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Abstract

The photovoltaic performance of dye-sensitized solar cells (DSCs) based on nanocrystalline TiO, films with co-absorbed
[NBuy]s[cis-Ru(Hdcbiq),(NCS),] (BQ; [NBuy]* =tetrabutyl ammonium cation; H,dcbiq =4,4’-dicarboxy-2,2’-biquinoline) and [NBuy],[cis-
Ru(Hdcbpy),(NCS),] (N719; H,dcbpy =4,4'-dicarboxy-2,2'-bipyridine) has been investigated. The excited state (E},) of BQ is more positive
than that of N719 and is comparable to the conduction band edge (E,) of the TiO,. The short circuit photocurrent density (J.) and open circuit
photovoltage (V,.) decreased with increasing adsorbed BQ on the TiO, when N719 and BQ were co-adsorbed on the TiO,. The dark current of
DSCs with co-absorbed BQ and N719 increased with increasing adsorbed BQ on the TiO,. Therefore, we propose that an electron injected from
N719 to TiO, and then trapped by BQ subsequently reacted with I,. The photovoltaic performance of DSCs with co-adsorbed N719 and BQ can

be explained by reverse electron transfer from TiO, to I, through BQ.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Dye-sensitized solar cell; Ruthenium complex; Nanocrystalline TiO,; Reverse electron transfer; Electron transport

1. Introduction

Metal complex sensitizers and organic sensitizers have been
synthesized and characterized with the goal of improving
the solar-to-electric energy conversion efficiencies (1) of dye-
sensitized solar cells (DSC) that are based on nanocrystalline
TiO, films [1-14]. The main strategy in the design of sensitiz-
ers is to enhance the spectrum response over a wide wavelength
region and to maintain a sufficient thermodynamic driving force
for electron injection from a sensitizer to TiO, and electron trans-
fer from I~ to the oxidized sensitizer [4—14]. Researchers have
also focused on reverse electron transfer from TiO; to I, because
reverse electron transfer from TiO; to I is related to the open
circuit photovoltage (Vi) and the dark current of DSCs [15-27].
The V. is known to decrease with increasing dark current. The
present work describes reverse electron transfer from TiO; to I
in DSCs.
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The mechanism of reverse electron transfer from TiO; to
I, has been investigated in DSCs based on nanocrystalline
TiO, sensitized with [NBug4 ]2 [cis-Ru(Hdcbpy)2(NCS), ] (N719;
Hydcbpy =4,4'-dicarboxy-2,2’-bipyridine), which is a typical
sensitizer [2,3,15-27]. This research has focused on the basic
understanding of reverse electron transfer from TiO; to Ip,
namely, nano-structure dependent reverse electron transfer and
electron diffusion in TiO,. Sensitizer-dependent reverse elec-
tron transfer has recently been reported in nanocrystalline
TiO, electrodes [26,28-31]. When coumarin dyes (NKX-
2587, 2677, and 2697) containing a thiophene group are
adsorbed on TiO;, the dark current in coumarin dye-sensitized
TiO, depends on the number of thiophene units in the
molecule, and is larger than the dark current in N719-sensitized
TiO, [30]. By investigating electron transport in TiO;, we
found that the conduction band edge (E,) of TiO, sensi-
tized with N719 is approximately 50 mV more negative than
that of TiO, sensitized with [NBuys]s[Ru(Htcterpy)(NCS)s]
(Hstcterpy = 4,4",4”-tricarboxy-2,2":6/,2" -terpyridine) [31]. The
dark current of DSCs sensitized with ruthenium complexes
increases with a positive shift in the reduction potential of
the ruthenium complexes [14,32]. Recently, we found that
electrons injected into a TiO, film co-absorbed with N719
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Fig. 1. Ruthenium complexes BQ, [NBuy]s[cis-Ru(Hdcbiq),(NCS),] ([NBuy]* =tetrabutyl ammonium cation; Hpdcbiq=4,4"-dicarboxy-2,2’-biquinoline), and
N719, [NBuy ]z [cis-Ru(Hdcbpy)2 (NCS), ] (Hadepy = 4,4 -dicarboxy-2,2'-bipyridine).

and [NBu4]s[cis-Ru(Hdcbiq),(NCS),] (BQ; Hpdcbiq=4,4'-
dicarboxy-2,2’-biquinoline) react with I predominantly through
BQ [32]. The excited state (E,) of BQ is more positive than
that of N719 and is comparable to the conduction band edge
(E¢p) of TiO, [10,11,14]. To evaluate reverse electron trans-
fer in detail, we investigated the photovoltaic performances of
nanocrystalline TiO; film electrodes with co-absorbed N719 and

BQ (Fig. 1).
2. Experimental procedures
2.1. Materials

All materials were reagent grade and were used as received
unless otherwise noted. The [NBuy]»[cis-Ru(Hdcbiq)(NCS); ]
(BQ) was synthesized according to the literature method [11].
The [NBus]s[cis-Ru(Hdcbpy)>(NCS),] (N719) was purchased
from Solaronix S.A. (Lausanne, Switzerland).

