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a b s t r a c t

The effect of the addition of benzimidazole derivatives (xBI) to new-generation organic dye-sensitized
solar cells (DSSCs) was investigated by measuring the photovoltaic performance and by using a
theoretical approach. An organic indoline dye (D149) and a stable organic radical, 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO), were employed as the sensitizer and redox mediator, respectively, for the
fabrication of DSSCs. Three different xBI additives were added to the electrolyte with and without
bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) in D149-DSSCs with a TEMPO/TEMPO+ redox
mediator. Competitive adsorption occurred significantly between D149 and xBI on TiO2 particles in ace-
tonitrile without the presence of LiTFSI in the electrolyte, implying a role of Li+ in the electrolyte of
SSC
EMPO
rganic dye

D149-DSSCs. The addition of xBIs increased the open-circuit voltage (Voc) by the band-edge shift upward
when a negative surface charge was built up on the surface of the TiO2 particles treated with Lewis
base-xBIs. The addition of xBIs in the presence of LiTFSI/acetonitrile electrolytes would increased the
photocurrent by more than 40% due to the suppression of recombination on the bare surface of the TiO2

particles by the effective shielding of Li+ on TiO2. The value of Voc decreased due to the decreased redox
potential of the redox mediators in the presence of xBI, which was confirmed by the theoretical and

experimental methods.

. Introduction

Recently, dye-sensitized solar cells (DSSCs) have been studied
s a promising, low-cost alternative to conventional inorganic solar
evices. The energy conversion in DSSCs is based on electron injec-
ion from a photoexcited state of the sensitizer (i.e., dye) attached to
iO2 semiconductor nanoparticles into the conduction band of the
iO2. The redox mediator is a key component of DSSCs because the
xidized sensitizers can be reduced by a redox mediator present in
he electrolyte. Then, the oxidized mediators diffuse to the counter
lectrode, where they are reduced, such that the photoelectro-
hemical cell is regenerative.

The most common redox mediator used in DSSCs, the

odide/triiodide (I−/I3−) couple, is soluble and provides rapid dye
eneration. However, it has some disadvantages, such as the cor-
osion of metallic grids (e.g., silver or vapor-deposited platinum)
nd the partial absorption of visible light near 430 nm by the I3−

� This work was presented at the Hybrid and Organic Photovoltaics Conference
HOPV2010, May 23–27, 2010, Assisi, Italy).
∗ Corresponding author. Tel.: +82 2 3408 3230; fax: +82 2 3408 4317.

E-mail address: jwon@sejong.ac.kr (J. Won).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.02.004
© 2011 Elsevier B.V. All rights reserved.

species [1]. Another drawback of the I−/I3− system is the mis-
match between the redox potentials in common DSSC systems
[2–4] with Ru-based dyes, which results in an excessive driving
force of 0.5–0.6 eV for the dye-regeneration process. Because the
energy loss incurred during dye regeneration is one of the main
factors limiting the performance of DSSCs, the search for alterna-
tive redox mediators with a more positive redox potential than
I−/I3− is a current research topic of high priority. Several stud-
ies have been conducted to find alternative redox couples, such
as SCN−/(SCN)3

− [5], SeCN−/(SeCN)3
− [5,6], cobalt(II/III) [7,8], cop-

per(I/II) [9] coordination complexes, and organic mediators such
as 2,2,6,6-tetramethyl-1-piperidyloxy (TEMPO) [10]. Among these
examples, the use of the TEMPO/TEMPO+ redox mediator system
in Ru-free organic dye-based DSSCs might be a promising avenue
of exploration due to its easy chemical modification.

Although iodine-free redox mediators using TEMPO were
shown as possible substitutes for the I−/I3− system [10], the cell
performance was still lower than that of the conventional DSSCs.

In an attempt to improve the solar cell performance, the addi-
tion of optimum additives could be a solution. Various additives
in the electrolyte of Ru dye-based DSSCs have been examined in
many studies [11–15]. In one example, acids, such as acetic acid,
in an I−/I3− acetonitrile solution increased the photocurrent but

dx.doi.org/10.1016/j.jphotochem.2011.02.004
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:jwon@sejong.ac.kr
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Table 1
Photovoltaic performance of DSSCs with different additives.

