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Abstract

In this paper, we have investigated the effects of oleic acid as a dual-function
coadsorbent on recombination and iodine binding in dye-sensitized solar cells. Oleic acid
as a dual-function coadsorbent effectively shields the back electron transfer from the
TiO; to 15~ ions and also reduces the surface concentration of dye—I, complexes via
iodine binds to the unsaturated double bond on oleic acid. It was found that interaction
between iodine and double bond of oleic keep the iodine molecules away from surface
and reduce the recombination rate between injected electrons in semiconductor and
iodine molecules and increase open-circuit voltage. Furthermore, the interaction between
iodine molecules and unexcited dyes affects the UV-vis spectrum of them and prevent to
unfavorable blue shift. Overall, the results point to an improved performance for DSC

operation and development.

Keywords: dye-sensitized solar cells, oleic acid, recombination, passivation, dye— iodine

complex
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Introduction

Dye-sensitized solar cells (DSCs) are attracting a wide-spread academic and
industrial interest as potential low-cost alternatives to conventional photovoltaic systems
'™ A typical cell structure consists of a dye-sensitized nanocrystalline titanium dioxide
(TiOy) film deposited on a transparent conducting oxide (TCO) glass, a platinum counter
electrode, and an electrolyte containing a redox couple . In these devices, the surfaces
of the TiO, are not fully covered by the dye molecules. Therefore, electrons injected into
the nanocrystalline TiO; layer tend to recombine with either the oxidized form of the dye
or the oxidized form of the redox couple, resulting in the loss of efficiency ™8 This
electron transfer can occur both at the interface between the TiO,—electrolyte interface
and at the part of the TCO that is exposed to the electrolyte °. In particular, the electron
recombination with iodine (rather than tri-iodide) at the TiO,—electrolyte interface is
known to be quite important in deteriorating the photovoltaic performance '°. This
electron recombination could be reduced or eliminated by selectively coating an
insulating and transparent layer on these open area of TiO,. For minimizing such losses in

. . . . . 11-14
DSCs various approaches have been used, such as coating of inorganic barrier layers

and the introduction of coadsorbents '>~'%.

The formation of complexes between iodine and organic molecules has long been

1921 Nither et al. * indicate that iodine binds to

recognized as an important phenomenon
sulfur atom through its lone pair electron. A major challenge for N719 molecules as
sensitizers in DSCs is the iodine binding that occurs between the sulphur and/or nitrogen
atoms of dyes and iodine, which presents unfavorable effects on the DSC performance

210 These spectrum shifts can be related to the change of dyes orbitals’ energy levels



Physical Chemistry Chemical Physics

and the V. loss in cells. Recently, the interaction between iodine—dye, and its effect on
recombination has been described '°. O’Regan et al. have indicated that the interaction
between iodine and dyes adsorbed on TiO, surface in dye-sensitized solar cells influence

24726 The binding of iodine to ruthenium dyes »°, has been suggested

on cell performance
to increase recombination of conduction band electrons to the electrolyte. The increase in
recombination from dye—iodine binding could result from an increase the local iodine

2728 "O’Regan et al. *° presented a strategy for

concentration near the TiO, surface
decreases of dye—iodine binding based on p-aminobenzoic acid on the TiO, surface. The
recombination can be decreases by adsorption of p-aminobenzoic acid on the TiO,
surface, likely due to iodine binding to the amine group.

In this work, we report the findings a new dual-function coadsorbent of molecular
insulators that electronically passive the surface of nanocrystalline TiO; films. Oleic acid
as a coadsorbent containing hydrophobic alkyl chain is serving as buffers blocking water
and tritodide from the surface of TiO,. Furthermore, we find the evidence for interaction
between iodine and oleic acid via the double bond of oleic. Adsorption of oleic acid on
the TiO, surface decreases the recombination due to iodine binding to the double bond of
oleic acid. Then, it may be concluded that, the adsorption of oleic acid on the TiO,

surface decreases the recombination due to iodine binding to the double bond of oleic

acid, and enhances the performance of DSC.

2. Experimental

2.1. Apparatus and chemicals
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All of the materials used in this work were used as received, without further
purification, if not stated otherwise. The N719 dye and FTO glasses were purchased from
Dyesol. 4-tert-butylpyridine, guanidinium thiocyanate, H,PtCls and 1-butyl-3-methyl
imidazolium (BMII) were reagent-grade from Sigma Aldrich. lodine, valeronitrile,
solvents and reagents were of pro-analysis grade from Merck (Darmstadt, Germany).
TiCly (Merck) was diluted with water to 2.0 M at 0 °C to make a stock solution, which
was kept in a freezer and freshly diluted to 40.0 mM with water for each TiCl, treatment
of the FTO coated glass plates.