2.2. Preparation of samples

Nanocrystalline TiO, colloids and pastes were prepared as
described previously [33]. The paste was printed on conductive
glass plates (F-doped SnO», Nippon Sheet Glass Co., Tokyo,
Japan, 8-10 Q2 cm™2) using a screen-printing machine before
calcination at 525 °C for 2 h [27]. The thickness (d) of the TiO,
films was measured with a Tencor Alpha Step 500 profiler (KLA-
Tencor Japan Ltd., Kanagawa, Japan). The geometric surface
area of the TiO; film electrode was measured with a microscope
(Nikon, Tokyo, Japan, model C-PS). The geometric surface
area and d values for the TiO, were approximately 0.26 cm?
and 6.5 wm, respectively [32]. The actual inner surface areas
of the TiO; films were estimated by Brunauer—-Emmett—Teller
measurements. The specific surface area of the nanocrystalline
TiO, films was estimated to be 91 m? g~!. The diameter of the
particles was approximately 17 nm. The density of the nanocrys-
talline TiO, film (1.2 gcm™>) was calculated by measuring the
weight of the film (0.26 cm? x 28 pm). The roughness factor of

the TiO, (d =7 wm) was 745. The TiO; electrodes were optically
transparent.

The bare TiO; films were annealed at 450°C for 1h
and dipped in ethanolic dye solution at a concentration of
3 x 107* M at room temperature for 20 h. The amounts of BQ
and N719 (I" in mol cm™2) co-adsorbed on the TiO, film were
controlled by changing the ratio between BQ and N719 in the
dipping solutions. The I" values were determined by desorb-
ing the dye from the TiO, film into a 0.01 M NaOH 1:1 (v/v)
ethanol-water solution and measuring the absorbance (A(A)) of
the solutions at wavelength (A) with a UV-vis absorption spec-
trometer (Shimadzu, Kyoto, Japan, UV3101PC). The amount of
adsorbed BQ and N719 were calculated according to the litera-
ture method [32]. The I" values for BQ and N719 are designated
as I'gq and I'N719, respectively.

2.3. Methods

A UV-vis absorption spectrometer (Shimadzu, Kyoto, Japan,
UV3101IPC) and a potentiostat (Solartron, Durham, UK,
SI1280B) were used for spectroelectrochemical measurements.
The UV-vis absorption spectra of the TiO; electrodes sensitized
with dye were measured in an electrolyte consisting of 0.1 M
[NBug]ClOy4 in acetonitrile. The thickness of the TiO; films for
absorption spectra was around 2 pm.

Photoelectrochemical measurements were performed in a
sandwich-type two-electrode cell consisting of a dye-coated
TiO, film electrode, a polypropylene film spacer (60 wm), an
electrolyte solution, and a platinum (Pt) film counter elec-
trode. The electrolyte solution in the cell consisted of 0.5 M 4-
tert-butylpyridine, 0.6 M (1,2-dimethyl-3-propyl)imidazolium
iodide, 0.05M I,, and 0.1 M Lil in acetonitrile.

The photovoltaic measurements were conducted by using
a Xe lamp light source simulating the AM 1.5 spectrum
(Wacom, Tokyo, Japan, WXS-80C-3, 100 mW cm’z). The inci-
dent 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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Electrolyte

Fig.2. Proposed mechanism for reverse electron transfer from TiO; to I, through

BQ.

matic Xe lamp. Intensity-modulated photovoltage spectroscopy
(IMVS) measurements at open circuit were carried out using
a combination of low-intensity-modulated illumination from
a green diode laser (Cobolt Co., Stockholm, Sweden, Samba,
532nm, 50mW) and constant-bias light illumination from a
Xe lamp (Ushio, Tokyo, Japan, UXL-500D-0), attenuated if
necessary with a neutral-density filter. The laser-light illumina-
tion was modulated with an acoustic optical modulator (Isomet
Co., Springfield, USA, 1205C-1). The intensity of the modu-
lated light was decreased so that the photocurrent of the cell
under the modulated-light irradiation was 11% of that under
the constant-bias light irradiation. IMPS and IMVS measure-
ments were performed using an impedance analyzer (Solartron,
Durham, UK, Model 1260 impedance/gain-phase analyzer) to
drive the laser and to analyze the photocurrent and photovoltage
responses.