Voc

(V)
Jsc

(mA cm−2)
FF �

(%)
Work function
(V)

– 0.211 4.21 26.21 0.23 5.93
J. Min et al. / Journal of Photochemistry and

ecreased the photovoltage [11]. On the other hand, additives,
uch as NH3, 4-t-butylpyridine [12,13] or 1-methylbenzimidazole
14,15], in acetonitrile provided drastically increased photovoltage
n DSSCs with a Ru-based dye and I−/I3− redox couple.

Most of the additives were found by trial-and-error approaches,
nd there are few studies of the additive effect on the organic dye-
ensitized solar cells in non-iodine redox mediators. This research
ims to clarify the effects of the benzimidazole derivative (xBI)
ddition to TEMPO/TEMPO+ redox mediator electrolytes on the
erformance of a new generation of organic dye-sensitized solar
ells. The influence on cell performance was investigated by exam-
ning the photovoltaic performance of different xBI additives in the
EMPO/TEMPO+/acetonitrile electrolyte of DSSCs and by computa-
ional calculations.

. Experimental

.1. Materials

The mediator 2,2,6,6-tetramethyl-1-piperidyloxy (TEMPO)
as purchased from Tokyo Chemical Industry Co., Ltd.
itrosonium tetrafluoroborate (NOBF4), benzimidazole (BI),
-methylbenzimidazole (1MB), 5-methylbenzimidazole (5MB),
is(trifluoromethane) sulfonimide lithium salt (LiTFSI), tita-
ium(IV) chloride (TiCl4), chloroplatinic acid hydrate (H2PtCl6),
ert-butanol and isopropyl alcohol (IPA) were purchased from
ldrich. The acetonitrile was purchased from Junsei. The TiO2 paste

18 nm, TiO2 Paste DSL 18NR-T) was purchased from Dyesol. The
ndoline dye (D149) is a commercial product from Inabata & Co.,
td. The transparent glass coated with a conductive fluorine-doped
in oxide (FTO, TEC8, 8 �/�) for the electrodes was purchased from
ilkington.

.2. Fabrication

The photo electrode was prepared by depositing a TiCl4 solu-
ion (40 mM in water) onto the FTO glass by spinning and heating
t at 500 ◦C for 30 min. Then, a TiO2 layer using TiO2 paste was
eposited using a doctor blade and then sintered at 500 ◦C for
0 min. The TiO2 films were treated again with TiCl4 and sintered
t 500 ◦C for 30 min. The TiO2 thin films (thickness of approxi-
ately 12 �m) were immersed in a 0.3 mM solution of D149 in

n acetonitrile/tert-butanol mixture (v/v, 1:1) for 18 h at 30 ◦C. The
esidual dye solution was rinsed with acetonitrile and dried with
2 gas. The Pt counter electrodes were prepared by spin coating

he H2PtCl6 solution (0.01 M in IPA) onto the conductive FTO glass
nd then by sintering at 450 ◦C for 30 min.

The electrolyte was prepared by 0.5 M TEMPO and 0.025 M
OBF4, with and without 1.2 M LiTFSI in acetonitrile. Solutions of
.5 M of different xBIs were added to observe the effect of the addi-
ives. NOBF4 was added to oxidize the TEMPO to TEMPO+ to make
he redox mediator [10]. To assemble the cells, two electrodes were
ealed together by surlyn (SX1170-25, 25 �m in thickness, Sola-
onix) and heated in a press at 90 ◦C. The active area of the DSSC
as 0.16 cm2.

