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bstract

The photovoltaic performance of dye-sensitized solar cells (DSCs) based on nanocrystalline TiO2 films with co-absorbed
NBu4]2[cis-Ru(Hdcbiq)2(NCS)2] (BQ; [NBu4]+ = tetrabutyl ammonium cation; H2dcbiq = 4,4′-dicarboxy-2,2′-biquinoline) and [NBu4]2[cis-
u(Hdcbpy)2(NCS)2] (N719; H2dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) has been investigated. The excited state (E∗

ox) of BQ is more positive
han that of N719 and is comparable to the conduction band edge (Ecb) of the TiO2. The short circuit photocurrent density (Jsc) and open circuit

hotovoltage (Voc) decreased with increasing adsorbed BQ on the TiO2 when N719 and BQ were co-adsorbed on the TiO2. The dark current of
SCs with co-absorbed BQ and N719 increased with increasing adsorbed BQ on the TiO2. Therefore, we propose that an electron injected from
719 to TiO2 and then trapped by BQ subsequently reacted with I2. The photovoltaic performance of DSCs with co-adsorbed N719 and BQ can
e explained by reverse electron transfer from TiO2 to I2 through BQ.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Metal complex sensitizers and organic sensitizers have been
ynthesized and characterized with the goal of improving
he solar-to-electric energy conversion efficiencies (η) of dye-
ensitized solar cells (DSC) that are based on nanocrystalline
iO2 films [1–14]. The main strategy in the design of sensitiz-
rs is to enhance the spectrum response over a wide wavelength
egion and to maintain a sufficient thermodynamic driving force
or electron injection from a sensitizer to TiO2 and electron trans-
er from I− to the oxidized sensitizer [4–14]. Researchers have
lso focused on reverse electron transfer from TiO2 to I2 because
everse electron transfer from TiO2 to I2 is related to the open
ircuit photovoltage (Voc) and the dark current of DSCs [15–27].
he Voc is known to decrease with increasing dark current. The

resent work describes reverse electron transfer from TiO2 to I2
n DSCs.

∗ Corresponding author. Tel.: +81 298 61 4641; fax: +81 298 61 6771.
∗∗ Corresponding author.
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The mechanism of reverse electron transfer from TiO2 to
2 has been investigated in DSCs based on nanocrystalline
iO2 sensitized with [NBu4]2[cis-Ru(Hdcbpy)2(NCS)2] (N719;
2dcbpy = 4,4′-dicarboxy-2,2′-bipyridine), which is a typical

ensitizer [2,3,15–27]. This research has focused on the basic
nderstanding of reverse electron transfer from TiO2 to I2,
amely, nano-structure dependent reverse electron transfer and
lectron diffusion in TiO2. Sensitizer-dependent reverse elec-
ron transfer has recently been reported in nanocrystalline
iO2 electrodes [26,28–31]. When coumarin dyes (NKX-
587, 2677, and 2697) containing a thiophene group are
dsorbed on TiO2, the dark current in coumarin dye-sensitized
iO2 depends on the number of thiophene units in the
olecule, and is larger than the dark current in N719-sensitized
iO2 [30]. By investigating electron transport in TiO2, we
ound that the conduction band edge (Ecb) of TiO2 sensi-
ized with N719 is approximately 50 mV more negative than
hat of TiO2 sensitized with [NBu4]2[Ru(Htcterpy)(NCS)3]
H3tcterpy = 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine) [31]. The

ark current of DSCs sensitized with ruthenium complexes
ncreases with a positive shift in the reduction potential of
he ruthenium complexes [14,32]. Recently, we found that
lectrons injected into a TiO2 film co-absorbed with N719

mailto:m.yanagida@aist.go.jp
dx.doi.org/10.1016/j.jphotochem.2006.06.010
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ig. 1. Ruthenium complexes BQ, [NBu4]2[cis-Ru(Hdcbiq)2(NCS)2] ([NBu4

719, [NBu4]2[cis-Ru(Hdcbpy)2(NCS)2] (H2dcpy = 4,4′-dicarboxy-2,2′-bipyri

nd [NBu4]2[cis-Ru(Hdcbiq)2(NCS)2] (BQ; H2dcbiq = 4,4′-
icarboxy-2,2′-biquinoline) react with I2 predominantly through
Q [32]. The excited state (E∗

ox) of BQ is more positive than
hat of N719 and is comparable to the conduction band edge
Ecb) of TiO2 [10,11,14]. To evaluate reverse electron trans-
er in detail, we investigated the photovoltaic performances of
anocrystalline TiO2 film electrodes with co-absorbed N719 and
Q (Fig. 1).

