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Abstract: Phycocyanin, a blue protein extracted from Spirulina spp, shows promising characteristics that made it 
suitable for its use as natural dye in photovoltaic devices as the dye sensitized solar cells. In this work, a study of the 

aqueous solution-phase photochemistry, photophysics, spectroscopy, voltammetry and thermal stability of phycocyanin 
is presented. Suitable redox potentials (Eox = 1.2 V vs. Ag/AgCl) and a value of 1.96 V for E0,0 (i.e., the energy 
difference between the vibrationally relaxed levels of the first electronic excited state, S1, and the ground state, S0 of 

phycocyanin), allows the calculation of energetic profiles that in comparison with the conduction band of the anatase-
TiO2 and I

-
/I3

-
 electrolyte, could predict electron transfer with these components of the cell. 

The data reported herein should not only help to evaluate the potential use of phycocyanin as sensitizer for solar cells, 

but should also help in the development of novel solar cells where the photoinduced behavior of this protein can be 
controlled. 

Keywords: Natural dye, DSSC, energy level diagram, phycocyanin. 

1. INTRODUCTION 

Dye sensitized solar cells (DSSC) had an explosive 

growing since they were developed by Grätzel near 

thirty years ago. In the beginning, they were based on 

natural dyes, as those used by plants in photosynthetic 

paths. Today, most of efforts and research are 

conducting around four major points in order to improve 

energy efficiency conversion: the search of the best 

dye, catalytic material for the counter electrode, redox 

couples in electrolytes, and the semiconductor 

material. 

DSSC are of great interest, because of the 

environmental advantages of their use. First of all, they 

are based on the use of solar energy, the best 

alternative to fossil fuel because of the wide availability 

of this source. In addition, they are also interesting 

because they provide an alternative to silicon based 

devices, with conversion efficiency quite close to those 

get with commercial ones, and without the 

disadvantages linked to the extraction of silicon. 
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DSSC are photoelectrochemical cells that resemble 

natural photosynthesis, because they use organic dyes 

to harvest the incident light, leading a flow of electrons. 

Moreover, such devices use multiple layers to enhance 

both the light absorption and electron collection 

efficiency [1-3]. The cell is composed by two 

electrodes, one containing the dye adsorbed on TiO2, 

distributed uniformly on a glass plate which has 

previously been coated with a thin conductive and 

transparent layer of tin dioxide as ITO or FTO. The 

TiO2/glass plate electrode is dipped into a solution of a 

dye in order to get its adsorption. For this purpose 

many dyes can be utilized, but they must possess a 

chemical group which can be attached and adsorbed 

onto the titanium dioxide surface, and they must have 

energy levels at the proper positions necessary for 

electron injection and photosensitization. To complete 

the device, a drop of liquid electrolyte containing iodide 

is placed onto the dye/TiO2/FTO electrode and a 

counter electrode of conductive glass, which has been 

coated with a thin catalytic layer of platinum or carbon, 

is placed on top [4-6]. 

One remarkable point is the fact that the dye layer is 

very thin and almost all of the excited electrons 

produced upon photon absorption are injected into the 

TiO2. Moreover, this photosensitized process takes 
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place under polychromatic incident light (i.e., in the 

wide range of wavelengths absorbed by the dye). 

The electrons lost by the dye are replaced by the 

mediator which is the iodide ion in the electrolyte 

solution. The oxidized mediator forms iodine or 

triiodide, which in turn obtains an electron at the 

counter electrode. 

Dye + h   [Dye]* 

[Dye]* + TiO2  e
-
(TiO2) + [Dye]

+
 

[Dye]
+
 + 3/2 I

-
 Dye +  I3

-
 

1/2 I3
-
 + e

-
(counter electrode)  3/2 I

-
 

The dye must follow certain characteristics to be 

chosen as suitable pigment for a DSSC. In first place, 

electron transfer processes between the excited state 

of the dye and the conduction band of the TiO2 must be 

possible. In second place, the oxidized dye must be 

regenerated at the counter electrode due to the 

presence of the redox couple in the electrolyte. And in 

third place, the dye must be stable with time and 

temperature. 