.3. Characterization

The current–voltage characteristics of the DSSCs were deter-
ined under 1-sun illumination (AM 1.5 G, 100 mW cm−2) with a
ewport (USA) solar simulator (300-W Xe source) and a Keithley

400 source meter using a mask with an aperture area of 0.25 cm2.
he work function of the film was measured by a photon electron
pectrometer (AC-2, Riken Keiki Co., Ltd.) [16,17]. Cyclic voltam-
etry (CV) was performed using a computer-controlled Thales

1.21 USB program of IM6e (Zahner® elektrik) in combination with
LiTFSI 1.2 M 0.690 8.12 39.64 2.22 –
BI 0.5 M 0.860 5.77 48.42 2.40 5.95
1MB 0.5 M 0.907 4.28 43.21 1.68 5.89
5MB 0.5 M 0.924 2.95 15.4 0.42 5.84

a conventional three-electrode, one-compartment electrochemi-
cal cell (plate material evaluating cell, ALS Co., Ltd.). Platinum
disks were used as the working and counter electrodes. The ref-
erence electrode was Ag/AgCl, which was calibrated by measuring
the redox potential of saturated potassium chloride dissolved in
the solution, and the redox potentials were converted to those
versus a standard hydrogen electrode (SHE) reference scale by
adding a constant of 0.1976 V. The dye detachment was inves-
tigated by an ultraviolet/visible–near infrared diffuse reflectance
spectrophotometer (JASCO V-670 double-beam UV/Visible Spec-
trophotometer). For the UV measurement, a D149-dye attached a
TiO2 electrode film was measured before and after the exposure
in 1 mL of 0.5 M of the different xBI/acetonitrile solutions for 1 h in
a closed container. After sonication for 10 min in acetonitrile, the
detached dye was rinsed off with acetonitrile, and the electrode
film was dried with N2 gas.

2.4. Computational method

The electronic energies and structures of the stationary species
of interest in the gas phase and in acetonitrile were calculated
by full optimization without any geometrical constraints using
the density functional theory method with Gaussian 03 software
and Becke’s three-parameter hybrid functional (B3LYP) [18] with
a 6-31 + g(d) basis set [19]. The nature of all the species was
verified by calculating the vibrational frequencies [20,21]. The
Polarized Continuum Model (PCM) of solvation was used to cal-
culate the solvation energy in acetonitrile, and the charge densities
of the complexes were obtained using natural population analysis
[22–24].

3. Results and discussion

The photovoltaic performances of the D149/TEMPO-based
DSSCs with LiTFSI or xBIs are shown in Fig. 1. The short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and
photovoltaic conversion efficiency (�) are listed in Table 1. Under
standard global AM 1.5 solar conditions with a mask, the reference
cell without any additives showed a Jsc of 4.21 mA cm−2, an Voc of
0.211 V and a FF 26.2, which corresponded to an overall conversion
efficiency of 0.23%.

The addition of 1.2 M LiTFSI in the electrolyte led to an increase
in the Jsc values: the Jsc reached 8.12 mA cm−2 with an Voc of 0.69 V,
and the energy conversion efficiency increased to 2.22%. It is known
that due to the adsorption of Li+ from the electrolyte, the band
edge shifts downwards when a sufficient net number of positive
charges are built up on the surface of the TiO2 particles. The down-
ward band-edge shift increased the charge injection efficiency of
the excited state of the dye by shifting the conduction band edge
to more positive potentials, which caused electron injection from
the excited sensitizer and thus, an increase in the charge collection

yield [25]. Because Jsc is dependent on both the rate of recombi-
nation and the band-edge position of TiO2, an easy transfer from
the positively shifted band-edge position of TiO2 and the retarded
recombination due to the barrier layer of Li+ provided a significant
increase in Jsc.
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Table 2
Photovoltaic performance of DSSCs with different xBIs in LiTFSI/TEMPO/acetonitrile
electrolytes.

0.5 M of Voc (V) Jsc (mA cm−2) FF � (%)

None 0.690 8.12 39.6 2.22
ig. 1. Photocurrent density-potential characteristics of DSSCs with different addi-
ives (a) in the dark and (b) under simulated illumination (AM 1.5, 100 mW cm−2)
ith masking.