The active surface area of films was determined by dye-loading in 4 mL of NaOH
(0.1 M in DI water) and estimating the concentration of dye using absorption
measurements (Optizen 3220 UV-Vis spectrophotometer). The DSC performance was
evaluated in AM 1.5 simulated light (Luzchem-Solar) using a potentiostat/galvanostat
(IVIUM, Compactstat). The absorption spectra of the N719/TiO, film were recorded
using a UV-vis spectrophotometer. We investigated the dye-iodine-oleic acid interaction
by measuring the absorption spectra of N719/TiO; films during iodine and oleic acid
addition in acetonitrile. Iodine and oleic acid titration was carried out in a 1.0 cm cell
containing 2 mL acetonitrile. The N719/Ti0O; films on 0.1 cm FTO were placed on one
side of the cell. This allowed the measurement of the spectrum of the film and solution,
and, by rotation of the cell (90 degrees), the measurement of the spectrum of the solution
alone. The absorbance of the N719/TiO; films alone (ODg;) Was obtained by subtraction
of the solution spectrum from that of the film plus solution by use of this equation,

ODsim= OD1 — 0.9x0OD2, where OD1 is the absorbance of N719/T10, films in iodine-
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oleic acid solution and OD?2 is the absorbance of 1odine- oleic acid; the factor 0.9 corrects

the beam pathway (10 mm) by subtracting the thickness of the microscope slide (1 mm).

2.2. Solar Cells Fabrication

FTO glass was used for transparent conducting electrodes. The substrate was first
cleaned in an ultrasonic bath using a detergent solution, acetone, and ethanol, respectively
(each step was 15 min long). The FTO glass plates were immersed into a 40 mM aqueous
TiCl, solution at 70°C for 30 min and washed with water and ethanol.

The screen-printable 20 nm TiO, paste was prepared according to the procedures
described in the literature °. A layer of TiO, paste was spread on the FTO glass plates by
doctor blade. The samples were finally sintered at 500 °C for 30 min. After the sintering
process, the TiO, film was treated with 40 mM TiCly solution, then rinsed with water and
ethanol. The electrodes were heated at 500°C for 30 min. After cooling to 80 °C, the TiO,
electrode was immersed into a 0.3 mM N719 dye solution in a mixture of acetonitrile and
tertbutyl alcohol (volume ratio, 1:1) or sensitized with N719 and oleic acid (denoted to
electrode A and B, respectively) and kept at room temperature for 20 h to assure
complete sensitizer uptake.

The counter electrode was prepared on a perforated FTO-glass according to
previously reported methods °. The working and counter electrodes were assembled into a
sandwich cell, and sealed with a hot-melt gasket of 35-pm thickness made of surlyn
(Dyesol), they filled with the redox-active electrolyte throughout the present study

consisted of 0.6 M 1-butyl-3-methyl imidazolium iodide (BMII), 0.03 M I,, 0.10 M
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guanidinium thiocyanate and 0.5 M 4-tertbutylpyridine in a mixture of acetonitrile and

valeronitrile (volume ratio, 85:15) .

3. Results and discussion
3.1. Dye and Coadsorbent Adsorption Behavior

UV-vis measurements were performed to analyze the adsorption amount of dye
N719 in the TiO, electrodes (Fig. 1). N719 was desorbed from the TiO, film by
immersing the sensitized electrodes into 0.1 M KOH aqueous solutions. Oleic acid at
concentration of 0.3 mM yielded absorption intensities of 71%; this value dramatically
decreased as the concentration of coadsorbent was increased by a factor of 10 (to 3.0
mM). The absorption intensity reached 14% at a concentration 10 times higher (3.0 mM).
The relative adsorption intensities of dye loaded in the TiO, film was 71% for electrode-
B as compared to the electrode A for optimal concentration. This decrease was in good

. . 30,31
agreement with previous work ™

. The coadsorbent retards the rate of dye adsorption via
a competitive anchoring process, thereby increasing the surface concentration of strongly
bound dye and decreasing the dye aggregation on the TiO, surface *%. Therefore, the
decrease of dye loading in this study suggested that the competitive equilibrium

anchoring process may disfavor the formation of dye aggregates on the surfaces of the

nanocrystalline TiO, electrode 30
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Fig. 1 The UV-Vis spectra of the dye (N719) and either oleic acid detached from the

Ti0; electrodes removed by immersion in a 0.1 M KOH aqueous solution.