. Experimental procedures

.1. Materials

All materials were reagent grade and were used as received
nless otherwise noted. The [NBu4]2[cis-Ru(Hdcbiq)2(NCS)2]
BQ) was synthesized according to the literature method [11].
he [NBu4]2[cis-Ru(Hdcbpy)2(NCS)2] (N719) was purchased

rom Solaronix S.A. (Lausanne, Switzerland).

.2. Preparation of samples

Nanocrystalline TiO2 colloids and pastes were prepared as
escribed previously [33]. The paste was printed on conductive
lass plates (F-doped SnO2, Nippon Sheet Glass Co., Tokyo,
apan, 8–10 � cm−2) using a screen-printing machine before
alcination at 525 ◦C for 2 h [27]. The thickness (d) of the TiO2
lms was measured with a Tencor Alpha Step 500 profiler (KLA-
encor Japan Ltd., Kanagawa, Japan). The geometric surface
rea of the TiO2 film electrode was measured with a microscope
Nikon, Tokyo, Japan, model C-PS). The geometric surface
rea and d values for the TiO2 were approximately 0.26 cm2

nd 6.5 �m, respectively [32]. The actual inner surface areas
f the TiO2 films were estimated by Brunauer–Emmett–Teller
easurements. The specific surface area of the nanocrystalline

iO2 films was estimated to be 91 m2 g−1. The diameter of the
articles was approximately 17 nm. The density of the nanocrys-
alline TiO2 film (1.2 g cm−3) was calculated by measuring the
eight of the film (0.26 cm2 × 28 �m). The roughness factor of

(
d
(
(

etrabutyl ammonium cation; H2dcbiq = 4,4′-dicarboxy-2,2′-biquinoline), and

he TiO2 (d = 7 �m) was 745. The TiO2 electrodes were optically
ransparent.

The bare TiO2 films were annealed at 450 ◦C for 1 h
nd dipped in ethanolic dye solution at a concentration of
× 10−4 M at room temperature for 20 h. The amounts of BQ
nd N719 (Γ in mol cm−2) co-adsorbed on the TiO2 film were
ontrolled by changing the ratio between BQ and N719 in the
ipping solutions. The Γ values were determined by desorb-
ng the dye from the TiO2 film into a 0.01 M NaOH 1:1 (v/v)
thanol–water solution and measuring the absorbance (A(λ)) of
he solutions at wavelength (λ) with a UV–vis absorption spec-
rometer (Shimadzu, Kyoto, Japan, UV3101PC). The amount of
dsorbed BQ and N719 were calculated according to the litera-
ure method [32]. The Γ values for BQ and N719 are designated
s Γ BQ and Γ N719, respectively.

.3. Methods

A UV–vis absorption spectrometer (Shimadzu, Kyoto, Japan,
V3101PC) and a potentiostat (Solartron, Durham, UK,
I1280B) were used for spectroelectrochemical measurements.
he UV–vis absorption spectra of the TiO2 electrodes sensitized
ith dye were measured in an electrolyte consisting of 0.1 M

NBu4]ClO4 in acetonitrile. The thickness of the TiO2 films for
bsorption spectra was around 2 �m.

Photoelectrochemical measurements were performed in a
andwich-type two-electrode cell consisting of a dye-coated
iO2 film electrode, a polypropylene film spacer (60 �m), an
lectrolyte solution, and a platinum (Pt) film counter elec-
rode. The electrolyte solution in the cell consisted of 0.5 M 4-
ert-butylpyridine, 0.6 M (1,2-dimethyl-3-propyl)imidazolium
odide, 0.05 M I2, and 0.1 M LiI in acetonitrile.