The influence of benzimidazole additives on the DSSC perfor-
ance was due to the electron donation ability of the nitrogen lone

airs in the benzimidazole ring, which can be estimated by the par-
ial charge of the N atoms [26]. To estimate the extent to which
he lone-pair electrons of the nitrogen atoms donate, the partial
harges of the nitrogen atoms in position 3 of the xBI in acetonitrile
ere calculated from the optimized structure of xBI in acetonitrile

y the theoretical approach. The charge of the N atom in position
of the xBI group is −0.565, −0.559 and −0.569 for BI, 1MB, and

MB, respectively, suggesting that the xBI molecule adsorbs onto
he free Lewis acid sites of the TiO2 electrode [27]. It is known that
he greater the partial charge of the N atom in the xBI group, the
asier and more often the xBI can be adsorbed onto the Lewis acid
ites of the TiO2 surface [28].

The adsorption of xBI on the surface of the TiO2 electrode pro-
ided a barrier layer for the surface of the TiO2 particles, which
ould more efficiently suppress the dark current arising from
he TEMPO+ reduction by the conduction band electrons at the
emiconductor-electrolyte junction, as shown in the J–V charac-
eristics of the cells under dark conditions (Fig. 1b). Although the
ark current is not an exact simulation of the recombination current

nder illumination due to the localized variation in the medium of
he electrolyte and the potential distribution through the TiO2 elec-
rode, it can be used to estimate the extent of the reduction in the
EMPO+ recombination with the conduction band electrons. The
nset voltage of the cells increased in all cases with the addition
BI 0.820 8.06 51.8 3.42
1MB 0.828 7.70 56.9 3.63
5MB 0.841 6.29 55.4 2.93

of xBI, which showed that the addition of xBI reduced the electron
recombination between the TiO2 surface and TEMPO+.

With the addition of xBI in the TEMPO/TEMPO+ dissolved in
acetonitrile, the Voc increased from 0.211 V to 0.860, 0.907, and
0.924 V for BI, 1MB, and 5MB, respectively. The increased Voc was
due to the adsorption of basic xBI on the surface of TiO2. A neg-
ative surface charge build-up can cause the band edges to shift
upward toward negative electrochemical potentials. Because the
value of Voc is determined from the difference between the quasi-
Fermi level of the TiO2 film and the potential of the redox mediator
in the electrolyte, under the assumption that the potential of the
redox mediator remained constant with the addition, a negative
shift in the conduction band edge of TiO2 increased the Voc.

From the measurement of the work function of the film, the
Fermi-level shift (ϕ) at the FTO–TiO2 interface was estimated to be
ϕ = 5.93 V for the reference, and it changed to 5.95, 5.89 and 5.84 V
with the addition of BI, 1MB and 5MB, respectively. The observed
Fermi level in the order of BI > 1MB > 5MB with the addition of xBI,
which is consistent with the value of Voc within the error range.

Compared to the common Ru-based DSSCs, the detachment
of the organic dye was observed with time, which showed that
there is a competitive adsorption between the xBI and the D149
dye on the surface of TiO2 particles in this system. To see the
competitive detachment of the D149 dye from the TiO2 particles
in the presence of xBI in the electrolyte, UV/Vis measurements
were conducted on the D149-attached TiO2 film before and after
contact with the xBI/acetonitrile or xBI/LiTFSI/acetonitrile solu-
tion for 1 h in a closed container, and the results are shown in
Fig. 2. The dye detachment percentage is calculated using the equa-
tion: 100 × (Abefore − Aafter)/Abefore, where Abefore and Aafter are the
absorbance of D149 at � = 535 nm of the TiO2 film before and after
the contact with the xBI/acetonitrile (or xBI/LiTFSI/acetonitrile)
solution. After 1 h of contact with the xBI/acetonitrile solution,
almost all the D149-attached TiO2 films showed a decreased UV
absorption of D149, and this decrease was significant for the addi-
tion of 5MB in the electrolyte. Up to 20% dye loss was observed in
the TiO2 films when the D149-attached TiO2 film was exposed to
the 5MB/acetonitrile solution.