3.2. Photovoltaic Characterization

The photovoltaic performances of the devices were measured under AM 1.5 solar
conditions to measure the effect of the different molar ratio of oleic acid on Jgc and Voc
(Table 1). Fig. 2 shows the photocurrent—voltage curves of the DSCs sensitized with
N719 dye alone (device A) and with oleic acid (device B [oleic acid]) as the coadsorbent
measured under AM 1.5 full sunlight. In device A, TiO; electrode stained with the N719

sensitizer alone give rise to photovoltaic conversion efficiency (1) of 6.45 % (Jsc=14.02
mA cm_z, Voc=754 mV, and FF=61.2%), as shown in Entries 1. While N719 is

combined with oleic acid as the sensitizer in a molar ratio from 2 to 0.1 (Entries 2—4),
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the n increase to 6.94% (Jsc=14.58 mA cm_z, Voc=762 mV, and FF=62.5%) at the

half molar ratio of oleic acid (Entry 2) then increases to the highest point of 7.65% (Entry
3) at the equivalent molar ratio of oleic acid to N719. Further increase in oleic acid
content causes efficiency falling down (Entry 4-5). By comparing the corresponding
device performances, the optimum concentration of oleic acid as the coadsorbent for
sensitization was selected as 0.3 mM.

It is noteworthy that device-B [0.3] yielded an 9.8% and 4.5% improvement in Jsc
and Voc, respectively, at a 29% lower N719 coverage, to yield a 18.5% improvement in
efficiency. The oleic acid affects mainly on the photocurrent, but the 1 improvement is
attributed to the enhanced Voc coupled with the photocurrent. In the following section,
for comparison, we will only discuss the devices modified by the oleic acid at the optimal
concentration (0.3 mM).

Dark current, resulting from the reduction of tri-iodide by the conduction band
electrons of TiO,, was crucial to the properties of the cells in respect that it revealed the
situation of surface statement and energy level of TiO,.The dark current data in insert
Fig. 2 suggest that the mixed monolayer of N719 and oleic acid is more effective in
retarding this back reaction, a finding consistent with the ~ 30 mV increase in Voc.
Therefore, adsorption of dye with oleic acid as a coadsorbent reduces the charge

recombination, which detailed analysis is given later via electrochemical analysis.
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Table 1 Photocurrent—voltage characteristics * for DSCs sensitized with N719 (electrode

A) or N719 plus oleic acid (electrode B).

Relative
Entry [dye]” Voo/mV JSC/nzA o i

cm () (%)
electrode A 1.00 754 1402 612 6.45
electrode B (0.15) 0.84 762 1458 62.5 694
electrode B (0.3) 0.71 786 1539 632 7.65
electrode B (1.5) 0.41 759 13.52 603 6.20
electrode B (3.0) 0.14 739 11.81 57.6 5.03

*Values obtained using the average over 6 devices for each

experiment.

®Determined by measuring UV-Vis absorption spectra.

10
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Fig. 2 The photocurrent—voltage curves of the device sensitized with N719 dye alone
(device A) and with oleic acid (device B [oleic acid]) under AM 1.5 simulated sunlight

illumination, Inset: In the dark condition

3.3. The analysis of Jsc

O’Regan et al. '° reported that the direct evidence for dye—iodine binding to dye
via the thiocyanate group of the N719 dye. They showed when iodine binds to the NCS
ligands, the energy of the HOMO decreases, blue shifting any HOMO—LUMO
transitions, including the visible and UV MLCT bands. Then to find out the effect of this
in our case we have studied the interaction between iodine molecules with N719 and

oleic acids.

11
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The absorption spectra of N719/TiO; film in mixture of acetonitrile and tertbutyl
alcohol (volume ratio, 1:1) solution alone or with iodine and oleic acid are shown in Fig.
3. In this Fig, we observe a 45 nm blue shift in intensity from the MLCT peak at 535 nm
to a new peak about 490 nm. A blue shift in absorbance can be caused by a decrease in
the HOMO energy, and/or an increase in the LUMO energy '°. When oleic acid added in
solution, a red shift in peak was observed from 490 nm to 529 nm. We suggest this may
be because the iodine bound to the unsaturated double bond on oleic acid. Thus the
reactivity of the bound iodine will be less than the free iodine at the same distance from
the surface, by an amount related to the specifics of binding. Based on this result,
adsorption of oleic acid on the TiO, surface caused red shifts the peak, likely due to
iodine binding to the unsaturated double bond on oleic acid. Therefore, the interactions
between iodine and double bond of oleic keep the iodine molecules away from
thiocyanate group of dyes affects the UV-vis spectrum of them and prevent to
unfavorable blue shift.

