs is also a
key aspect that can have a direct impact on the overall effi-
ciency of the photovoltaic cell. R-PE is a protein and, as such,
its conformation structure and, in consequence, the surrounding
or local environment of the photoactive chromophore can be
modified under different experimental conditions (pH, temper-
ature, etc.). In this context, the effect of pH on the electronic
transition states of R-PE (pure) was evaluated herein using UV-
visible absorption spectroscopy (Fig. 6a). Briefly, spectra recorded
under neutral (data not shown) and low acidic pH conditions (pH
5.0) were identical, showing the well-known absorption peaks at
498, 540 and 565 nm. On the contrary, spectrum measured under
denaturing pH (pH 2.0) was visibly different indicating that the
chromophore in the protein is sensing a different environment.
This is consistent with a denaturation of the protein when subject
to the lowest pH condition.

The effect of the temperature on the stability of the protein’s
chromophore was also evaluated by monitoring the changes in
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Fig. 3. UV-visible spectra recorded on transparent screen-printed Au-pc electrodes for: (a) 12 after (black line) and before (red line) oxidation and 13 (blue line),
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version of this article.)
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Fig. 4. (a) Voltammetric profiles for screen printed Au-pc in 0.1 M NaClOy, at v = 0.050 Vs~! and room temperature of raw and pure R-PE measured under different
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the absorbance at 565 nm (A% "6 of the protein solutions subject to different temperatures. Transition temperature (Tp,)

6 Authors stated that the methoxy group could induce a particular stabi- value is a useful magnitude to quantitative account (compare) for
lization for the cationic intermediate species formed upon oxidation with the . ) . . .
concomitant reorganization with the solvent. the thermal stability of a given protein when subject to different
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experimental conditions.” For each investigated system, Ty, value
was obtained from the [R-PE] (or A%%> "™ instead) vs. temperature
plot (Fig. 6b and c). At pH 5.0, Ty, value obtained for R-PE (pure)
was 70 + 1 °C, suggesting a relative large operative temperature
range for this protein. To further investigate whether the pres-
ence of BCs affect the stability of R-PE, the thermal effect was also
evaluated in the presence of 6. Ty, value obtained (68.3 + 0.9 °C)
was the same, within the experimental error, to that observed in
the absence of the BC. Thus, the presence of the alkaloid neither
prevent nor enhance the changes in the absorption capability of
the protein induced by the temperature. On the contrary, under
highly acidic pH conditions (pH 2.0), no further changes in the
local environment of the protein’s chromophore were observed
(Fig. 6¢) beyond the intrinsic changes induced by the pH (Fig. 6a).
The chromophore in the denatured R-PE is sensing the same
environment under the whole temperature range investigated.

7 According to the thermodynamic model, protein denaturalization equilib-
rium involves only two species: the protein in its native and denatured forms.
Thus, Tm represents the temperature where the relative concentration of both
fractions of the protein is the same.

Moreover, the addition of 6 slightly decreases the stability of the
chromophore as is accounted for by the smooth decreased on
A5 "M 35 3 function of the temperature (Fig. 6¢).

3.6. Assembly and characterization of R-PE based DSSCs

DSSCs were assembled using FTO/TiO, photoanodes, sensi-
tized by R-PE protein. The effect of the pH as well as protein
purity on the DSSCs photovoltaic properties and their operating
efficiency (n) were evaluated (Table 2). As representative exam-
ples, Fig. 7 and Table 3 depict electrochemical data (Jsc, Voc, FF and
n% efficiency) obtained for the higher [R-PR] tested under pH 2.0
and 5.0 conditions.

As expected, a dependence of the protein concentration ([R-
PE]) on n was observed: the higher the number of incident pho-
ton absorbed by the chromophore, the higher the DSSC efficiency
(Table 2). In addition, the efficiency of DSSCs measured after
up to 22 days of being stored in the dark remained unchanged
suggesting that DSSCs made of R-PE offer great stability.

Surprisingly, and despite the presence of a very small frac-
tion of chlorophyll observed (Fig. 4), DSSCs assembled with raw
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Fig. 7. Representative photocurrent density-voltage (J-V) curves for the dye
sensitized cells using pure and raw R-PE samples at pH 5.0 and pH 2.0.

extracts yield higher n values (20%-30% of increase) than that
based on R-PE (pure). The lack of the previously described (Enciso
et al., 2017) competitive effect of chlorophyll might be ascribed to
the rather low relative concentration of the latter pigment with
respect to R-PE, the dominant pigment present in A. furcellatum
and P. decipiens. In addition, a small contribution of other phyco-
biliproteins (PC and APC) (Pritchard et al., 2013; Waaland et al,,
1974) can also have a cooperative effect (Li et al., 2019). A differ-
ence in the protein stability between pure and raw material could
also account for the relative decrease in the efficiency observed.
However, any difference was observed within these two extracts
(data not shown). Thus, one can conclude that the presence
of additional components (i.e., proteins, polysaccharides and/or
other secondary metabolites) (Hurd et al., 2014; Lynn Cornish
and Garbary, 2010) present in the raw material might contribute
to better anchoring R-PE to the semiconductor surface. Further
studies are needed to fully address this hypothesis.