Literature on the topic showed a great increase, 

nevertheless reported efficiency are still low (around 12 

%) [5, 7-15] and, to the best of our knowledge, new 

dyes needs to be assessed. In this regard, the use of 

natural dyes represents an attractive alternative, 

especially for emergent countries because the low cost 

of fabrication of cells based on their use, besides the 

environmental benefits related to their employment. 

Literature reported that natural dyes based cells were 

efficiency rises until 2 %, with good stability and 

manufactory low costs [16-21]. 

Many natural dyes extracted from flowers, leaves, 

fruits and beverages are used as sensitizers for DSSC, 

as reported. Anthocyanins, with an absorption peak of 

ca. 540 nm, chlorophyll at 665 nm, xanthophyll, 

flavone, carotene (within the 400-500 nm visible range) 

are examples of compounds responsible for the 

absorption peaks present at such natural compounds.  

Some of them display high extinction coefficients 

(ca. 10
5
 L mol

-1
cm

-1
), with interesting characteristics for 

the use in DSSC. In this line, phycocyanin from 

Spirulina has promising characteristics, i.e. high 

absorption coefficients in the visible region (extinction 

coefficient at 615 nm = 2.3•10
5
 L mol

-1
cm

-1
) [22]. 

But the interest in Spirulina is growing, because its 

potential use as biofuel. The use of Spirulina with this 

purpose is widely reported [23-32]. Among the biofuels, 

first generation ones extracted from food and oil crops 

have attained economic levels of production. However, 

the use of first generation biofuels has generated a lot 

of controversy, mainly due to their impact on global 

food markets and on food security, especially with 

regards to the most vulnerable regions of the world 

economy. For this reason, microalgae-derived biofuels 

are focusing more interest. Aquatic microalgae are 

ideal for producing liquid fuels, because of their rapid 

growth, high biomass yields, product diversity, and 

ease of harvest from ponds or closed photo bioreactor 

systems. For these, on many countries growing interest 

is now focused on the development of third generation 

biofuels obtained from microalgae organisms. In 

particular, countries as Brazil (one of the largest biofuel 

producers) and Argentina are geographically situated in 

climatic zones favorable for large-scale cultivation of 

algae for biofuel production, where the optimal 

temperature for growing many micro algae is between 

20 and 30 ºC. And neighbor’s countries are also 

starting to follow Brazilian steps [33-35]. Additionally, 

the growth of Spirulina is very easy, and grows 

exponentially under optimal conditions, in either marine 

or freshwater environments. 

In this work, we characterize phycocyanin extracted 

from Spirulina spp. Phycocyanin is a blue protein, 36 

kDa, containing a chromophore with carboxylic 

moieties, suitable to establish bonds with the TiO2 

adsorbed on the conductive transparent electrode. 

N N
N

N

O

O

COOH COOH

H H
H  

The chromophore is responsible for the high 

extinction coefficients of the protein when adopting a 

lineal conformation structure, an important parameter 

for a dye suitable for a DSSC [36-37]. 

2. METHODS 

2.1. Materials and Experimental Conditions 

Phycocyanin was extracted from commercial 

capsules of Spirulina spp. UV-vis measurements were 
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carried out at a Shimadzu UV-1603, in the 200-800 nm 

range. Fluorescence data were obtained from a 

Synergy H1 268413. Cyclic voltammetric 

measurements were performed at a CHI 604E at 

potential scan rates v between 0.01 and 0.1 Vs
-1

, at 

room temperature, using an Au-pc working electrode 

(0.0707 cm
2
 geometric area), an Ag/AgCl as reference 

(E = 0.195 V vs. SHE) and graphite as counter 

electrode. All potential in the text are referred to this 

one. 

MilliQ water and reagent grade chemicals were 

used. NaClO4, NaI, 3-methoxy propionitrile and 

ethylene glycol were purchased from Sigma-Aldrich 

and used without further treatment. 

2.2. Phycocyanin Extraction and Purification 
Procedure 

To extract phycocyanin, contain of 3 capsules 

(about 1 g) is firstly mixed with 20 ml of water. The 

mixture is centrifuged at 5000 g for 20 min. To further 

purify the phycocyanin, (NH4)2SO4 is added to the 

extract to get a 20 % saturated solution. The solution is 

kept at 0 °C during 30 min and centrifuged at 5000 g 

for 20 min. More (NH4)2SO4 is added to the supernatant 

to get a 50 % saturated solution, and it is centrifuged 

once again. 

