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Potential-pulse assisted adsorption of carminic acid dye onto TiO2 nanoparticles
for faster fabrication of higher efficiency sensitized solar cells
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Dye adsorption onto the TiO2 nanoparticles thin film is typically the slowest step in the preparation of dye-sensitized solar cells. Potential
assisted adsorption has previously shown to significantly reduce the adsorption time from several hours to minutes. However, it also reduced
the cell efficiency in most of the cases and increased it up to 13 % compared to the classical adsorption method, by applying a constant
potential for 60 min. In this work, pulsed potential assisted adsorption of carminic acid dye onto TiO2 nanoparticles significantly reduced the
adsorption time and increased the cell efficiency up to 33 % compared to classical adsorption, applying a pulse time of 10 ms and amplitude
of 0.5/-0.4 V for 30 min. On the other hand, a single-frequency electrochemical impedance measurement method for monitoring the dye
adsorption onto the nanoparticles was tested and provided similar results to the capacitance measurement method. This single-frequency
value was determined with the help of relative contribution impedance plots.
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1. Introduction

Dye-sensitized solar cells (DSSCs) represent a low-cost and
naturally available alternative for generating photovoltaic en-
ergy [1]. The TiO2 nanoparticles thin film of these DSSCs
offers a huge area/volume ratio, providing acceptable cell ef-
ficiencies.

An important step in DSSCs preparation is the adsorp-
tion of the dye onto the TiO2 film. Typically, the fluorine-
doped tin oxide (FTO) photoelectrode coated with the TiO2

thin film, is dipped into a solution containing the dye and
left for several hours until the dye fully covers the TiO2 sur-
face [2]. The acceleration of this adsorption step is important
not only because it allows to shorten DSSCs research time,
but also accelerates the mass production of these modified
electrodes.

Different efforts in order to accelerate the dye adsorp-
tion were summarized by Venkatesanet al., where potential-
assisted adsorption stands out by its simple and low-cost im-
plementation [3]. Potential assistance decreased the adsorp-
tion time from severals hours to minutes, whereas the process
also affected the DSSC efficiency. Venkatesanet al. applied a
selection of constant current/potential and sweeping potential
values. The efficiency decreased slightly when comparing
with the classical adsorption for most of the cases. However,
by applying a constant potential of 3 V for 60 min, the cell
efficiency increased 0.3 %. Sivanadamanet al. used constant
potential assisted adsorption and enhanced the efficiency by
13 % compared to the conventional dye staining method [4].

On the other hand, Jambrecet al. tested pulse-potential
assisted adsorption in systems such as DNA or thiols onto
gold and proven to significantly reduce the adsorption time
more efficiently than open-circuit or constant potential ex-
periments [5,6]. The enhanced adsorption has been attributed
to a so-called ion-stirring effect on the adsorbing molecules
close to the electrode surface.

In this work, we fabricated FTO-TiO2 electrodes conven-
tionally and performed carminic acid (CA) dye adsorption
onto the TiO2 nanoparticles layer by three different potential
methods. First method consisted of adsorption at open-circuit
potential (OCP, ca. -0.02 V). Second method consisted of ap-
plying constant potentials more positive than OCP, since they
should enhance the dye migration towards the TiO2 surface.
Third method consisted of applying pulsed potential of se-
lected pulse times and potential amplitudes, with potential
values more positive and a more negative than OCP in order
to generate the ion-stirring effect. We selected carminic acid
because it is a natural pigment of low production cost and
minimal toxicity [7-9]. Efficiencies of solar cells sensitized
with this dye range from 0.19 to 1.3 %. We also compared
CA adsorption monitoring results by using capacitance and
single-frequency impedance measurements.

2. Experimental

FTO photoelectrodes (10×10×6 mm, Sigma-Aldrich) were
partially covered with 0.5 mm thickness masking tape in or-
der to leave uncovered 0.5 cm width squares. Uncovered
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areas were covered first with transparent (10 nm diameter,
Sigma-Aldrich) and then with opaque (100 nm diameter,
Sigma-Aldrich) TiO2 nanoparticles paste, following the so-
called Dr. Blade method and annealing at 450◦C for 2 h
[10]. The electrodes were finally cut in smaller rectangular
pieces to obtain1×2 cm FTO electrodes with a0.5×0.5 cm
TiO2 covered area close to the glass extreme. Electrochemi-
cal measurements were made by immersing FTO-TiO2 mod-
ified electrodes as working electrode into a 10 mM carminic
acid (Sigma-Aldrich) solution. An Ag/AgCl wire and a Pt
mesh were respectively used as pseudoreference and counter
electrodes. The control of the electrochemical cell poten-
tial and the electrochemical impedance spectroscopy (EIS)
measurements were performed with a PalmSens 4 potentio-
stat. UV-Vis and AFM measurements were performed on the
FTO-TiO2 modified electrodes by using respectively a Jasco
V-770 spectrophotometer and a Nanosurf NaioAFM micro-
scope. Solar cells were fabricated by clipping a carminic
acid-sensitized electrode and a graphite-impregnated FTO
with a 180 ± 30 µm spacer. A 10 mM I2 / 110 mM KI in
50 % V/V acetic acid solution and was used as electrolyte.
Current-voltage measurements of solar cells were performed
by exposing them to a 100 mW cm−2 light source (ULTRA-
VITALUX) and using a variable resistor and two multimeters
connected in series and parallel to measure cell current and
potential respectively.