The pH can certainly affect the chemical nature of the pigment
and, as such, the overall 5 of DSSCs (Teoli et al., 2016). To further
evaluate this, DSSCs were assembled with dye solutions at two
different pH conditions (2.0 and 5.0). These two pH conditions
were chosen in order to evaluate whether the conformational
structure of the protein affect the efficiency of the DSSCs. Results
show that cell efficiencies observed under highly acidic condi-
tions (pH 2.0) were up to 30%-50% lower (Table 2). Therefore,
better DSSC yields would be observed when R-PE protein is
present in its native form. This can be accounted for by the
highest absorption coefficient as well as the smallest size (and,
therefore, a better TiO, surface coating) shown by the native form
of R-PE. In addition, it can be seen at a glance that the electrodes
sensitized with R-PE (raw) at pH 5.0 exhibit the best colouration
and a consequent superior performance (Fig. SL.8).

A transmission line-based model (Scheme SI.1) was success-
fully used to describe the electrochemical behaviour of DSSCs
in the dark. Table 4 shows the values obtained after fitting the
experimental results, where: R, is the charge transport resistance
related to recombination of electrons at the TiO,/dye/electrolyte
interface; R, is the electron transport resistance in the photo-
anode; C, is the chemical capacitance at the TiO,/dye/electrolyte
interface, an equilibrium property that relates the variation of the
electron density to the displacement of the Fermi level; I = R,
xC, is the time constant for the transport of the injected elec-
trons transported through the nanoparticle network and Ijec =
Ree xC,, is the recombination time that reflects the life-time of an
electron in the photo-anode.

High recombination times are the main responsible for better
efficiency performance. Especially when considering the ratio R

Table 2
DSSCs efficiencies recorded under different experimental conditions. % error
estimated was & 0.003%.

[R-PE]/uM pH /%
0.015, %0.022 and °0.022

20 0.017 (+6, 74 pM)
. +6,
0.37 "
0.015
5.0
0.009 (+1, 74 pM)
- 0.026
R-PE (pure) 061 20
0.015 (+6, 74 pM)
0.040
0.86 5.0
0.024 (+6, 2.0 WM)
2.0 0.007
34
5.0 0.030
2.0 0.020
0.37
5.0 0.019
0.031
0.61 5.0
0.018 (+6, 74 uM)
R-PE (raw) 2.0 0.050
0.86 0.073
5.0
0.040 (+3, 25 uM)
2.0 0.073
34
5.0 0.110
5.0 0.011 (+6, 150 wM)
BC 0 5.0 0.011 (+1, 460 wM)
5.0 0.011 (+2, 290 M)
o 2.0 0.011
MilliQ water(control) 0
5.0 0.004

2Date measured after 2 days.
bDate measured after 22 days.

to R; the impact could be better understood: a big ratio shows
that electrons at the photoanode choose the path that involves
the transference across the semiconductor towards the FTO/TiO,
interface instead of choosing the recombination of the promoted
electrons (after photoexcitation of the dye) with the triiodide
couple of the electrolyte.

3.7. Effect of BCs as additive on DSSCs

Among all the BCs electrochemically characterized, the influ-
ence of three representative SCs on the n value of each cell was
assessed. These particular BCs were chosen based on their intrin-
sic photophysical, photochemical and electrochemical properties.
Briefly, photoexcited harmine (2) and its derivatives efficiently
participate in electron transfer processes (Gonzalez et al., 2009a;
Rasse-Suriani et al., 2016). The cationic N(2)-methyl derivative 3
induces a shift in the oxidation potential of R-PE towards more
negative potential; whereas chloroharmine derivatives 6 and 7
showed the opposite effect (Fig. SI.7). In addition, 6 and 7 showed
the highest antioxidant capabilities among all the investigated SC
derivatives (Rasse-Suriani et al., 2016). Finally, compound 1, was
selected as a representative example of a SC that can efficiently
absorbs the incident visible light (Scheme 1).

To get a reference point, DSSCs free of R-PE were firstly
assembled with BCs (UVA-absorbing compounds) as a solely pho-
tosensitizer. The overall efficiency, n, observed was rather low
and values similar for all the SCs investigated (Table 2). It is worth
mentioning that the latter data were not corrected (normalized)
by the total incident light. Thus, n values are not comparable
with those obtained from DSSCs based on R-PE. Despite this, the
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Table 3

Photovoltaic properties for DSSCs cells assembled using different sensitizers. All measurements were performed under a sun light
intensity of 100 mW cm™2, AM 1.5G and the active areas were 0.7 cm? for all the cells. ] is the current density, V,. the open circuit
potential, FF is the fill factor and 7 is the conversion efficiency. Results arise from at least three independent experiments performed
for each dye ([R-PE] = 3.4 uM). These results can also be confirmed by impedance electrochemical spectroscopy measurements.
The equivalent circuit used to these results is shown in Scheme SI.1.