The procedure is followed by UV-visible 

measurements, and the fraction with the highest 

Abs621/Abs280 ratio is selected. In order to get a salt-free 

phycocyanin aqueous solution, the last step includes 

exclusion chromatography using Sephadex G-25. 

Finally, the water is removed by lyophilization. 

2.3. Fluorescence Quantum Yield Determination 

Fluorescence measurements were performed as it 

was described elsewhere [38]. Briefly, steady-state 

spectra were recorded by using a Horiba-Jobin-Yvon 

spectrofluorometer. Corrected fluorescence spectra 

were recorded in a 1 cm path length quartz cell at room 

temperature. Fluorescence quantum yields were 

determined from the corrected fluorescence spectra, 

integrated over the entire emission profile, using 

Rhodamine Bin ethanol as a reference ( F = 0.64). To 

avoid inner filter effects, the absorbance of the 

solutions, at the excitation wavelength, was kept below 

0.10 [39]. 

3. RESULTS AND DISCUSSION 

3.1. Spectroscopic Characterization of Phyco-
cyanin by Visible Absorption and Fluorescence 
Emission 

UV-visible spectrum of phycocyanin in aqueous 

solution showed the presence of two maxima centered 

at 410 and 619 nm. No significant changes were 

detected in the spectra when recording in the presence 

of 3-methoxypropionitrile or ethylene glycol up to 50 %, 

solvents commonly used in assembling DSSC (results 

not shown). It is to be mentioned, that the values of  in 

the above mentioned non-aqueous solvents were 

slightly lower than in water. 

 

Figure 1: Normalized excitation spectra (black line, emission wavelength, em, of 640 nm) and fluorescence emission spectra 
(red line, excitation wavelength, ex, of 530 nm) of an aqueous solution of phycocyanin. 
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In addition, emission and excitation spectra of 

aqueous solution of phycocyanin were recorded 

(Figure 1). Briefly, the emission spectrum shows a 

sharp band centered at 640 nm upon excitation of the 

lowest energy absorption band. The corresponding 

quantum yield of fluorescence value ( F) measured at 

room temperature was 0.61 ± 0.06.This value is within 

the range of F values reported in the literature for C-

phycocyanin cyanobacteria [40]. On the other hand, the 

excitation spectrum shows two bands centered at 364 

nm and 618 nm, respectively, results that are also in 

good agreement with those reported in the literature. 

It is worth mentioned that normalized excitation and 

fluorescence emission spectra show an intersection at 

634 nm. As a consequence, a value of 1.96 eV for the 

E0,0 could be calculated from the Planck’s equation. 

3.2. Cyclic Voltammetric Measurements 

Cyclic voltammetric profiles showed an important 

change in the presence of phycocyanin with respect to 

those obtained in the supporting electrolyte. As can be 

observed in Figure 2, a diminution in the anodic and 

cathodic contributions related to O-adsorption/ 

desorption is detected when the blue protein is present. 

This is explained by the adsorption of phycocyanin 

to gold surface, as can also be confirmed by the Ipa vs. 

v (anodic peak contribution vs. potential scan rate) 

linear relationship. An anodic contribution related to 

oxidation of phycocyanin is observed at 1.2 V, with the 

counter peak at ca. 0.3 V.  

To understand the situation, it is important to 

consider some facts related to the structure of the 

protein. In phycocyanin, the chromophore is linked to 

the protein through the sulfur group of a cystein and 

therefore, both carboxylic groups remain free and 

exposed to the solution or to the surface electrode.  

As it is known, carboxylic group can be adsorbed 

onto gold surfaces from ca. 0.4 V [41-44]. This 

adsorption is negligible for sufficiently cathodic 

electrode potentials and, along with the increase in the 

potential, an increase in the adsorption is observed. 

