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Dye-sensitized solar cells comprise a fluorine doped tin oxide/titanium dioxide
photoanode and a counter electrode of fluorine doped tin oxide covered with a
catalytic material arranged in a sandwich configuration. Many processes take
place inside a dye-sensitized solar cell. However, two involve the redox couple
contained in the electrolyte solution: the dye regeneration and the
recombination. While the first is a desired path, the latter impacts the power
conversion efficiency of the cells, decreasing the measured values. In this work,
iodine-based couples are evaluated using cyclic voltammetric measurements,
and their behaviour is compared with two commercial electrolytes widely used in
dye-sensitized solar cells, particularly when sensitized with natural dyes. Different
experimental conditions, such as cell configurations and electrode materials,
were adopted to understand the thermodynamics of the competitive electron
transfer processes mentioned above.
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1 Introduction

Dye-sensitized solar cells (DSSC) were reported for the first time in the 90’s, followed by
explosive attention from several research groups and generating thousands of reports
(O’Regan and Grätzel, 1991; Bisquert et al., 2004; Boschloo, 2019; Zhang et al., 2021; Zou
et al., 2022; Khan et al., 2023; Ren et al., 2023; Montagni et al., 2024; Spadaro et al., 2024).
After reaching power conversion efficiencies comparable to or higher than those obtained
from silicon-traditional ones (Hamed et al., 2017; Sharma et al., 2018; Ferdowsi et al., 2020;
Francis and Ikenna, 2021; Baby et al., 2022; Ren et al., 2023; Korir et al., 2024), the attention
about the topic focused around the particular characteristics of DSSC and their related fields
of applications (Dai et al., 2008; Aslam et al., 2020; Devadiga et al., 2021; Hyun et al., 2022;
Barichello et al., 2024; Chandra Sil et al., 2020). Many companies around the world offer
their products in the Market, with some of them responsible for the inclusion of DSSC in
buildings such as the Swiss Convention Center of Lausanne, the Science Tower in Austria or
the Solar Pavilion at Roskilde University in Denmark (Barichello et al., 2024).

DSSC are sandwich cells with two flat electrodes of conductive glass as FTO (Fluorine-doped
Tin Oxide). One is the photoanode, composed of nanostructured mesoporous titanium dioxide
(TiO2) deposited onto the FTO and dyes adsorbed onto its surface, whereas the counter consists
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typically of an FTO/platinum (Pt) electrode (Uludag et al., 2018). Between
them, an electrolyte containing a redox couple is placed. The working
principle involves electron generation and transfer after the sunlight
reaches the dye. When the light reaches the dye, electrons are promoted
from the HOMO (Highest Occupied Molecular Orbital) to the LUMO
(Lowest Unoccupied Molecular Orbital) orbital of the pigment. Then,
electron transference to the TiO2 occurs according to the thermodynamic
balance between the semiconductor’s LUMO potential and the Fermi
potential. Then, electrons are transferred to the FTO surface, and they
move to the counter FTO/Pt electrode, where they are caught by the
redox iodine-related couple. The cycle finishes when the oxidized form of
the dye is regenerated by the redox couple of the electrolyte (Jasim, 2011;
Jiao et al., 2011; Sharma et al., 2018; Muñoz-García et al., 2021).