R-PE (raw) R-PE (pure) 6 “R-PE (pure) + 6
pH 5.0 pH 2.0 pH 5.0 pH 2.0 pH 5.0 pH 5.0
Jse/A cm—2 22 x 1074 1.9 x 1074 17 x 1074 57 x 1075 9 x 1075 14 x 1074
Vo[V 0.69 0.68 0.47 0.27 0.31 0.40
FF 0.62 0.57 0.52 0.44 0.42 0.42
n/% 0.110 0.073 0.040 0.007 0.011 0.024

2Molar ratio BCs to R-PE equal to 3.

Table 4

Data calculated from measurements performed under dark conditions (at E = 0.5 V) fitted using the transmission line model.

R-PE (raw) R-PE (pure) 6 “R-PE (pure) + 6
pH 5.0 pH 2.0 pH 5.0 pH 2.0 pH 5.0 pH 5.0

Rt/ 418 271 335 177 295 452

R¢/Q2 13 15 10 8 17 16

It =RexCyfs 0.003 0.004 0.0015 0.0013 0.00016 0.0009

Fec = R xCy[s 0.09 0.07 0.05 0.03 0.003 0.02

?Measurements were performed at pH 5.0. Molar ratio SCs to R-PE equal to 3.

intrinsic electrochemical parameters (I ca. 0.003 s and R /R¢
ratio ca. 18) for all DSSCs based on BCs were not as promising
as one might desire (see representative data for compound 6 in
Tables 2 and 3).

When BCs were tested as additives in DSSCs based on R-PE, a
clear decrease on the efficiency of 50%-70% was observed for the
four investigated compounds under both pH conditions (Table 2).
This fact can be a consequence of conformational changes and/or
deactivation of R-PE excited states induced by the BCs. How-
ever, these hypotheses are discarded on the bases of the lack of
changes on both the absorption and fluorescence emission spec-
tra (quenching) recorded in the presence of increasing amount of
BCs (Fig. SL.9).

The decrease in the DSSC performance is better described by
the electrochemical parameters obtained at 0.5 V listed in Ta-
bles 3 and 4. The use of 8C (6) as additive leads to I and R¢;/R¢
ratio values lower than those observed for the best assembly
represented by R-PE (raw, at pH 5.0) that shows I and R /R¢
ratio values of 0.09 s and 32, respectively. When measuring at
0.45 V the Ry to R; ratio reaches the value of 100 for the case
of the R-PE (raw, pH 5.0) showing a better electron transfer on
the desired path. However, the addition of 6 to R-PE (pure) also
leads to an improvement on the R to R; ratio. This fact suggests
that B8Cs would have a positive role improving the coating of pure
R-PE and the TiO, surface.

4. Conclusions

In this work, the electrochemistry of BC naturally occurring
alkaloids and, in particular, the oxidative mechanism suggested
for these compounds have been revisited. Data reported herein
clearly suggest a more complex pattern of reaction directly re-
lated to the chemical structure of the BCs. Briefly, N(2) non-
substituted SCs follow a two consecutive one-electron transfer
steps, whereas the cationic 8C derivatives show these oxida-
tive steps at very high oxidation potentials with a concomitant
thermal reorganization giving rise to the formation of the full aro-
matic N(2) non-substituted SCs. Moreover, the indolic nitrogen
N(9) plays a key role in the thermal reorganization of the radi-
cal intermediate produced from N(2) non-substituted 8Cs when
subject to high anodic potentials. In addition, the electrochemical
properties of R-phycoerythrin (R-PE) red protein were addressed.

Finally, the photosensitizing properties of the investigated
compounds were evaluated in DSSCs. The relatively high stabil-
ity and intrinsic photo-electrochemical properties of R-PE make
this protein an excellent candidate for DSSC assembly, reaching
solar energy to electricity conversion efficiency values, 1, up to
0.110%. In particular, the best efficiency was achieved by using
raw extracts without further purification. This finding makes red
algae an excellent source of natural pigments for DSSC devices.
The cost- and time-effective extraction procedure would dra-
matically reduce the overall fabrication costs of DSSCs, rising-up
the price/performance ratio. This may be particularly relevant in
countries having a large phycocolloids industry based on the use
of red algae where natural dyes can be obtained as side products.

On the other hand, despite their intrinsic properties make 8Cs
good candidates as additive (co-photosensitizer), data reported
herein showed that the addition of these alkaloids in operation
DSSCs based on R-PE had a negative impact on the overall conver-
sion efficiency. However, data suggest that SCs would play a role
as UVB/UVA barrier. This might represent a potential advantage
in the development of novel DSSCs in which this kind of UV-
blocking agents can certainly increase the stability of the main
pigment (R-PE) and, therefore, the DSSCs lifespan.
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