Another reason for the increase enhancement of photocurrent due to the
competition of the oleic acid with dye N719 for the limited sites of TiO, surface in the
co-adsorption process '*. The competitive adsorption retards the rate of dye adsorption,
reduces the weakly bonded dye and prevents the aggregation of dye molecules on the
TiO, surface, which minimizes the intermolecular energy transfer, increases the electron
injection efficiency and leads to the enhancement of Jsc. Oleic acid may induce change in
the adsorption state of dye and electronic state of dye-sensitized TiO,, thereby the
electron injection rate and efficiency could be influenced 1816 Therefore, a part of the

improved Jsc for device B compared with device A may be ascribed to the breakup of

12
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dye aggregates because of the competitive adsorption of N719 with the oleic acid. The
decrease in Jsc at a high concentration of oleic acid (oleic acid to dye ratios greater than
1:1) would result from the insufficient dye regeneration rate because of the shielding of
the approach of iodides to oxidized dye molecules by the excessive occupation of long

coadsorbent chains on the TiO, interfaces.

4
—N719
3.5 N719 + 150 uM lodine
——N719 + 300 pM lodine
31 ... N719 + 300 pM lodine + 100 pM Oleic acid
----- N719 + 300 pM lodine + 200 p Oleic acid
2.5
——N719 + 300 uM lodine + 300 p Oleic acid
490 nm
A 535 nm

Abs
N

1

1
1
v
1.5 -

0.5 1

400 500 600
Wavelength / nm

Fig. 3 The absorption spectra of N719/Ti0, film in mixture of acetonitrile and tertbutyl
alcohol (volume ratio, 1:1) solution alone or with iodine and oleic acid. lodine and oleic

acid concentrations as listed in the legends.
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Fig. 4 The IPCE curves of the device sensitized with N719 dye alone (device A) and with
oleic acid (device B)

The measurement of the incident photon-to-current conversion efficiency (IPCE)
as a function of wavelength was carried out in order to gain an insight to the increased Jsc
in the presence of oleic acid. As shown in figure 4, the increased IPCE performance was
observed from the devices with oleic acid co-adsorbent.

The increased quantum yield is ascribed to the inhibited dye aggregation in the
presence of oleic acid as co-adsorbent, which minimizes the intermolecular energy
transfer and increases the electron injection efficiency 3. As a result, it compensates the
loss of light harvesting caused by lower dye coverage in the TiO, photoanode with oleic

acid as the co-adsorbent and leads to the enhancement of Jgc 34

3.4. The analysis of Voc

14
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The Voc value of DSCs is related to the quasi Femi level (Eg,) and the redox
potential (Er.qox) Of electrolyte. Supposing E..qox as a constant, Voc will be controlled by

the Er,, of TiO,. The Egj, can be described as follows 33,

Efn=Ecp + kT Ln(n / Ncg) (1)

Here, Ecp is the conduction band edge of TiO,, T is the absolute temperature, kg is the
Boltzmann constant, N¢p is the effective density of states and n is the number of electrons
in TiO, related to the carrier transfer processes including the electron injection and
recombination. Based on the equation (1), Eg, can be elevated either by the movement of
the Ecg to vacuum level or by the increased electron population in TiO,, eventually
causing an enhancement in Voc 3% In order to further understand the mechanisms of the
increase of Voc in our case, cyclic voltammetry and EIS were performed for changes in
Ecg and concentration of electrons in the film.

In order to investigate the change in the trap state induced by the oleic acid and to
reveal the change in Voc, cyclic voltammetry was performed on TiO, electrode stained
with the N719 sensitizer alone (curve a, Fig. 5a) or in combination with oleic acid (curve
b, Fig. 5a). The capacitive currents in the forward scan as shown in Fig. 5b of the
electrodes displayed gradual onsets. As shown in this Fig., the onset was around —0.79 V
for the TiO, electrode stained with the N719 sensitizer alone (Electrode A) having a
direct contact with the electrolyte, whereas the electrode A covered with oleic acid
displayed onsets in the —0.81 V. This observation indicates that the edge of conduction
band of TiO, slightly has changed *°. Moreover, the slope (dQ/ dV, where Q is the total

number of surface trapping sites and V is the potential applied to the electrode) of

15
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electrode A was large, and the slope decreased after combination with oleic acid
(electrode-B). This indicated that the reduction in the number of surface trapping sites at

which photoinduced electrons could recombine with oxidized species '°.