The dyes must completely fit several characteristics to be applied as
sensitizers (Alhmed et al., 2012; Basheer et al., 2014; Shalini et al., 2016;
Arifin et al., 2017; Semalti and Sharma, 2020; Sen et al., 2023). Among
them, the dye has to reach an adequate redox potential to ensure the
regeneration of the oxidized formof the dye by a couple of the electrolytes
(Daeneke et al., 2012; Jeon et al., 2014; Masud, 2023). Several redox
couples have been reported to be used in the electrolytes of the DSSC
(Boschloo and Hagfeldt, 2009; Ates et al., 2012; Sun et al., 2015; Zhou
et al., 2020). The iodide/triiodide (I−/I−3 ) redox is widely used, giving still
themost stable and efficient DSCC (Popov andDeskin, 1958; Dané et al.,
1968; Baucke et al., 1971; Stanbury et al., 1980; Stanbury, 1989;Wang and
Stanbury, 2006; Boschloo and Hagfeldt, 2009; Yanagida et al., 2009;
Robson et al., 2012; Dhonde et al., 2022). This couple shows many
favourable characteristics, i.e., good solubility and suitable redox potential,
providing rapid dye regeneration. The couple also has very slow
recombination kinetics with the electrons in TiO2 (Boschloo et al.,
2011). But which electron exchanges are involved inside a DSSC? The
iodine/iodide system is very complex, and several couples can be
considered. Generally, the oxidizing redox potential associated with
the dye is around 1 V, and different iodine-related species can be
regarded to ensure an adequate energy balance inside the DSSC. The
iodide system has been widely evaluated, several couples have been
reported, and many reports are based on the use of electrocatalytic
materials such as platinum or gold (Rodriguez and Soriaga, 1988).

This work reports the complete voltammetric evaluation of the
different iodine-related species involved in different redox
potentials. Different electrolytes and electrode materials are
applied. Also, two of the most utilized electrolytes when using
natural sensitizers are characterized. Which couples are involved
in dye’s regeneration? Are all iodine-related species suitable to
ensure this regeneration? To answer these questions,
thermodynamics and kinetics considerations will be addressed here.

2 Materials and methods

All reagents were used as received from commercial sources.
Experiments were carried out using a Metrohm µStat-i 400 s
Potentiostat. The voltammetric profiles of the systems were evaluated
in two different supporting electrolytes: acetonitrile solution with 0.04M
tetramethylammonium perchlorate (C4H12NClO4) and in aqueous
0.1 M sodium perchlorate (NaClO4), in MilliQ 18.2 MΩ water.
Voltammetric measurements were carried out in 1- a one-
compartment conic cell, using a polycrystalline gold disc (Au-pc,
3 mm diameter) as working electrode, FTO or FTO/TiO2 electrodes

(0.77 cm2 geometric area), a Pt sheet as counter electrode and a calomel
saturated electrode (SCE) as the reference; and 2- using screen-printed
gold electrodes (Dropsens/Metrohm, 220BT and ITO10). When using
screen-printed electrodes, also two differentmethodologies were applied:
the traditional drop-mode (SPD) (Morrin et al., 2003; García-Miranda
et al., 2021; Wang et al., 2022; Kelíšková et al., 2023) and the thin-layer
mode (SPTL) (Hubbard, 1969; Botasini et al., 2016; Tanner and
Compton, 2018; Marzouk et al., 2021). For the last one, a cover glass
is deposited onto the screen-printed electrode where the drop is
deposited, and the “sandwich” is pressed with office clips.

Different electrochemical routines were applied: (a) cyclic
voltammetry run at scan rates v varying between 0.01 V s−1 and
0.05 V s−1 from a cathodic switching potential Ec to an anodic
switching potential Ea, and (b) repetitive triangular potential scans
at v = 0.05 V s−1 with either constant Ec and gradual changes of Ea or
constant Ea and gradual changes of Ec. The ferrocene/ferrocenium
(Fc/Fc+) redox couple in acetonitrile solutions and the ferrocyanide/
ferricyanide ([Fe(CN)6]

3−/([Fe(CN)6]
4−) redox couple in aqueous

solutions were utilized to assess the value of the reference electrode
when using the screen-printed ones. To evaluate the redox couples,
1 mM potassium iodide (KI) solutions in the supporting electrolytes
were analyzed.

Finally, two electrolytes applied in DSSC were evaluated: iodolyte
AN50(R) (Solaronix, 50 mM 1,2-dimethyl-3-propylimidazolium iodide
in acetonitrile) and one named “ACVAL” (Lithium iodide, LiI, 0.8 M +
iodine, I2, 0.05 M in a mixture 85/15 acetonitrile/valeronitrile). These
two commercial electrolyte solutions were diluted with acetonitrile to
get a final concentration of 1 mM in iodide and to compare the results
with those obtained from the 1 mM KI solutions.

All potentials in the text are referred to the normal hydrogen
electrode (NHE).