This increase reaches its maximum value in the region 

where the electro oxidation of the metallic surfaces 

commences, and even in the oxygen region of the 

electrode potentials, there is still easily measurable 

adsorption. Adsorption of acid is a result of a 

competition between the adsorption of water and 

carboxylic moieties. The adsorption process of acid is 

reversible; whatever amount of adsorbate is formed at 

lower potentials it tends to desorbs from the surface at 

utmost positive potentials. Adsorption on gold may 

involve the formation of a chemical bond between the 

molecule and the surface and therefore, the adsorption 

process is slow. 

The anodic peak at 1.2 V can be assigned to the 

irreversible oxidation of the carboxylate group to CO2 in 

the O-electroadsorption potential region [41-42, 45]. 

It is interesting to point out that adsorption of –COO
-
 

moiety starts at lower potentials than O-electrosorption 

from water molecules. This statement is based in the 

fact that the 0.6 V peak can be associated to the latter 

process because it is also observed in the supporting 

electrolyte in the absence of phycocyanin. Moreover, 

when the gold surface is covered with the adsorbed 

 

     a)       b) 

Figure 2: Voltammetric profiles of Au-pc in 0.1 mg/mL phycocyanin solutions in 0.05 M NaClO4, v = 0.1 Vs
-1

. a) Superimposed 
to the obtained profile for 0.05 M NaClO4 solution (blue line, supporting electrolyte). b) for potential scans between Ei = -1.2 to 
0.4 V and Ef = 1.5 V. c) Intensity of the current peak at ca. 1.2 V vs. potential scan rate representation, showing the lineal adjust 
due to adsorption of the specie (inset). 
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chromophore of the protein the peak is absent, and can 

only be observed when the surface is clean, that is, 

when enough negative desorption potentials (ca. -0.8 

V) are achieved. 

The hypothesis can be confirmed using FTO as 

working electrode. On this surface the adsorption 

processes are not possible, and voltammetric profiles 

show less redox contributions. 

As showed in Figure 3, using FTO it is possible to 

detect a contribution at ca. 1.3 V related to the 

irreversible oxidation to CO2.  

In summary, phycocyanin has an oxidation peak at 

ca. 1.2 V vs. Ag/AgCl, and considering also the E0,0 

value of 1.96 eV, the Rehm-Weller equation can be 

applied [46-48]. The predicted oxidation potential for 

the excited state of the phycocyanin will be -0.76 V, 

coming from the difference between the oxidation 

potential and the E0-0 value.  

 

Scheme 1: Energy levels for the DSSC based in 
phycocyanin as natural dye.  

According to this equation, and also taking a 0.53 V 

value for the conduction potential of TiO2, it is possible 

to predict a spontaneous process of electron 

transference between the blue protein and the TiO2. 

With these values in mind, it can be deduced that 

upon excitation, phycocyanin reaches an E = -0.76 V. 

Taking into account the latter value in comparison with 

the 0.53 V of TiO2, electron transfer processes 

between the excited dye [Dye]* and the semiconductor 

should be favorable from a thermodynamically point of 

view. On the other hand, if a value of 0.35 V for I
-
/I3

-
 is 

also considered, the regeneration of the oxidized dye 

on the counter electrode surface would also take place. 

The first step, involves the oxidation of the dye as a 

consequence of the incident light followed by an 

electron transfer from the excited dye to the 

semiconductor, and certainly allows the switch on of 

the cell. The photoelectrochemical cycle will be 

completed by the last step that involves the 

regeneration of the dye due to the iodine species 

(Scheme 2). These will allow reusing the dye in later 

cycles. 

 

Scheme 2: Photoelectrochemical-cycle showing the whole 
redox steps triggered by the incident light. 

 

Figure 3: Voltammetric profiles of FTO in 0.1 mg/mL phycocyanin solutions in 0.05 M NaClO4, v = 0.1 Vs
-1

, superimposed to the 
obtained profile for 0.05 M NaClO4 solution (blue line, supporting electrolyte). 
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3.3. Stability Measurements 

Stabilities of aqueous solutions of phycocyanin were 

evaluated against variable temperature and also with 

increasing amounts of NaI, 3-methoxy propionitrile and 

ethylene glycol. In all cases, the studies were 

conducted by absorption spectroscopy by following the 

absorbance of the solution at 620 nm. 