3. Results and discussion

Atomic Force Microscopy (AFM) measurements were per-
formed onto transparent and opaque TiO2 layers without dye.
Figures 1a) and 1b) show the AFM height maps. Well defined
zones that correspond approximately to the desired particle
sizes are shown. Size count for the particles was performed
by using the ImageJr software. Figures 1c) and 1d) show
the particle size histograms corresponding to particle count
of Figs. 1a) and 1b) respectively. For transparent TiO2 paste,
about 30% of the counts corresponded to particles of diame-
ter between 10 and 20 nm, and the rest distributed over a size
range between 0 and 70 nm. For opaque TiO2 paste, particle
size distributed more uniformly over a range of sizes between
10 and 400 nm.

The carminic acid adsorption onto TiO2 nanoparticles
was firstly monitored by performing capacitance measure-
ments. These have been used previously to calculate the per-
centage of a solid electrode surface that has been covered by
adsorbing substances [11,12]. Electrochemical Impedance
Spectra (EIS) were recorded every 5 minutes during dye ad-
sorption onto the FTO-TiO2 modified electrodes. Figure 2a)
shows a Nyquist diagram of an EIS spectra of the modified
electrode in 5.0 mM carminic acid solution. The spectra were
fit by using the Electrical Equivalent Circuit (EEC) shown in
Fig. 2b) firstly with the help of the PsTracer software and
then in bulk by using Octaver home-made scripts. This EEC

FIGURE 1. AFM maps of a) transparent and b) opaque TiO2 nanoparticle layers fabricated with Dr. Blade method, and particle size count
for same c) transparent and d) opaque layers respectively.
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FIGURE 2. (a) Nyquist diagram of EIS spectrum of FTO-TiO2

modified electrodes immersed in carminic acid and b) electrical
equivalent circuit used to fit EIS spectra.

has been previously used to represent species adsorption onto
solid electrodes [13]. Briefly, RS is the solution resistance,
CF is the adsorbed dye film capacitance, RF is the resistance
within the film and CPEDL is the Constant Phase Element as-
sociated to the double-layer capacitance. WCT and RCT are
respectively the diffusion impedance and the charge-transfer
resistance associated with faradaic processes which discus-
sion is beyond the scope of this work.

The TiO2 surface coverage,θ, was associated with the
film capacitance by using the formula [12,14]:

θ =
CF − CF0

CF1 − CF0
, (1)

whereCF is the electrode film capacitance value at any time,
CF0 is the bare TiO2 nanoparticles capacitance value and
CF1 is the capacitance value of the TiO2 fully covered with
dye.

A Langmuir model was used to fit the adsorption of
carminic acid (CA). Briefly, the adsorption followed the re-
action:

The model follows the adsorption-desorption kinetics:

vads = kads[CAaq][S] = kads[CAaq][Smax](1− θ), (3)

vdes = kdes[CAads] = kdes[Smax](θ), (4)

wherekadsandkdesare respectively the carminic acid adsorp-
tion and desorption kinetic constants and[S] is the concentra-
tion of empty adsorption sites onto the TiO2 surface. The site
occupation rate,vads− vdes, gives a linear differential equa-
tion which solution is (after assuming that [CAaq] value is
high enough to ensure thatkads [CAaq] À kdes):

θ = 1− e−kads[CAaq ]t. (5)

Substitution of Eq. (5) onto Eq. (1) results in:

CF = (1− e−kads[CAaq]t)(CF1 − CF0) + CF0, (6)

FIGURE 3. Relative contribution plot of selected EEC elements.

