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Potential-pulse assisted adsorption of carminic acid dye onto Ti@nanoparticles
for faster fabrication of higher efficiency sensitized solar cells
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Dye adsorption onto the TiOnanoparticles 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 reducec
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 ontodnOparticles 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-frequenc
value was determined with the help of relative contribution impedance plots.
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1. Introduction On the other hand, Jambret al. tested pulse-potential

assisted adsorption in systems such as DNA or thiols onto
Dye-sensitized solar cells (DSSCs) represent a low-cost angbld and proven to significantly reduce the adsorption time
naturally available alternative for generating photovoltaic en-more efficiently than open-circuit or constant potential ex-
ergy [1]. The TiQ nanoparticles thin film of these DSSCs periments [5,6]. The enhanced adsorption has been attributed
offers a huge area/volume ratio, providing acceptable cell efto a so-called ion-stirring effect on the adsorbing molecules
ficiencies. close to the electrode surface.

An important step in DSSCs preparation is the adsorp- In this work, we fabricated FTO-TiQelectrodes conven-
tion of the dye onto the Ti@film. Typically, the fluorine-  tionally and performed carminic acid (CA) dye adsorption
doped tin oxide (FTO) photoelectrode coated with the,TiO onto the TiQ nanoparticles layer by three different potential
thin film, is dipped into a solution containing the dye and methods. First method consisted of adsorption at open-circuit
left for several hours until the dye fully covers the Fi6ur-  potential (OCP, ca. -0.02 V). Second method consisted of ap-
face [2]. The acceleration of this adsorption step is importanplying constant potentials more positive than OCP, since they
not only because it allows to shorten DSSCs research timghould enhance the dye migration towards the,TsOrface.
but also accelerates the mass production of these modifiethird method consisted of applying pulsed potential of se-
electrodes. lected pulse times and potential amplitudes, with potential

Different efforts in order to accelerate the dye adsorp-values more positive and a more negative than OCP in order
tion were summarized by Venkatesairal., where potential- to genera.te.the |0n—st|rr|ng effect. We selected carminic acid
assisted adsorption stands out by its simple and low-cost im2€cause it is a natural pigment of low production cost and
plementation [3]. Potential assistance decreased the adsofinimal toxicity [7-9]. Efficiencies of solar cells sensitized
tion time from severals hours to minutes, whereas the proced¥th this dye range from 0.19 to 1.3 %. We also compared
also affected the DSSC efficiency. Venkatestal. applied a C_A adsorption mpmtorlng results by using capacitance and
selection of constant current/potential and sweeping potentigingle-frequency impedance measurements.
values. The efficiency decreased slightly when comparing
with the classical adsorption for most of the cases. Howeverp Experimental
by applying a constant potential of 3 V for 60 min, the cell
efficiency increased 0.3 %. Sivanadanedial. used constant FTO photoelectroded( x 10 x 6 mm, Sigma-Aldrich) were
potential assisted adsorption and enhanced the efficiency tpartially covered with 0.5 mm thickness masking tape in or-
13 % compared to the conventional dye staining method [4]der to leave uncovered 0.5 cm width squares. Uncovered
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areas were covered first with transparent (10 nm diamete8. Results and discussion

Sigma-Aldrich) and then with opaque (100 nm diameter, ] ]