With temperature a typical denaturalization behavior 

is observed. The absorbance at 620 nm shows a 

sigmoid behavior with temperature with an inflexion 

point at 50 ºC. When the phycocynin containing 

solution reaches this temperature, half of the protein is 

at the native form and half is denaturized, in 

accordance with a thermodynamic equilibrium where 

only native and denaturized forms of the protein exists. 

At 90 ºC, the absorbance reaches the 25% of the initial 

value. 

The effect of increasing amounts of NaI was also 

investigated and no significant changes were observed 

within the 0 – 0.5 M concentration range. When [NaI] 

reached 3.0 M value, absorbance of the protein 

solution decreased to 60 % of the initial value. At [NaI] 

= 1.08 M, equimolar quantities of native and 

denaturized phycocyanin are present.  

In case of the solvents, the absorbance shows a 

sigmoid decrease with increasing amounts of both 

tested solvents (i.e., 3-methoxypropionitrile and 

ethylene glycol). In particular, for a mixture 3-

methoxypropionitrile/water 40/60 (v:v) the absorbance 

represents 50% of the initial value in water, whereas for 

a mixture 40/60 ethylene glycol/water the absorbance 

is the 85% of the initial value. Equimolar quantities of 

native and denaturized phycocyanin are present for 

mixtures 20/80 non-aqueous solvent/water. 

It is important to point out that the chromophore is 

responsible for the high absorbance of phycocyanin. 

The native form has near the same ability than the 

denaturized form of the protein to absorb light at 620 

nm. It is expected that changes in the environment of 

the protein associated to denaturalization process does 

not significantly affect the absorptive features of the 

chromophore.  

Summarizing, even in the worst conditions, which is 

for temperatures above 80 º C, the denaturized form of 

the protein shows interesting absorptive ability in the 

selected wavelength. We can assume therefore that 

the light harvesting ability of the dye will prevail at the 

experimental conditions usually observed in DSS cells, 

namely [I
-
] lower than 0.5 M in 3-methoxypropionitrile or 

ethylene glycol.  

To further support the latter results, the stability of 

phycocyanin was also investigated by fluorescence 

emission spectroscopy. In particular, quenching 

experiments were also carried out in the presence of 

increasing amount of NaI (concentration ranging from 0 

to 3.0 M). This salt was also selected because iodide is 

commonly used as component of the electrolyte in 

DSCC. As shown in Figure 4, the addition of increased 

amounts of the iodide salt caused attenuation in the 

fluorescence intensity. The I/I0 variation can be 

represented and from this behavior it can be deduced 

 

Figure 4: Quenching of the fluorescence of phycocyanin by NaI (left side). Stern-Volmer plot of the fluorescence intensities 
(right side). NaI concentration ranged between 0 M and 3.0 M. Excitation wavelength = 530 nm. 
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that protein denaturalization is noticeable from 1.5 M 

[46-49]. This behavior is in accordance with that 

observed using absorption spectroscopy, where 

concentration of native form of the protein clearly 

decreased at [NaI] higher than 1.1 M (see discussion 

above). 

4. CONCLUSION 

Phycocyanin shows promising characteristics for its 

use as sensitizer in DSS cells, with high molar 

absorption coefficients at 620 nm. 

Spectroscopic and cyclic voltammetric 

measurements presented herein provide useful 

information to predict the potential use of phycocyanin 

as dye in DSS cells. According to our results, it can be 

deduced that upon excitation phycocyanin reaches an 

E = -0.76 V. Therefore, from a thermodynamical point 

of view electron transfer reactions from the dye to the 

semiconductor TiO2 (with an E value of 0.53 V) are 

possible. Moreover, taking into account a value of 0.35 

V for the I
-
 / I3

-
 redox couple the regeneration of the 

oxidized dye on the counter electrode is also 

predictable.  

The stability of the protein is also another 

remarkable and interesting point of phycocyanin that 

deserve to be highlighted, because under conditions of 

electrolyte concentration or in the present of the 

solvents commonly used in this type of cells, the loss in 

absorbance due to the protein denaturalization is very 

low. Only at high temperatures, the absorbance 

decreases significantly, but extinction coefficients are 

still high enough for the use in the cells.  
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