The dye detachment behavior was also observed in the pres-
ence of Li+ in the electrolyte, i.e., xBI/LiTFSI/acetonitrile solution;
however, the degree of detachment was lower than that in the xBI
solution, which could be due to the specific properties of Li+ in TiO2
particles. It is known that Li+ can be adsorbed on the surface of TiO2,
but it can also intercalate irreversibly into the TiO2 lattice [29].

Following this result, the electrolyte composition for the refer-
ence was fixed to 0.5 M TEMPO, 0.025 M NOBF4, and 1.2 M LiTFSI
in acetonitrile, and 0.5 M of different xBI was added to observe the
effect of the additives on the performance of DSSCs. The J–V curve
is shown in Fig. 3. The values of Jsc, Voc, FF and � with an additive
in the electrolyte are listed in Table 2.

The inset in the figure shows the J–V characteristics of the cells
under dark conditions. The onset voltage of the cells increased in

the order of 5MB > 1MB > BI in the electrolytes, which suggested
that the reduction in the electron recombination between the TiO2
surface and TEMPO+ is greater with the addition of 5MB than with
the addition of BI. This result is consistent with the detachment
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ig. 2. UV absorption of the D149-TiO2 electrode before and after contact with 0.5
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bservation due to the xBI, i.e., the presence of 5MB in the elec-
rolyte enhanced the detachment of the dye and formed a barrier

ayer on the surface of the TiO2 particles with 5MB, which inhibited
he electron recombination.

The addition of xBI reduced the electron recombination between
he TiO2 surface and TEMPO+; therefore, the DSSC performance was
nhanced, as demonstrated in Fig. 3. The negative shift of the band
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ig. 3. Photocurrent density-potential characteristics of DSSCs with different xBIs
n TEMPO/TEMPO+/acetonitrile DSSCs.
a) 5MB/acetonitrile and (b) 5MB/1.2 M LiTFSI/acetonitrile solution. (c) Detachment
or xBI/LiTFSI/acetonitrile solution.

edges and the loss of sensitizers due to the competitive detach-
ment at the surface of the TiO2 particles in the presence of xBI in
the electrolyte can explain the decreased Jsc value when xBI was
added to the electrolyte. The presence of xBI in the TEMPO/TEMPO+

electrolyte solution influenced the DSSC performance, especially
the increase in the Voc and � values of the solar cell compared to
those of the DSSCs containing only Li+ in the electrolyte. Among the
additives tested in this study, either 1MB or BI resulted in the high-
est �, and this trend is consistent with the benzimidazole additive
effect on the I−/I3− redox couple in acetonitrile using the N719 dye
[28].

The Voc values for all the samples were lower than that without
Li+, which could be due to the strong adsorption of Li+ on the sur-
face of TiO2. Because the adsorption of Li+ is stronger than that
of xBI, the addition of a co-adsorbent molecule (i.e., xBI) in the
electrolyte could affect significantly the behavior of redox medi-
ators (i.e., TEMPO/TEMPO+) instead of that of TiO2. Therefore, we
studied the additive effect of the redox potential of TEMPO by CV
measurements and a theoretical approach.

Because the concentration of xBI was same as that of TEMPO
in the electrolyte, we assumed that all the xBIs affected the
potential of TEMPO (or TEMPO+). Therefore, the redox potentials
of the TEMPO complexes with different xBIs can be calculated

[30–32].