The photovoltaic measurements were conducted by using
Xe lamp light source simulating the AM 1.5 spectrum
Wacom, Tokyo, Japan, WXS-80C-3, 100 mW cm−2). The inci-
ent monochromatic photon-to-current conversion efficiency
IPCE) was measured by using IPCE measurement system
Bunko Keiki Co., Tokyo, Japan, CED99-W) with a monochro-
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ig. 2. Proposed mechanism for reverse electron transfer from TiO2 to I2 through
Q.

atic Xe lamp. Intensity-modulated photovoltage spectroscopy
IMVS) measurements at open circuit were carried out using

combination of low-intensity-modulated illumination from
green diode laser (Cobolt Co., Stockholm, Sweden, Samba,

32 nm, 50 mW) and constant-bias light illumination from a
e lamp (Ushio, Tokyo, Japan, UXL-500D-O), attenuated if
ecessary with a neutral-density filter. The laser-light illumina-
ion was modulated with an acoustic optical modulator (Isomet
o., Springfield, USA, 1205C-1). The intensity of the modu-

ated light was decreased so that the photocurrent of the cell
nder the modulated-light irradiation was 11% of that under
he constant-bias light irradiation. IMPS and IMVS measure-

ents were performed using an impedance analyzer (Solartron,
urham, UK, Model 1260 impedance/gain-phase analyzer) to
rive the laser and to analyze the photocurrent and photovoltage
esponses.

. Model

The proposed mechanism of sensitizer-dependent recombi-
ation is shown in Fig. 2 [32]. When TiO2 is covered with
719, the injected electron reacts with I2 at the TiO2/electrolyte

nterface (step 1). The normal reverse electron transfer (step 1)
t N719-sensitized TiO2 takes place thorough N719 on TiO2
r at bare TiO2 surface. When ruthenium complex BQ is co-
dsorbed on TiO2 sensitized with N719, BQ in the ground
tate traps the injected electrons (step 2), which then react with
3
− (step 3). We defined the dye absorption ratio (ρBQ) as

BQ = Γ BQ/(Γ BQ + Γ N719). In addition, the relative cross sec-
ion of electron trapping by a sensitizer on TiO2 is defined as
trap. When the value of σtrap for N719 corresponds to the cross
ection for step 1 and is hypothetically defined to be 1, the pos-
ibility (Ptrap) of an encounter with BQ adsorbed on the surface
s given by

trap = σtrapΓBQ(1 − S)

ΓN719 + σtrapΓBQ
(1)

here S is the ratio of the amount of reduced BQ to Γ BQ
0 ≤ S ≤ 1). If an electron moves randomly and is trapped by
sensitizer on nanocrystalline TiO2, the σtrap value of BQ is

xpected to be 1. Therefore, the possibility of an encounter with

Q adsorbed on the surface is ρBQ(1 − S). Eq. (1) can be simpli-
ed by the following assumptions. We assumed that an electron

rapped by BQ on TiO2 cannot be released from the trap site.
n addition, because polypyridyl ligands of metal complexes

a

n

hotobiology A: Chemistry 182 (2006) 288–295

end to interact with I2 [34], we assumed that the rate constant
f the electron transfer from BQ to I2 is much larger than the
ate constant (ktrap) of electron trapping from the conduction
and to BQ. Therefore, S is small (S � 1). Thus, Ptrap can be
escribed as σtrapΓ BQ/Γ N719 + σtrapΓ BQ. When DSCs are illu-
inated from the conductive glass side, the concentration (n) of

he injected electrons in TiO2 can be described as a function of
he distance (x) from the conductive glass/nanocrystalline TiO2
nterface to an area parallel to the interface in the nanocrys-
alline TiO2 (0 < x < d, see Fig. 2) and time (t). The electron
ensity (n(x,t)), which depends on the absorption of light and on
lectron transport, is given by the following continuity equation
32]:

∂n(x, t)

∂t
= D

∂2n

∂x2 − n

τ
− ktrapnPtrap + αN719ηinjI0e−αsx (2)