Eq. (6) was used to fit theCF vs. t data from EIS measure-
ments to obtain parameterskads andCF1. Therefore,CF1

was used to calculateθ using Eq. (1).
Tracking the dye adsorption through time may present

experimental constraints for EIS measurements which are
not instantly performed, as in Fourier Transform EIS (FTIR-
EIS). Also, fitting several impedance spectra recorded during
adsorption may consume extra computing time. An alterna-
tive to perform multiple impedance spectra consists of per-
forming single-frequency impedance measurements. In order
to determine the frequency at which the impedance modulus,
|Z|, could reflect the CF value, the relative contribution of
each EEC element to|Z| was calculated for all EIS frequen-
cies

Figure 3 shows the relative contribution vs. frequency
plot of selected EEC elements used to fit the impedance spec-
tra. It can be seen that CF shows a relatively high contribution
ca. 72 Hz. At lower and higher frequencies, the|Z| values are
respectively dominated byQDL andRS . These so-called in-
fluence or contribution plots have been previously used to de-
termine work frequencies in order to perform fast impedance
measurements with spatial resolution [15,16].

Therefore, Eq. (1) was modified with|Z| values mea-
sured at 72 Hz instead ofCF , leading to the formula:

θ =
|Z| − |Z|0
|Z|1 − |Z|0 . (7)

Substituting Eq. (7) on (5) gives a formula to fit|Z| vs. t
data to obtain parameters|Z|1 andkads:

|Z| = (1− e−kads[CAaq]t)(|Z|1 − |Z|0) + |Z|0. (8)

Figure 4 shows a plot ofθ vs. t during carminic acid adsorp-
tion onto TiO2. Markers and solid lines representθ calculated
respectively with Eqs. (1) and (7). Typical adsorption at OCP
monitored by using Eq. (1) reached a first steady value ca.
50 min and a second steady value ca. 5 h (not shown). Data
from EEC fitting (Eq. (1)) shows that pulse and constant po-
tential application reduce the adsorption time to ca. 12 min.
However, data from|Z| at 72 Hz [Eq. (7)], shows that adsorp-
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FIGURE 4. Surface coverage of TiO2 nanoparticles with carminic
acid as a function of time for selected potential conditions.

TABLE I. Carminic acid adsorption rate constants calculated with
Eqs. (6) and (8) for different CA adsorption methods.

equation OCP constant pulse

kads Eq. (6) / mM−1 min−1 0.020 0.035 0.033

kads Eq. (8) / mM−1 min−1 0.0186 0.041 0.18

tion for pulsed potential method reduces the adsorption time
to ca. 4 min. This difference between monitoring adsorp-
tion with Eqs. (1) and (7) can be due to the limitation of the
potentiostat to apply pulsed and alternating voltage simulta-
neously, and the EIS or|Z| measurements had to be applied
interrupting the pulsed potential application.

Table I shows thekadsvalues from fittingCF and|Z| vs. t
respectively with Eqs. (6) and (8). Thekadsvalue from Eq. (6)
for pulsed and constant potential methods are similar, sug-
gesting they accelerate adsorption to similar rates. However,
kads from Eq. (8) shows a value for pulse potential method
four times the one obtained for constant potential method.

Ultraviolet-visible spectroscopy (UV-vis) was performed
on modified FTO-TiO2 electrodes to evaluate the increase of
light absorbance due to the presence of carminic acid. An
absorbance peak at a wavelength on the 497∼510 nm range
has been reported previously for this dye adsorbed onto TiO2

[17,18].
Figure 5 shows the absorbance difference values for FTO-

TiO2 modified electrodes after adsorbing carminic acid by
the compared potential methods for 15 min adsorption time.
The difference values were obtained by subtracting the ab-
sorbance of a FTO-TiO2 modified electrode prior to carminic
acid adsorption. The absorbance difference with a typical 3 h
adsorption time at OCP is also shown. The absorbance dif-
ference values ca. 510 nm for OCP and constant potential
methods for 15 min were smaller than that for typical ad-
sorption. However, pulse potential method showed a greater
absorbance difference value. We assumed that ion-stirring
effect due to the application of potential pulses could allow

FIGURE 5. Absorbance difference values for carminic acid ad-
sorbed onto TiO2 nanoparticles at different potential conditions.

TABLE II. Parameters of DSSCs fabricated with pulsed-potential
adsorption steps of different pulse times.

pulse time / ms FF Voc/V Isc/mA η/%

10 0.21 0.39 0.34 0.028

100 0.23 0.35 0.16 0.013

more carminic acid molecules to arrange close to the TiO2

surface, compared to the other methods. We considered the
ion-stirring effect existed since a considerable fraction of the
potential drop between spherical nanoparticles and a counter-
electrode occurs close to the particles surface [19,20]. How-
ever, a more detailed study by using other analytic techniques
should be performed as future work.