3 Results and discussion

As explained above, measured potentials were corrected using a
redox couple as a reference. The potential values presented in this
section are all reported against the NHE.

Many processes take place inside a DSSC. However, two involve the
redox couple contained in the electrolyte solution: the dye regeneration
and the recombination processes (i.e., the electron transfer from the
TiO2 to the couple or even back to the dye). While the first is a desired
path, the latter impacts the power conversion efficiency (PCE) of the
DSSC, decreasing the measured values.

This work used different experimental conditions, such as cell
configurations and electrode materials, to understand the
thermodynamics of the two-electron processes mentioned above.
With a sandwich configuration, a DSSC comprises an FTO/TiO2

photoanode, a counter electrode made of FTO, and a catalytic
material. For this reason, the iodine-related couples were
evaluated using both electrode materials.

3.1 Cyclic voltammetric studies

The evaluation of 1 mM iodide solutions in the supporting
electrolyte (0.1 M NaClO4 aqueous or 0.04 M C4H12NClO4 in
acetonitrile) were performed under different experimental conditions
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and using Au-pc, FTO or ITO and FTO/TiO2 electrodes. Different
routines and types of electrochemical cells were applied (i.e., conic in a
conventional 3-electrodes disposition, screen-printed traditional drop-
mode, SPD, and screen-printed under thin-layer mode, SPTL). The
main experimental data obtained from the voltammetric profiles are
displayed in Table 1, and displayed in Figures 1, 2.

Voltammetric profiles displayed in Figures 1, 2 showed the presence
of several anodic and cathodic contributions, where the reasonable
assignation to the iodine-based couples was made according to the
literature (Kolthoff and Coetzee, 1957; Rodriguez and Soriaga, 1988;
Boschloo and Hagfeldt, 2009). It is essential to clarify that data from the
literature are not always coincident, so the measured redox couples and
intensity current peaks were assigned considering this dispersion in the
reported data. Nevertheless, this situation didn`t affect our calculations
and thermodynamics considerations.

Working with a traditional 3-electrode configuration in a conic
cell, observing and identifying two reversible redox couples, among
other intensity current contributions, was possible (Figures 1, 2).
When working with screen-printed electrodes (SPD), the separation
between the anodic and the related cathodic counter peak increased.
Additionally, an essential improvement in the peak definition was
observed when working with screen-printed electrodes but adopting
a sandwich configuration (SPTL). The redox couples and the anodic
and cathodic contributions were assigned to the reported iodine-
based couples as shown in Table 1.

The electrode material is an essential point to consider. Most
reported cases of iodine-containing couples are detected using a
catalytic material such as gold. However, using FTO or FTO/TiO2

electrodes, only a few redox reactions were detected. Are these
differences relevant? It could be, considering the DSSC constitution.
The counter electrode of the DSSC offers a surface where many iodide-
related species can be generated and, therefore, are available for the

oxidized form of the dye (D+). Then, the D+ would have many ways of
recovering the lost electrons. Besides, only some of the iodine species are
available on the titania surface to allow recombination. The
thermodynamics of the processes will be further discussed
in Section 3.2.

Voltammetric analyses of two of the most utilized iodine-based
electrolytes were also performed (Figures 3, 4). In this case, 1 mM
iodide-containing solutions were evaluated. Almost the same
features as those observed when working with pure iodide salts
were observed, as observed in Table 2. However, fewer redox couples
involving iodine species are detected, and redox potential values are
lower. As discussed in the following section, this does not affect the
thermodynamic considerations associated with the DSSC operation.

3.2 Thermodynamics of the dye
regeneration and the
recombination processes

When the sunlight inside the DSSC surface, the following
processes occur (Nazeeruddin et al., 2011):

D + h] → D* (1)
D* + TiO2 → e TiO2( ) +D+ (2)

Then, under the influence of the light, and as shown in
Equations 1, 2, two species are generated: an oxidized form of
the dye (with avidity to recover the lost electrons) and an enriched
titania (with available electrons to further transferences). At this
point, the electrons can be transferred from the titania to the FTO
following the desired path for a working DSSC, or the electrons can
be transferred to the redox couple of the electrolyte or even back to
the oxidized form of the dye. The latter are known as recombination

TABLE 1 Main anodic (Ean) and cathodic (Ecat) intensity current peaks, a-obtained from different applied routines in 1 mM KI solutions in the supporting
electrolyte (0.1 M NaClO4) using a conventional 3-electrodes disposition (conic) (upper part); b-obtained from different applied routines in 1 mM KI
solutions in the supporting electrolyte (0.04 M C4H12NClO4 in acetonitrile) (lower part). Related anodic and cathodic peaks are listed in the same line.