∂S

∂t
= ktrapn

Ptrap

ΓBQ
− krvS (3)

s = αN719 + αBQ (4)

here αN719 is the absorption coefficient of N719 on TiO2, αBQ
he absorption coefficient of BQ on TiO2, τ the apparent electron
ifetime (s) in the nanocrystalline TiO2 sensitized with N719, D
he apparent electron diffusion coefficient (cm2 s−1) in N719-
ensitized TiO2, ηinj the electron injection yield from a dye to
iO2, and I0 is the incident photon flux corrected for reflection

oss.
The absorption coefficients (α(λ)) are given by

(λ) = 2.302A(λ)d−1. (5)

he αs(λ) is calculated from the A(530 nm) of the TiO2 with
dsorbed N719 and the TiO2 with adsorbed BQ, and the Γ values
f the TiO2 films.From Eq. (2), the apparent electron lifetime
τapp) and the apparent diffusion coefficient (Dapp) in the TiO2
lms with co-adsorbed sensitizers are given by

app = 1

1/τ + ktrapPtrap
(6)

app = D. (7)

q. (2) can be written as

∂n(x, t)

∂t
= Dapp

∂2n

∂x2 − n

τapp
+ αN719ηinjI0e−αsx. (8)

q. (8) has been used to analyze DSCs [15–27,35]. The diffusion
ength L (L = √

Dappτapp in cm) can be expressed as

= √
Dappτapp = LN719√

1 + ktrapPtrapτ
= LN719√

1 + ktrapτρBQ
1+(σtrap−1)ρBQ

(9)

here LN719 is the diffusion length in N719-sensitized TiO2. The
lectron density n(0,t) at the conductive glass can be described

s [35]

(0, t) = n0 exp

(
qV

mkT

)
(10)
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here V is the bias, q the quantity of charge on the electron (C),
the Boltzmann’s constant (J K−1), T the absolute temperature

K), m the ideality factor, and n0 is the electron density in the
ark (cm−3). The n0 value is also given by

0 = Nc exp

(
q(Ecb − E(I3

−/I−))

kT

)
(11)

here Nc is the density of states in the conduction band and
(I3

−/I−) is the redox potential of I3
−/I−.

The photocurrent density (Jphotocurrent) is given by

photocurrent = qDapp
∂n(0, ∞)

∂x
. (12)

t the steady state (∂n(x,t)/∂t = 0), n(x,∞) can be solved by using
q. (7) for ∂n(d,t)/∂x = 0. The Jphotocurrent can be expressed as a

unction of L as follows:

photocurrent = −qDapp
n0

L
exp

(
qV

mkT

)
tanh

(
d

L

)

+ qηinjI0αN719L

2 cosh(d/L)

[
αs exp(−αsd) − (1/L) exp(−d/L)

1/L − αs

+ αs exp(−αsd) + (1/L) exp(d/L)

1/L + αs

]
. (13)

hen I0 equals 0 in Eq. (13), the dark current density is given
y

dark = −qDapp
n0

L
exp

(
qV

mkT

)
tanh

(
d

L

)
. (14)

rom Eq. (14), Jdark increases with decreasing L. Jphotocurrent is
lso represented by

photocurrent = Jdark + Jsc. (15)

hen Jphotocurrent = 0, the open circuit photovoltage (Voc) is
iven by

oc = mkT

q
ln

(
Jsc

Jdark(V = 0)

)
(16)

dark(V = 0) = qDappn0

L
tanh

(
d

L

)
. (17)

rom Eqs. (13)–(15), the relationship between the incident
onochromatic photon-to-current conversion efficiency (IPCE)

nd L is given by

PCE = Jsc

qI0
= ηinjαN719L

2 cosh(d/L)

[
(1/L) exp(d/L) + αs exp(−αsd)

1/L + αs

(1/L) exp(−d/L) − αs exp(−αsd)
]

−
1/L − αs

. (18)

ccording to Eq. (18), the IPCE values increase with
ncreasing L.

a
e
6
o

ig. 3. UV–vis absorption spectra of N719 (- - -) and BQ (—) adsorbed on a
iO2 film electrode in 0.1 M [NBu4]ClO4 acetonitrile solution at an electrode
otential of −0.1 V versus SCE.