Sigma-Aldrich) TiG, nanoparticles paste, following the so- Atomic Force Microscopy (AFM) measurements were per-
called Dr. Blade method and annealing at %G0for 2 h formed onto transparent and opaque Jl@yers without dye.
[10]. The electrodes were finally cut in smaller rectangular™igures 1a) and 1b) show the AFM height maps. Well defined
pieces to obtain x 2 cm FTO electrodes with@5 x 0.5 cm ~ ZOnes that correspond approximately to the desired particle
TiO, covered area close to the glass extreme. ElectrochemfiZ€S are shown. Size count for the particles was performed
cal measurements were made by immersing FTO, iod- by using the Imagéd software. Figures 1c) and 1d) show
ified electrodes as working electrode into a 10 mM carminicthe particle size histograms corresponding to particle count
acid (Sigma-Aldrich) solution. An Ag/AgCl wire and a Pt Of Figs. 1a) and 1b) respectively. For transparent;Tp@ste,
mesh were respectively used as pseudoreference and coun@éout 30% of the counts corresponded to particles of diame-
electrodes. The control of the electrochemical cell potenier between 10 and 20 nm, and the rest distributed over a size
tial and the electrochemical impedance spectroscopy (EISNge between 0 and 70 nm. For opaque;Tpaste, particle
measurements were performed with a PalmSens 4 potenti§iZ€ distributed more uniformly over a range of sizes between
stat. UV-Vis and AFM measurements were performed on thd0 and 400 nm. _ _ _
FTO-TiO, modified electrodes by using respectively a Jasco 1he carminic acid adsorption onto Tihanoparticles
V-770 spectrophotometer and a Nanosurf NaioAFM micro-Was firstly monitored by performmg capacitance measure-
scope. Solar cells were fabricated by clipping a carminidM€nts. These hgve been used previously to calculate the per-
acid-sensitized electrode and a graphite-impregnated FTE€ENtage of a solid electrode surface that has been covered by
with a 180 & 30 um spacer. A 10 mM4 / 110 mM Kl in adsorbing substances [11,12]. Electrochemical Impedance
50 % V/V acetic acid solution and was used as electrolyteSPectra (EIS) were recorded every 5 minutes during dye ad-
Current-voltage measurements of solar cells were performe8PrPtion onto the FTO-Ti©modified electrodes. Figure 2a)

by exposing them to a 100 mW crh light source (ULTRA-  Shows a Nyquist diagram of an EIS spectra of the modified
VITALUX) and using a variable resistor and two multimeters electrode in 5.0 mM carminic acid solution. The spectra were

connected in series and parallel to measure cell current arifi Py using the Electrical Equivalent Circuit (EEC) shown in
potential respectively. Fig. 2b) firstly with the help of the PsTraResoftware and

then in bulk by using Octa{®home-made scripts. This EEC
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FIGURE 1. AFM maps of a) transparent and b) opaque JTi@anoparticle 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-HO f/ Hz
modified electrodes immersed in carminic acid and b) electrical
equivalent circuit used to fit EIS spectra. FIGURE 3. Relative contribution plot of selected EEC elements.

has been previously used to represent species adsorption orizdl- ©) was used to fit the'r vs. ¢ data from EIS measure-
solid electrodes [13]. Briefly, Ris the solution resistance, Ments to obtain parametekgss andC'r1. Therefore,Cpy

Cr is the adsorbed dye film capacitance; R the resistance Was used to calculateusing Eq. 1).

within the film and CPE, is the Constant Phase Elementas-  Tracking the dye adsorption through time may present
sociated to the double-layer capacitancezMand R are ~ €xperimental constraints for EIS measurements which are
respectively the diffusion impedance and the charge-transfdtot instantly performed, as in Fourier Transform EIS (FTIR-
resistance associated with faradaic processes which discuslS). Also, fitting several impedance spectra recorded during

sion is beyond the scope of this work. adsorption may consume extra computing time. An alterna-
The TiO, surface coverage), was associated with the tive to perform multiple impedance spectra consists of per-
film capacitance by using the formula [12,14]: forming single-frequency impedance measurements. In order
to determine the frequency at which the impedance modulus,
g — Cr —Cro 1) |Z|, could reflect the CF value, the relative contribution of
Cr1—Cro’ each EEC element & | was calculated for all EIS frequen-
cies

whereC’ is the electrode film capacitance value at any time,
Cro is the bare TiQ nanoparticles capacitance value and
Cr is the capacitance value of the Ti@ully covered with
dye.

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

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. Atlower and higher frequencies, t#¢values are
respectively dominated b9 p;, andRs. These so-called in-
fluence or contribution plots have been previously used to de-
- termine work frequencies in order to perform fast impedance

CA(ac) +S 1@: CA (ads), 2 measurements with spatial resolution [15,16].
e Therefore, Eq.[1) was modified with|Z| values mea-
The model follows the adsorption-desorption kinetics:  sured at 72 Hz instead 6fx, leading to the formula:

Vads = kaddCAad[S] = kaddCAad [Smax](1 — 0),  (3) g — 121=1Zlo @

Vdes = kdes[CAadQ = kdes[smax](9)7 (4) ‘Z|1 |Z|O
Substituting Eq.[7) on (5) gives a formula to fitZ| vs. ¢
wherekagsandkgesare respectively the carminic acid adsorp- data to obtain parametelt&|, andk
tion and desorption kinetic constants gSdis the concentra-
tion of empty adsorption sites onto the Ti€urface. The site |Z| = (1 — e hedCAadlty (121, — | Z|0) +|Z]0.  (8)
occupation rateyags — vdes gives a linear differential equa-
tion which solution is (after assuming that [GA value is  Figure 4 shows a plot df vs. ¢ during carminic acid adsorp-

ads-

high enough to ensure thigas[CAag >> kded): tion onto TiG;. Markers and solid lines represéitalculated
respectively with Egslll) and [7). Typical adsorption at OCP
g =1— ¢ FalChualt, (5)  monitored by using Eq/1j reached a first steady value ca.
50 min and a second steady value ca. 5 h (not shown). Data
Substitution of Eq.%) onto Eq. [() results in: from EEC fitting (Eq. 1)) shows that pulse and constant po-

koas[CAut tential application reduce the adsorption time to ca. 12 min.
Cp = (1 —e Fte™2eat)(Cpy1 — Cro) + Cro,  (6)  However, data fronhZ| at 72 Hz [Eq. (7)], shows that adsorp-
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FIGURE 4. Surface coverage of TiDnanoparticles with carminic
acid as a function of time for selected potential conditions.

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

TABLE |. Carminic acid adsorption rate constants calculated with
Egs. 6) and B) for different CA adsorption methods. TABLE Il. Parameters of DSSCs fabricated with pulsed-potential

adsorption steps of different pulse times.

equation OoCP constant pulse
kesEq. 6)/mM~min~" 0020 0035  0.033 pulsetime /ms _ FF VoV I«JMA %
kassEQ. B)/mM~'min~'  0.0186  0.041 0.18 10 021 039 0.34 0.028
100 023 035 0.16 0.013

tion for pulsed potential method reduces the adsorption time
to ca. 4 min. This difference between monitoring adsorp-more carminic acid molecules to arrange close to the,TiO
tion with Egs. i) and [7) can be due to the limitation of the surface, compared to the other methods. We considered the
potentiostat to apply pulsed and alternating voltage simultalon-stirring effect existed since a considerable fraction of the
neously, and the EIS d#| measurements had to be applied potential drop between spherical nanoparticles and a counter-
interrupting the pulsed potential application. electrode occurs close to the particles surface [19,20]. How-
Table | shows thé,gsvalues from fitting”» and| Z| vs.t ~ €Ver, amore detailed study by using other analytic techniques
respectively with Eqsi6) and B). Thekagsvalue fromEq.§) ~ Should be performed as future work.
for pulsed and constant potential methods are similar, sug- N order to compare DSSC efficiency, selected pulse du-
gesting they accelerate adsorption to similar rates. Howevefations and amplitudes were tested. Table Il shows the ef-
kaqs from Eq. B) shows a value for pulse potential method ficiency of DSSCs prepared with carminic acid adsorption
four times the one obtained for constant potential method. Pulse amplitude of 0.3/-0.2 V and duration of 10 and 100 ms
Ultraviolet-visible spectroscopy (UV-vis) was performed for 30 min. The efficiency was greater for the DSSC prepared
on modified FTO-TiQ electrodes to evaluate the increase ofWith 10 ms pulse. Jambret al. obtained also a similar opti-
light absorbance due to the presence of carminic acid. Al pulse time value for thiols adsorption onto gold by com-
absorbance peak at a wavelength on the~48I0 nm range  Paring pulse durathns in a range from 1 to 10 OOO'ms [6].
has been reported previously for this dye adsorbed onte TiOTherefore, a pulse time of 10 ms was used for experiments at
[17,18]. selegted pulse potential amplitudes. -
Figure 5 shows the absorbance difference values for FTO- _Figure 6 shows plots the current-potential plots for
TiO, modified electrodes after adsorbing carminic acid byDSSCs fabricated with 30 min dye adsorption step at se-
the compared potential methods for 15 min adsorption time/€cted potential conditions and compared to OCP adsorption
The difference values were obtained by subtracting the ap®" 24 N Dots represent experimental data and lines the fit-
sorbance of a FTO-Timodified electrode prior to carminic "9 1 Ed. O):
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-whereR, andR,,, are the fit values of the series and shunt re-
sorption. However, pulse potential method showed a greatesistance of the DSSC anglthe dark current. Table Il shows
absorbance difference value. We assumed that ion-stirring comparison of DSSC efficiencies of selected potential con-
effect due to the application of potential pulses could allowditions.