Electrolyte Au-pc FTO/TiO2 Reported couples Number

Ean/V Ecat/V Ean/V Ecat/V

0.1 M NaClO4 (aqueous) −0.11 −0.21 I−3 /I−·2 I

0.73 0.70 I−3 /I− or I−3 /I2 III

1.16 1.11 I−·2 /I− IV

1.53 I·/I− or IO−
3 /I(ad) V

1.58 1.57

2.21 IO/IO− VI

acetonitrile −0.06 I−3 /I−·2 I

0.37 I2/I−·2 II

0.60 I−3 /I− , or I−3 /I2 III

0.91 0.73

1.09 0.96 I−·2 /I− IV

1.31 I·/I− V

1.88 IO/IO− VI
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processes, and due to their existence, the PCE of the DSSC is affected
and, thus, lowered. The redox couple dissolved in the electrolyte
(typically iodide/triiodide, I−/I−3 ) must reduce the oxidized dye to
regenerate the resting dye. During DSSC operation, the kinetics of
dye regeneration must occur rapidly to minimize undesirable charge
recombination between the hole state of the D+ and the electron state
in the conduction band of TiO2.

From an energetic point of view, the potential of the cell reaction
composed of an oxidation and a reduction pair has to be positive to
ensure the electron transfer between the involved pairs.

For the regeneration of the dye (reg), we can consider many
options, considering the generated species onto a catalytic material
as the electrode surface of the counter electrode of the DSSC.

The energetic balance, in this case, can be expressed as follows as
shown in Equation 3 (Bard and Faulkner, 2000):

Ereg � Edye − Ecouple (3)

Where the D+ receives the electrons transferred by the
iodine couples.

From all the dyes reported in the literature as suitable sensitizers,
only those from natural resources previously evaluated for our group
will be considered (Table 3) (Cerdá, 2022; Montagni et al., 2024).

When Equation 3 is applied for an average value of 1.3 V:

Ereg � 1.30 − Ecouple

In this situation, the dye behaves as an oxidant and, therefore, is
reduced, and the iodine-based couple gives the electrons to the dye.
Considering the measured cathodic potentials in Table 1, a
calculated positive value for the Etotal (referring to the balance
between the redox potential of the pair containing the molecule
that is oxidized and the potential of the pair with the species that is
reduced) is obtained for all iodine redox couples from II to IV. Then,
undoubtedly, the dye could be regenerated considering the existence
of a catalytic surface inside the DSSC, allowing the formation of
the couples.

Ereg � 1.30 − Ecouplecathodic II( ) � 1.30 − 0.37 � 0.93V

Ereg � 1.30 − Ecouplecathodic III( ) � 1.30 − 0.73 � 0.57V

FIGURE 1
Cyclic voltammetric profiles recorded in 1 mM KI in aqueous media solutions (supporting electrolyte 0.1 M NaClO4) performed in a one-
compartment conic cell, measured using as working electrodes (A) Au-pc, (B) FTO and (C) TiO2/FTO. v = 0.050 Vs-1. Black lines: 1 mM KI solutions, red
lines: supporting electrolyte (sprt).
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Ereg � 1.30 − Ecouplecathodic IV( ) � 1.30 − 0.96 � 0.34V

The involved reactions would be:
For the dye (Equation 4):

D+ + e− → D (4)

While for the iodine-based couples (Equations 5–8):

I−·2 → I2 + 2e− (5)
3I− → I−3 + 2e− (6)
2I−3 → 3I2 + 2e− (7)
2I− → I−·2 + 2e− (8)

A different situation occurs on the FTO/TiO2 surface. After the
dye adsorption, many spots on the semiconductor surface remain
uncovered or naked. This means that iodine species can reach these
naked spots and receive electrons from the titania in the
recombination (recomb) process. In this case, the balance will be
as shown in Equation 9:

Erecomb � Ecouple − Etitania (9)

Less electron exchange processes could occur because, as
shown in Table 1, this surface is less reactive than gold or
platinum surfaces.