. Results and discussion

.1. Adsorption of N719 and BQ on TiO2

The Γ values of BQ and N719 adsorbed TiO2 films at
= 7 �m were 9.2 × 10−8 and 8.8 × 10−8 mol cm−2, respec-

ively. If the dye completely covered the TiO2, then BQ and N719
oth occupied an area of approximately 135 Å2 [32], a value that
s in good agreement with the value reported by Shklover et al.
36]. The number of adsorbed dye molecules per particle was
stimated to be 670 molecules [32]. The Γ N719 is linearly related
o the volume ratio (RN719) of the N719 solution to the total vol-
me in a dipping solution. The ρBQ is also linearly related to
he RN719. These results show that the adsorption equilibrium
onstant of BQ is comparable to that of N719, assuming simple
angmuir adsorption.

UV–vis absorption spectra of BQ and N719 adsorbed on a
iO2 film in 0.1 M [NBu4]ClO4 acetonitrile electrolyte solution
re shown in Fig. 3. The spectra of BQ and N719 adsorbed on a
iO2 film at −0.1 V versus SCE show peaks at 700 and 530 nm,
hich are similar to the spectra of BQ and N719 adsorbed on a
iO2 film in air [11]. The peak at 700 nm represents a red shift of
pproximately 50 nm from the peak for BQ in DMF or ethanol
olution, which indicates that BQ is sensitive to the surrounding
onditions. The Γ can also be calculated from A(700 nm) = 0.15
f BQ on TiO2 film to be 1.3 × 10−8 mol cm−2 on the sup-
osition that the molar absorption coefficient (εBQ(700 nm))
f BQ at 700 nm equals 12,000 M−1 cm−1. The Γ can also
e calculated from A(530 nm) = 0.23 of N719 on a TiO2 film
o be 1.7 × 10−8 mol cm−2 on the supposition that the molar

bsorption coefficient (εN719(530 nm)) of N719 at 530 nm
quals 13,800 M−1 cm−1. The εBQ(530 nm) was calculated to be
400 M−1 cm−1 because A(530 nm) of BQ was 0.08. The ratio
f the absorption coefficients (αBQ(αN719 + αBQ)−1) at 530 nm
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as calculated to be 0.17 at ρBQ = 0.3 when for TiO2 films with
o-adsorbed BQ and N719. Light absorption by BQ on a TiO2
lm reduces the solar-to-electric energy conversion efficiency
f DSCs and cannot be neglected at ρBQ � 0.3.

.2. Short-circuit photocurrent (Jsc)

Plots of IPCE(530 nm) versus ρBQ for the DSCs based on
anocrystalline TiO2 films with co-adsorbed BQ and N719 are
hown in Fig. 4(a and b). The IPCE values were experimentally
stimated from the following equation:

PCE(λ) = 1

q

(
Jsc(λ)

I0(λ)

)
× 100 = APCE(λ) × LHE(λ) (19)

here LHE(λ) is the light-harvesting efficiency and APCE(λ) is
he absorbed photon-to-current conversion efficiency. LHE(λ)
s defined as

HE(λ) = 1 − 10−A(λ) (20)

here A(λ) is expressed as

(λ) = 1000εΓ. (21)

he IPCE values of the cells based on BQ- and N719-sensitized
iO2 were 0.6% and 75% at 530 nm, respectively. IPCE(530 nm)
alues decreased with increasing ρBQ. The LHE values at
32 nm for ρBQ ≤ 0.30 were calculated to be 0.90. The IPCE val-
es would be expected to be linearly related to LHE if the APCE
alues were 100%. However, the IPCE value for the solar cells
ith ρBQ = 0.30 was 22% at 530 nm, which was much smaller

han expected. That is, the IPCE value decreased substantially
ven when a small amount (for example, ρBQ = 0.04) of BQ was
o-adsorbed with N719 on the TiO2. Electron-transfer or energy-
ransfer interactions between BQ and N719 seem to have been
egligible [32]. We speculated that the ηinj does not depend on
BQ. Therefore, an electron injected from N719 to the TiO2
eacted with I2 through BQ on the TiO2.