The nitroxide radicals (R2N–O•) of the TEMPO redox mediator
used in this research can be reversibly oxidized to the correspond-
ing oxammonium cation (R2N+ O). For the nitroxides, the standard
oxidation potentials were calculated relative to the SHE by deter-



152 J. Min et al. / Journal of Photochemistry and Photobiology A: Chemistry 219 (2011) 148–153

F
i

m

R

h

R

H

R

�

−
c

o
m
t
t
t
t
B
m
t
T
o
o
(
p

e

0.80 0.82 0.84 0.86
0.8

0.9

1.0

1.1

 calculated
 measured

S
H

E
, V
ig. 4. Optimized B3LYP structures of (a) BI···TEMPO and (b) BI···TEMPO+ complexes
n acetonitrile calculated by the B3LYP/6-31 + g(d) basis set.

ining the Gibbs free energy of the following reaction:

2N–O• (sol) + H+(sol) → R2N+ O (sol) + 1/2H2(gas) (1)

The Gibbs energy change of the reaction can be written in two
alf reactions:

2N–O• (sol) → R2N+ O (sol) + e−(gas) (2)

+(sol) + e−(gas) → 1/2H2(gas) (3)

The standard Gibbs energy is the sum of the Gibbs energy from
eactions (2) and (3).

G
◦
1 = �G

◦
2 + �G

◦
3

The Gibbs free energy of Reaction (3), �G
◦
3, is reported as

4.36 V [32,33], and the value of �G
◦
2 can be obtained from the

alculated Gibbs energy of each component in the reaction.
The geometry of the neutral radicals and the positively charged

xidized species were optimized using the B3LYP/6-31 + g(d)
ethod in acetonitrile. In each of the configurations, the N–O of

he TEMPO was placed linearly with the C2–H of the BI or between
he C2–H and N1–H of the BI: one horizontal and one vertical for
he plane made by the benzimidazole ring. All four initial configura-
ions were constructed for geometry optimization. The optimized
3LYP structures of BI···TEMPO and BI···TEMPO+ complexes with
ost stable energy are shown in Fig. 4, and they indicate that

here are nonbonding interactions between the BI and TEMPO (or
EMPO+). The B3LYP structure of xBI···TEMPO (or TEMPO+) was
btained with a similar approach, and an optimized structure was

btained with similar positions of the different xBIs on each TEMPO
or TEMPO+). The solvent effect was calculated by the optimized gas
hase geometry.

The oxidation potential can then be obtained using the following
quation, where n is the number of electrons transferred (in this
Voc, V

Fig. 5. Dependence of the Voc of DSSCs and the SHE of the redox mediator in the
presence of xBI, as determined by experimental and theoretical methods.

case n = 1), and F is the Faraday constant (96485.3383 C/mol):

�G
◦
1 = nFE

◦

The calculated mediator potential, the measured value in the
presence of xBI and the dependence of the Voc are shown in Fig. 5.
There is good agreement between the calculated and experimental
potentials despite the relatively low basis set used in this theoret-
ical approach to save the time and cost.

Under the assumption that the surface of the TiO2 particle was
covered by Li+ and the band edge of the TiO2 film was constant,
the Voc values depend on the electrochemical potential of the
TEMPO/TEMPO+ in the presence of the xBI. A similar trend between
the SHE and the Voc of DSSCs in Fig. 5 shows that the addition of
xBI in the presence of Li+ in the electrolyte improves the Voc by
changing the potential of the redox mediators.

In general, basic additives such as xBIs were added in the elec-
trolytes without any serious consideration, and we found that the
choice of adsorbent is significant for the long-term stability of
organic dye-based solar cells. Therefore, more fundamental anal-
ysis is required when choosing the additives in electrolytes. In
addition, theoretical calculations of the redox potentials of the
redox mediators in the electrolyte indicated their importance in
the design of additives with desirable redox properties, particularly
for compounds in which complex chemical equilibria are known to
hamper experimental measurements.

4. Summary

DSSCs were fabricated with an organic dye and a non-iodine
redox mediator, and the effect of the xBI additives was investigated
using the photovoltaic performance and theoretical calculations.
The basicity of the xBI affected the adsorption onto the TiO2 semi-
conductor particles in the DSSCs, which led to the detachment of
the D149 organic dye from the TiO2 particles. The addition of xBI
in the presence of Li+ in the electrolyte affected the potential of
the TEMPO/TEMPO+ redox mediators and improved the Voc of the
DSSCs compared to that of DSSCs with only Li+ in the electrolyte,
which was confirmed by CV measurements and theoretical calcu-
lations.
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