0.15

a b Q (Electrode A) Q (Electrode B)
1.2 1.2

-1.1 -1.1

-1.0 -1.0

Current/ mA

015 ~ —Electrode A

-0.9 -0.9

—Electrode B

E vs. Ferrocene / V

= -0.81
-0.8

-0.8

-0.3

2.2 -0.95 0.3

0.7 0.7
Potential / V

Fig. 5 (a) CVs of electrode A (N719 dye) and electrode B (N719 dye with oleic acid) in
BMIB, The scan rate is 0.05 Vs™. (b) Energy levels at the TiO2/ BMIB interface.

In order to investigate the influence of oleic acid on the electron population in
Ti0,, EIS was performed on each TiO, electrode sensitized with N719 alone (device A)
and with oleic acid (device B) in the dark. In Figure 6, the Nyquist plots consist of two
semicircles. The smaller semicircle occurring at higher frequencies represents the charge-
transfer resistance at the counter electrode/electrolyte interface, while the larger one at
lower frequencies is attributed to the resistance at the TiO,/electrolyte interface. Ry was
estimated to be 71 Q for the cells treated with N719 alone and 132 Q for those with N719
to oleic acid ratio of 1:1. The smaller R, value means that the electron recombination
from the conduction band to the electrolyte occurs more easily, thus resulting in lower

Voc. Clearly, the electron recombination in devices based on N719 alone is faster than

16
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that of N719 and oleic acid. This result clearly states that oleic acid as the coadsorbent
exhibits strong ability to suppress the back electron transfer. Electron lifetime (t), as
another significant parameter to evaluate the charge recombination rate, is usually
obtained by R and Cp (t = Ryt * Cp) from EIS by fitting the experimental data through
an appropriate equivalent circuit *’. By comparing device A with device B, T increased
from 30.6 ms to 68.5 ms. This result clearly states that oleic acid as the coadsorbent

exhibits strong ability to suppress the back electron transfer.

100
80 - m Electrode A
¢ Electrode B
i TS *
-§ 60 . °
~ * *
3, 40 - .
1 ’ ‘
20 | .’l .= . .
N n ¢
] | |
0 ‘_I T T T
0 50 100 150 200
Z' /| Ohm

Fig. 6 The electrochemical impedance spectra of the device sensitized with N719 dye

alone (device A) and with oleic acid (device B) under the dark condition.

This property can be attributed to that (1) the large alkyl chain of yields longer
distance between the electrons in the TiO, and I* in the iodide electrolyte; (2) interaction

between iodine and double bond of oleic keep the iodine molecules away from surface,

17
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which could reduce the recombination rate between injected electrons in semiconductor
and iodine molecules. Therefore, the increased Voc of the device B is due to the
increasing of the electron population in TiO, and the shift of the conduction band of
TiO,. A further increase in the oleic acid-to-dye ratio to 1:1 (Entry 2 in Table 1) leads to a
decrease in Voc. This phenomenon is due to the extra protons formed at surface from
—COOH to TiO, surface forming interfacial dipoles results in a shift in the band-edge at

the interface, which explains the decrease in the Voc **.

4. Conclusions

It was found that the introduction of the oleic acid as a dual-function coadsorbent
in DSC afforded the device with higher Vo, Jsc and photovoltaic conversion efficiency.
We contribute such performance to the structure of oleic acid and the iodine-bonding
interaction of unsaturated double bond on oleic acid , which widen the spatial separation
between the TiO, surface and the acceptors in the electrolyte. Furthermore, the
interaction between iodine molecules and dyes affects the UV-vis spectrum of them and
prevent to unfavorable blue shift. Moreover, the competitive anchoring process of oleic
acid and N719 on the TiO, surface effectively diminishes the aggregation of dye
molecules, which minimizes the intermolecular energy transfer, increases the electron
injection efficiency and leads to the enhancement of photovoltaic conversion efficiency.
Finally, we demonstrated that the resulting DSC devices satisfied two criteria: (1)

reduced dye loading, (2) simultaneous improvements in Jsc and Voc.

18
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Graphical abstract

Dye  Recombination

Highlight:

We introduce a dual-function coadsorbent in DSCs, that play a beneficial role in the

recombination and iodine binds to the N719 dye.

23