The L value of N719-sensitized solar cells at short circuit
as assumed to be 37 �m [32]. Using the least-squares fit of

he plot of IPCE versus ρBQ, ktrap and σtrap were estimated to
e 1800 cm3 s−1 and 1.1, respectively. The best value of ktrap
as estimated in the least-squares fit when σtrap was changed

rom 0.1 to 20. We assumed the transmittance of the conduc-
ive glass was 80% at 530 nm because the maximum value of

PCE at 530 nm was 80% [14]. The L value calculated from
q. (9) decreased with increase in ρBQ as shown in Fig. 4(c).
herefore, the IPCE value decreased with decrease in L. This

esult shows that an electron injected from N719 to TiO2 is

ig. 4. Incident monochromatic photon-to-current conversion efficiency (IPCE
n %) value at 530 nm for DSCs based on nanocrystalline TiO2 with co-adsorbed
Q and N719. The ratio ρBQ is defined as Γ BQ/(Γ BQ + Γ N719), where Γ BQ and

he Γ N719 are the amounts of BQ and N719 adsorbed on the TiO2, respectively.
he lines of IPCE versus ρBQ were calculated from Eqs. (8) and (9) for values
f ktrap and σtrap of 1800 cm3 s−1 and 1.1, respectively. (a) IPCE versus ρBQ at
≤ ρBQ ≤ 0.2. (b) log(IPCE) versus ρBQ at 0 ≤ ρBQ ≤ 1. (c) Diffusion length

L) versus ρBQ calculated from Eq. (9) at ktrap = 1800 cm3 s−1 and σtrap = 1.
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ubstantially trapped in BQ on TiO2. From intensity-modulated
hotocurrent spectroscopy (IMPS) at short-circuit, ktrap and σtrap
t Jscd−1 = 7.5 × 102 mA cm−3 were estimated to be 75 cm3 s−1

nd 20, respectively [32]. Eqs. (9) and (18) cannot fully explain
he plot of IPCE versus ρBQ, because L, D, ktrap, and σtrap
lso depend on the electron density (n) or Jsc in TiO2. The n-
ependent L, D, ktrap, and σtrap are neglected in Eqs. (9) and
18).

.3. Dark current

An electron cannot be injected from the conductive material
o the TiO2 bulk crystalline electrode at the ohmic interface until
he applied potential is more negative than Ecb. The onset of the
otential for a dark current has been approximated to be the
cb for bulk crystalline electrodes. However, dark current has
een observed at potentials more positive than Ecb. The dark
urrent increased with increasing d. Therefore, we assumed that
lectrons are injected from the conductive glass to the TiO2
hrough trap sites in the TiO2. The trapped electrons diffuse
mong the trap sites in the TiO2. The trapped electrons reach the
urface of the TiO2 and react with I2. When BQ is adsorbed on
he TiO2, the dark current substantially increased with increasing
BQ.

According to electrochemical impedance measurements, the
ark current–bias curves of DSCs (Fig. 5(a)) show the influ-
nce of many processes: resistance of the conductive glass,
he reverse electron rate from TiO2 to I2, the electron diffu-
ion, the diffusion of I− and I3

−, and the I−/I3
− redox reaction

n Pt [37]. The reaction of I3
− + 2e− → 3I− also depends on

[18]. In addition, the value of Dapp increases with increas-
ng bias (the negative shift of the quasi Fermi level in TiO2)
ecause the n value increases with increasing bias [38]. There-
ore, analyzing the dark current–bias curves of DSCs is difficult.
he dark current–bias curves were calculated from Eq. (14) at
trap = 1800 cm3 s−1, σtrap = 1.1, m = 1, Nc = 3.1 × 1021 [39], and
cb − E(I3

−/I−) = 0.95 [39]. Fig. 5(b) suggests that the dark cur-
ent shown in Fig. 5(a) clearly depends on ρBQ. The increase in
ark current is mainly due to the increase in the reverse electron
ate from TiO2 to I2.