In this situation, for a reported Etitania value of −0.53 V
(Kalyanasundaram and Grätzel, 1998) and considering reactions
V and VI, measured on the FTO/TiO2 surface, Equation 9 is:

Erecomb � Ecoupleanodic V( ) − Etitania � 1.31 + 0.53 � 1.84V

Erecomb � Ecoupleanodic VI( ) − Etitania � 1.88 + 0.53 � 2.41V

In this case, the semi reaction for the titania would be, according
to Equation 10:

e TiO2( ) → TiO2 + e− (10)
While for the iodine-based couples Equations 11, 12 could

be applied:

I· + e− → I− (11)

FIGURE 2
Cyclic voltammetric profiles recorded in 1 mM KI in acetonitrile solutions (supporting electrolyte 0.04 M C4H12NClO4) performed in a one-
compartment conic cell, measured using as working electrodes (A) Au-pc, (B) FTO and (C) TiO2/FTO. v = 0.050 Vs-1. Black lines: 1 mM KI solutions, red
lines: supporting electrolyte (sprt).
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IO + e− → IO− (12)

In the present circumstance, the recombination process is
thermodynamically favoured. Thus, the e(TiO2) can transfer the
electrons directly to the redox couple instead of transferring the
electrons to the FTO. As a consequence, the PCE of the DSSC is
affected and decreases.

Also, recombination can be explained by the electron transfer
between e(TiO2) and the oxidized dye. In the above situation, titania
acts as the reducing agent and D+ as the oxidant. Here, the
thermodynamics of this electron exchange can be written as:

Erecomb � Edye − Etitania

Erecomb � 1.30 + 0.53 � 1.83V

Once again, the recombination reaction involving the back
transfer from the titania could take place. The semi-
reactions would be:

For the dye (Equation 4):

D+ + e− → D

And for the titania (Equation 10):

e TiO2( ) → TiO2 + e−

Similar calculations can be carried out considering the electrolytes
most used in DSSC. Even when redox-measured couples are not the
same as those detected with KI, the potential difference between the dye
oxidation potential and the electrolytes reduction potential shows that

FIGURE 3
Cyclic voltammetric profiles of Au-pc recorded in Iodolyte AN50 electrolyte diluted in acetonitrile (final iodide estimated concentration 1mM) using
two different cells configuration: (A) SPD (screen-printed electrodes inside a conic cell), v = 0.050 Vs-1, and (B) SPTL (screen-printed electrodes following
a thin-film configuration), v = 0.010 Vs-1.

FIGURE 4
Cyclic voltammetric profiles of Au-pc recorded in the ACVAL electrolyte diluted in acetonitrile (final iodide estimated concentration 1mM) using two
different cells configuration: (A) SPD (screen-printed electrodes inside a conic cell), v = 0.050 Vs-1, and (B) SPTL (screen-printed electrodes following a
thin-film configuration), v = 0.010 Vs-1.
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the regeneration process is still possible and occurs inside an assembled
cell (Reactions I to IV in Table 2). Then, for AN50 and ACVAL
Equation 3 could be written as:

Ereg � 1.30 − Ecouplecathodic I( ) � 1.30 − 0.16 � 1.14V

Ereg � 1.30 − Ecouplecathodic II( ) � 1.30 − 0.23 � 1.07V

Ereg � 1.30 − Ecouplecathodic III( ) � 1.30 − 0.58 � 0.72V

Ereg � 1.30 − Ecouplecathodic IV( ) � 1.30 − 0.95 � 0.35V

As cathodic measured potentials are lower than 1 V, the
regeneration will be positive and, therefore,
thermodynamically possible.