In order to compare DSSC efficiency, selected pulse du-
rations and amplitudes were tested. Table II shows the ef-
ficiency of DSSCs prepared with carminic acid adsorption
pulse amplitude of 0.3/-0.2 V and duration of 10 and 100 ms
for 30 min. The efficiency was greater for the DSSC prepared
with 10 ms pulse. Jambrecet al. obtained also a similar opti-
mal pulse time value for thiols adsorption onto gold by com-
paring pulse durations in a range from 1 to 10 000 ms [6].
Therefore, a pulse time of 10 ms was used for experiments at
selected pulse potential amplitudes.

Figure 6 shows plots the current-potential plots for
DSSCs fabricated with 30 min dye adsorption step at se-
lected potential conditions and compared to OCP adsorption
for 24 h. Dots represent experimental data and lines the fit-
ting to Eq. (9):

i = isc − i0

(
e

V +iRs
Vt − 1

)
− V + iRs

Rsh
, (9)

whereRs andRsh are the fit values of the series and shunt re-
sistance of the DSSC andi0 the dark current. Table III shows
a comparison of DSSC efficiencies of selected potential con-
ditions.
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FIGURE 6. Current-potential plot for DSSCs fabricated with se-
lected CA adsorption potentials.

TABLE III. Parameters of DSSCs fabricated with 30 min adsorp-
tion step at different potential conditions. Maximumη deviation
was 0.003 %.

potential method FF Voc / V isc / mA cm−2 η / %

OCP 24 h 0.32 0.45 0.25 0.030

constant 0.3 V 0.27 0.32 0.14 0.012

constant 3.0 V 0.24 0.29 0.17 0.012

pulse 0.3/-0.2 V 0.21 0.39 0.34 0.028

pulse 0.4/-0.3 V 0.34 0.39 0.22 0.029

pulse 0.5/-0.4 V 0.35 0.40 0.28 0.039

The obtained efficiencies were one order smaller than
those obtained for carminic acid DSSCs in previous
works [8,9]. We attributed this result to the different counter-
electrode utilized in this work, the large separation between
the modified and the counter electrodes and the relatively
large TiO2 film thickness, which resulted in highRs values
ranging from 180 to 750Ω cm2 and therefore small DSSC fill
factors and efficiencies [21].Rsh values ranged from 1 440
to 3 280Ω cm2 and were considered high enough to not affect
negatively the DSSC efficiencies, although a small tilt can be
noticed in thei− V curves of Fig. 6 at potential values close
to 0.

The DSSC efficiencies using the constant potential ad-
sorption method were smaller than half the value obtained
with 24 h classical adsorption, whereas Venkatesanet al.
achieved an efficiency 0.3 % higher than the obtained with
the traditional method, by applying 3 V for 60 min [3]. Effi-
ciencies obtained with the pulse-potential adsorption method
showed a trend to increase with the pulse amplitude. Al-
though they are smaller than the obtained in previous works,

it should be noticed that the efficiency obtained with the 0.5/-
0.4 V pulse was 33 % higher compared to the traditional
adsorption techinque, whereas the highest increment previ-
ously reported with potential-assisted adsorption was 13 %,
achieved by Sivanadanamet al. by applying a constant po-
tential [4].

This work presents results only for enhanced adsorption
of carminic acid onto TiO2 for a small selection of poten-
tial pulse-conditions. Dye anchoring functional groups and
orientation onto the TiO2 nanoparticles layer are expected to
have effects on the values of recombination resistances and
hence the cell efficiency, as observed before for other dyes.
Adsorption mechanisms were proposed for MK-2, MK-44,
N719 and triphenylamine-based dyes, for example [22-24].
Although carminic acid has several functional groups with
potential to bind to the TiO2 layer, we did not find any an-
choring or orientation study for this dye. This study is necce-
sary and should be performed as future work. Meanwhile, we
assumed the so-called ion-stirring effect could affect the an-
choring functional group and hence the orientation and com-
pactness of carminic acid molecules onto the TiO2 layer. In
any case, the obtained results in this work open the posibil-
ity to enhance the efficiencies of already existing DSSCs, and
we encourage the scientific community to test potential-pulse
assisted adsorption of other dyes.

4. Conclusions

Adsorption of carminic acid dye onto TiO2 nanoparticles
was assisted with the application of constant and pulsed
potential. Adsorption was monitored by electrochemical
impedance spectroscopy and single-frequency impedance
measurements. The obtained kinetic adsorption constants
were greater for constant or pulsed potential methods than for
classic adsorption method for both monitoring techniques.

UV-vis spectroscopy measurements showed a greater ad-
sorpted amount of CA onto TiO2 by performing the pulsed
potential method, compared to constant and open-circuit po-
tential methods.

Efficiencies for CA DSSCs prepared with the pulse-
potential adsorption method ranged from 14 % smaller to
33 % greater than those prepared with the traditional adsorp-
tion method, for the studied pulse durations and amplitudes.
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