.4. Open circuit photovoltage (Voc)

From Eqs. (16) and (17), the Voc can be represented by

oc = mkT

q
ln

(
Jscτapp/d

qn0L/d tanh(d/L)

)
. (22)

he Voc has information about Ecb and τapp. When at L is much
arger than d (L � d), Eq. (22) can be simplified as

oc = mkT

q
ln

(
Jscτapp

qn0d

)
(23)
hen the τapp values of DSCs are identical, we can estimate
he shift of Ecb. We found that Ecb of TiO2 sensitized with
NBu4]2[Ru(Htcterpy)(NCS)3] was more positive than that sen-
itized with N719 [31]. The Voc is well correlated with dark

w
t
t
w

iO2 with co-adsorbed BQ and N719. (b) Dark current–bias curve calcu-
ated from Eq. (14) at ktrap = 1800 cm3 s−1, σtrap = 1.1, Nc = 3.1 × 1021 [39], and

cb − E(I3
−/I−) = 0.95 [39].

urrent at the same Jsc value (or same n value). Eq. (23) can be
lso described as follows:

oc = mkT

q
ln

(
Jscτapp

d

)
− mkT

q
ln(qn0). (24)

The Jscτapp dependent Voc values are shown in Fig. 6. The Jsc
alues are proportional to the photon flux (Ib) of the bias light.
ecause the Jsc values are also proportional to d when d < 10 �m,

he Jsc values were normalized at d. The τapp values of DSCs
ith co-absorbed BQ and N719 estimated from IMVS decreased

ith increasing ρBQ [32]. The n0 values can be calculated from

he intercept of the plot in Fig. 6. The ratio of n0 at ρBQ = 0.04
o that at ρBQ = 0 was 0.0123. We assumed that the n0 values
ere constant for ρBQ values except for ρBQ = 0. The apparent
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values under open circuit conditions decrease with increasing
BQ.

. Conclusion

The photovoltaic performance of dye-sensitized solar cells
DSCs) based on nanocrystalline TiO2 films with co-absorbed
NBu4]2[cis-Ru(Hdcbiq)2(NCS)2] (BQ; [NBu4]+ = tetrabutyl
mmonium cation; H2dcbiq = 4,4′-dicarboxy-2,2′-biquinoline)
nd [NBu4]2[cis-Ru(Hdcbpy)2(NCS)2] (N719; H2dcbpy = 4,4′-
icarboxy-2,2′-bipyridine) has been investigated. The excited
tate (E∗

ox) of BQ is more positive than that of N719 and is
omparable to the conduction band edge (Ecb) of TiO2 [14,32].
e have proposed that an electron injected from N719 to TiO2

nd then trapped by BQ subsequently reacted with I2 [32]. The
hort circuit photocurrent density (Jsc), open circuit photovolt-
ge (Voc), and dark current of DSCs with co-absorbed BQ and
719 can be explained by the reverse electron transfer from
iO2 to I2 through BQ.

The IPCE values of TiO2 with co-absorbed BQ and N719
ere smaller than the value for N719-sensitized TiO2. The dark

urrent increased with increasing ρBQ. The Voc values of TiO2
ith co-absorbed BQ and N719 were smaller than the value for
719-sensitized TiO2. We considered that the L value decreases
ith increasing ρBQ. The IPCE decreased substantially even
hen a small amount of BQ was co-adsorbed with N719 on
iO2. Interactions between N719 and BQ, such as electron trans-
er and energy transfer, seem to be negligible. Therefore, the ηinj
oes not depend on ρBQ. The injected electron must be rapidly
rapped by BQ on TiO2. The diffusion length (L) values are influ-
nced by the electrolytes and by structural characteristics of the

iO2 film such as the particle size, the distribution of particle
izes, the porosity of the film, and the electronic conditions at
he grain boundary [15–25,27]. These results show that L also
epends on whether BQ is adsorbed on TiO2. We conclude that

[

[

hotobiology A: Chemistry 182 (2006) 288–295

lectron transport in TiO2 is influenced not only by TiO2 and the
lectrolyte but also by the presence of a sensitizer on the TiO2.
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