Following analogue reasoning, one can argue that the
recombination process is thermodynamically feasible whenever the
electrolyte (AN50 as well as ACVAL) has an oxidation potential
greater than the titania Fermi level, which (within the experimental
conditions of this work) are all of the anodic potentials measured (II to
IV according to Table 2). With the previous statement in mind, the
Erecomb of the electrolyte (considering couples II to IV), will be positive,
and Equation 9 could be written as:

Erecomb � Ecoupleanodic II( ) − Etitania � 0.27 + 0.53 � 0.80V

Erecomb � Ecoupleanodic III( ) − Etitania � 0.70 + 0.53 � 1.23V

Erecomb � Ecoupleanodic IV( ) − Etitania � 0.79 + 0.53 � 1.32V

Figure 5 summarizes the above-discussed results. It shows a
redox potential diagram depicting the energy levels of the dye, the
TiO2, and all iodine species measured (against NHE) in this work.

3.3 Kinetics of the main processes involved
in a DSSC

Exploring the thermodynamic calculations helps understand the
main electron exchange processes inside a DSSC, where the balance
between regeneration and recombination directly affects the cell’s
overall performance. Additionally, it allows the comprehension of
the thermodynamically possible processes and which couples could
be involved. However, thermodynamics is not enough; evaluating
the kinetics of the involved main processes is necessary. Then, using
electrochemical impedance spectroscopy (EIS) measurements, it is
possible to calculate the recombination and the electron
transfer times.

Analyzing the experimental data measured by EIS reveals the
importance of high recombination times and time constants.
Recombination mainly involves the injection of electrons from
the semiconductor into the liquid electrolyte containing the
redox couples. This process, where the electrons generated after
the light reaches the pigment’s surface, followed an undesired path,
resulting in decreased power conversion efficiency. On the other
hand, the time constant is about the transport of the injected
electrons diffusing through the semiconductor network.

TABLE 2 Main anodic (Ean) and cathodic (Ecat) intensity current peaks, obtained either from conventional conic cell three-electrode system cyclic
voltammetry (left) or screen-printed thin-film cyclic voltammetry (right) using commercial Solaronix Iodolyte AN50 (upper part) or ACVAL electrolyte
(lower part).

Electrolyte Au-pc/conic ( Au-pc/SPTL Reported couples Number

Ean/V Ecat/V Ean/V Ecat/V

AN50 0.16 I−3 /I−·2 I

0.31 0.29 I2/I−·2 II

0.65 0.63 0.72 0.55 I−3 /I− , or I−3 /I2 III

0.81 0.77

0.96 1.01 0.95 I−·2 /I− IV

1.05

1.33 I·/I− V

ACVAL −0.12 I−3 /I−·2 I− I

0.48 0.45 0.27 0.23 I2/I−·2 or I−3 /I− II

0.58 I−3 /I− or I−3 /I2 III

0.70

0.83 0.79 I−·2 /I− IV

1.10 1.11 I−·2 /I− IV

1.39 I·/I− V

TABLE 3 Potential peak values for the main anodic intensity current peaks
reported for the most abundant natural dyes (Cerdá, 2022).

Dye Eanodic/V vs. NHE

anthocyanins 1.30

carotenoids 1.40

phycobiliproteins 1.40

violacein 1.20
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The performances of the measured DSSC are affected by the
balance between the recombination times and the time constants
(and, therefore, between the Rct and Rt resistances). When
generated, electrons can follow transference across the
semiconductor or recombine with the electrolyte. The ratio
between the Γrec and the Γt helps us understand the efficiency
values. The calculated data values for the time constants are similar
for the different natural dyes used as sensitizers (Table 4).
Considering the data previously analyzed by our group results
from DSSC devices sensitized with natural dyes showed no
significant differences. They also showed reasonable ratios Γrec to
Γt, which means that recombination times are larger than transport
ones. And calculated ratios are also very similar. This is in line with
thermodynamics calculations displayed in this work. Cells sensitized
with natural dyes show different power conversion efficiencies,

depending on the selected type of dye, but they do not differ so
much. The efficiencies of DSSC with natural dyes are much lower
than those containing synthesized dyes. For synthetic dyes, the time
constants are not so different from the values reported for the
natural ones, but differences are raised from the recombination
time’s values, which are primarily around one second or even more
(Gao et al., 2008; Cao et al., 2009; Yum et al., 2012; Yum et al., 2013;
Yang et al., 2014). Then, when recombination is retarded, it is
possible to obtain a highly efficient DSSC.