. . V+iRs V + iR
z:zsc—m(e Vi —1)—7
Rsh

: 9)
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0.25 e UL LA R AL LR R LA AL it should be noticed that the efficiency obtained with the 0.5/-
] 0.4 V pulse was 33 % higher compared to the traditional
0.20 T o E adsorption techinque, whereas the highest increment previ-
N‘E 015 ] ously reported with potential-assisted adsorption was 13 %,
o ] achieved by Sivanadanaet al. by applying a constant po-
< ] tential [4].
= G119 0.5/-0.4V \ E ThiS.V\{OFK presents r'esults only for enhapced adsorption
0.05 A0.4/-03V 3 of carminic acid onto Ti@ for a small selection of poten-
' O OCP 24 h ] tial pulse-conditions. Dye anchoring functional groups and
0.00 ] orientation onto the Ti@Qnanopatrticles layer are expected to
' have effects on the values of recombination resistances and
0SB TEE TS0 200 250 00 S5E A9 hence the cell efficiency, as observed before for other dyes.
E/mV Adsorption mechanisms were proposed for MK-2, MK-44,
FIGURE 6. Current-potential plot for DSSCs fabricated with se- N719 and triphenylamine-based dyes, for example [22-24].
lected CA adsorption potentials. Although carminic acid has several functional groups with

potential to bind to the Ti@layer, we did not find any an-

choring or orientation study for this dye. This study is necce-
TABLE Ill. Parameters of DSSCs fabricated with 30 min adsorp- sary and should be performed as future work. Meanwhile, we
tion step at different potential conditions. Maximupdeviation assumed the so-called ion-stirring effect could affect the an-

was 0.003 %. choring functional group and hence the orientation and com-
potential method FE  Vee/V  iw /MACT 2 1/% pactness ofr]car?iqic ?jCid mIoIe_cuI(ra]_s ontoktheQ'I'Iﬁ:yr(]ar. In .
oCP 24 h 032 045 025 0030 2ny case, the obtained results in this work open the posibil-

ity to enhance the efficiencies of already existing DSSCs, and

constant0.3V 027  0.32 0.14 0.012  \ye encourage the scientific community to test potential-pulse
constant3.0V ~ 0.24  0.29 0.17 0.012  assisted adsorption of other dyes.

pulse 0.3/-0.2V  0.21 0.39 0.34 0.028

pulse 0.4/-0.3V  0.34 0.39 0.22 0.029 4. Conclusions

pulse 0.5/-0.4V  0.35 0.40 0.28 0.039

Adsorption of carminic acid dye onto TiOnanoparticles
The obtained efficiencies were one order smaller thavas assisted with the application of constant and pulsed

those obtained for carminic acid DSSCs in pre\,ious.potential. Adsorption was mon!tored by electro.chemical

works [8,9]. We attributed this result to the different counter-impedance spectroscopy and single-frequency impedance

electrode utilized in this work, the large separation betweerfn€asurements. The obtained kinetic adsorption constants

the modified and the counter electrodes and the relatively/ere greater for constant or pulsed potential methods than for

large TiO, film thickness, which resulted in higR, values classic adsorption method for both monitoring techniques.

ranging from 180 to 75@ cn? and therefore small DSSC fill UV-vis spectroscopy measurements showed a greater ad-

factors and efficiencies [21]R,, values ranged from 1 440 Sorpted amount of CA onto TiOby performing the pulsed

to 3 2800 cm? and were considered high enough to not affectPotential method, compared to constant and open-circuit po-

negatively the DSSC efficiencies, although a small tilt can bdential methods.

noticed in thei — V' curves of Fig. 6 at potential values close ~ Efficiencies for CA DSSCs prepared with the pulse-

to 0. potential adsorption method ranged from 14 % smaller to
The DSSC efficiencies using the constant potential ad33 % greater than those_prepared with t_he traditional gdsorp-

sorption method were smaller than half the value obtainedion method, for the studied pulse durations and amplitudes.

with 24 h classical adsorption, whereas Venkatestual.

achieved an efficiency 0.3 % higher than the obtained with\cknowledgements

the traditional method, by applying 3 V for 60 min [3]. Effi-

ciencies obtained with the pulse-potential adsorption method@he authors are grateful for financial support from Seciatar

showed a trend to increase with the pulse amplitude. Alde Educadn Riblica, (SEP, Mxico), through grant UDG-

though they are smaller than the obtained in previous worksP TC-1408.
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