3.4 Final remaks

The thermodynamics analysis involved the different redox
couples from the electrolytes applied to assemble the DSSC, as

FIGURE 5
Redox potential diagram, depicting the energy levels of the dye, the TiO2 and all iodine species measured (against NHE) in this work. In these
diagrams, the energy increases, as pointed out in the arrow above (opposite to the redox potential). In so doing, the thermodynamically most favorable
path towards an energy minimum for the electron will be taken downstream.

TABLE 4 Values obtained from fitting the experimental datameasured at V = 0.5 V, in darkness, using a transmission line basedmodel. Γt = the time constant
for the transport of the injected electrons that diffuse through the nanoparticle network (calculated as Γt = Rt × Cµ, with Cµ, the chemical capacitance at
the TiO2/dye/electrolyte interface, associated with the variation in the electron density and the displacement of the Fermi level and Rt is the electron
transport resistance to the photoanode); Γrec = the recombination time that reflects the lifetime of an electron in the photoanode (calculated as Γrec =
Rct × Cµ, where Rct is the charge transference resistance).

Dye Main compound Γrec = Rct × Cµ/s Γt = Rt × Cμ/s Reference

anthocyanins cyanidin 3-O-glucoside 0.0840 0.00180 Enciso et al. (2017)

delphinidin-3-glucoside 0.1300 0.00077 Montagni et al. (2023)

carotenoids β,β-Carotene 0.0060 0.00180 Montagni et al. (2024)

myxoxanthophyll-like derivates 0.0300 0.00100 Montagni et al. (2024)

fucoxanthin 0.0370 0.00140 de Bon et al. (2022)

proteins phycoerythrin 0.0900 0.00300 Cerdá and Botasini (2020)

bacterial violacein 0.1700 0.00400 Marizcurrena et al. (2021)

Frontiers in Coatings, Dyes and Interface Engineering frontiersin.org08

Ávila and Cerdá 10.3389/frcdi.2025.1527060

https://www.frontiersin.org/journals/coatings,-dyes-and-interface-engineering
https://www.frontiersin.org
https://doi.org/10.3389/frcdi.2025.1527060


well as the redox behaviour of the dyes and the titania itself.
According to our calculations, many processes can take place
inside the cells, but some are of particular relevance: 1- dye
regeneration, 2- electron recombination from the titania to the
redox couples contained in the electrolyte, and 3- electron
transport or time constants across the semiconductor network.

The thermodynamics and the kinetics treatment previously
displayed are consistent with a prevalence of electron
recombination, especially for DSSC sensitized with natural dyes.

Experimental data confirmed this statement, as observed for the
Jsc and the power conversion efficiency values previously reported
for our group (Table 5).

4 Conclusion

DSSCs are composed of two electrodes: one containing a
catalytic material and the other containing the dye adsorbed to a
semiconductor, leaving blank naked spots on the TiO2 surface. A
liquid electrolyte (primarily based on iodine-related species) is
placed in between, especially when working with natural dyes.
Among all the electronic exchange processes inside the DSSC,
those related to dye regeneration and electron transfer from the
titania are the most relevant, with a clear incidence in the
performance of the assembled cell.

Our results show that different iodine-based redox couples are
involved, considering the different electrode surfaces inside the
DSSC. Consequently, different redox couples can be considered:
some iodine species evolved onto a catalytic surface and others onto
the semiconductor. Then, redox couples involved in the dye’s
regeneration are not the same as in the recombination processes.
The present work shows that both processes are thermodynamically
possible, but, unfortunately, the recombination (the electron transfer
from the titania to the redox couple or even back to the dye instead
of towards the FTO surface) is predominant over the regeneration of
the dye. These results are in agreement with kinetic data, arising
from EIS and also with current density and potential profiles,
previously reported by our group.
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