3. Model

The proposed mechanism of sensitizer-dependent recombi-
nation is shown in Fig. 2 [32]. When TiO; is covered with
N719, the injected electron reacts with I, at the TiO,/electrolyte
interface (step 1). The normal reverse electron transfer (step 1)
at N719-sensitized TiO, takes place thorough N719 on TiO,
or at bare TiO; surface. When ruthenium complex BQ is co-
adsorbed on TiO; sensitized with N719, BQ in the ground
state traps the injected electrons (step 2), which then react with
I3~ (step 3). We defined the dye absorption ratio (opq) as
©oBQ =1"'BQ/(I'BQ + I'N719). In addition, the relative cross sec-
tion of electron trapping by a sensitizer on TiO» is defined as
Otrap- When the value of o, for N719 corresponds to the cross
section for step 1 and is hypothetically defined to be 1, the pos-
sibility (Pyrp) of an encounter with BQ adsorbed on the surface
is given by

UtrapFBQ(l )]

(D
IN719 + Otrap I BQ

P, trap =
where § is the ratio of the amount of reduced BQ to I'gg
(0<S§<1). If an electron moves randomly and is trapped by
a sensitizer on nanocrystalline TiO», the op value of BQ is
expected to be 1. Therefore, the possibility of an encounter with
BQ adsorbed on the surface is pgq(1 — ). Eq. (1) can be simpli-
fied by the following assumptions. We assumed that an electron
trapped by BQ on TiO; cannot be released from the trap site.
In addition, because polypyridyl ligands of metal complexes

tend to interact with I, [34], we assumed that the rate constant
of the electron transfer from BQ to I, is much larger than the
rate constant (kiap) of electron trapping from the conduction
band to BQ. Therefore, S is small (S < 1). Thus, Pi,p can be
described as oyap I 'BQ/I'N719 + Otrap I 'BQ. When DSCs are illu-
minated from the conductive glass side, the concentration (n) of
the injected electrons in TiO, can be described as a function of
the distance (x) from the conductive glass/nanocrystalline TiO»
interface to an area parallel to the interface in the nanocrys-
talline TiO; (0<x<d, see Fig. 2) and time (). The electron
density (n(x,)), which depends on the absorption of light and on
electron transport, is given by the following continuity equation
[32]:

on(x,t) #n n —a,

o = D@ - - - ktrapnPtrap + an7197injloe ot 2
as Pirap
5 = ktrapn FBQ — kS 3
o5 = aN719 + @BQ “

where an719 is the absorption coefficient of N719 on TiO;, apq
the absorption coefficient of BQ on TiO;, t the apparent electron
lifetime (s) in the nanocrystalline TiO, sensitized with N719, D
the apparent electron diffusion coefficient (cm?s~!) in N719-
sensitized TiO2, niyj the electron injection yield from a dye to
TiO,, and Iy is the incident photon flux corrected for reflection
loss.
The absorption coefficients («(A)) are given by

a()) = 2.302A(0)d . (5)

The ag()) is calculated from the A(530 nm) of the TiO, with
adsorbed N719 and the TiO; with adsorbed BQ, and the I” values
of the TiO; films.From Eq. (2), the apparent electron lifetime
(Tapp) and the apparent diffusion coefficient (Dypp) in the TiO2
films with co-adsorbed sensitizers are given by

1
Tgpp = ————————— (6)
P l/t+ ktrap P trap
Dypp = D. N
Eq. (2) can be written as
on(x,t) 9n n —a,
o = Dy~ o + an719minjloe” ", (®)

Eq. (8) has been used to analyze DSCs [15-27,35]. The diffusion
length L (L = \/DqppTapp in cm) can be expressed as

Ly719 Ln719

L= Dt = = = T
\/ + ktrap Prrap T \/l—}-%
Otrap— 1)PBQ

C))

where Ln719 is the diffusion length in N719-sensitized TiO;. The
electron density n(0,f) at the conductive glass can be described
as [35]

\%
n(0, 1) = ng exp <nc1]kT) (10
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where Vis the bias, ¢ the quantity of charge on the electron (C),
k the Boltzmann’s constant (J K=1), T the absolute temperature
(K), m the ideality factor, and ny is the electron density in the
dark (cm™3). The ng value is also given by

Y

q(Ecy — E(I3_/I_))>
kT

ng = N¢exp <

where N, is the density of states in the conduction band and
E(I3~/17) is the redox potential of I37/1".
The photocurrent density (Jphotocurrent) 1S given by

an(0, oo)

™ (12)

J, photocurrent = ¢ Dapp
Atthe steady state (dn(x,1)/9t = 0), n(x,00) can be solved by using

Eq. (7) for on(d,1)/0x=0. The Jppotocurrent €an be expressed as a
function of L as follows:

no qV d
J; photocurrent = —¢ Dappf exp kT tanh T

qninjloan719L |:Ofs exp(—asd) — (1/L)exp(—d/L)

2 cosh(d/L) 1/L — ag
as exp(—asd) + (1/L) exp(d/L)
* 1/L + o ] ) (13

When I equals 0 in Eq. (13), the dark current density is given
by

no 14 d
Jdark = —qDappf exp (nZkT) tanh (L) . (14)

From Eq. (14), Jguk increases with decreasing L. Jphotocurrent 18
also represented by

J; photocurrent = Jdark + Jsc- (15)

When Jphotocurrent =0, the open circuit photovoltage (Voc) is
given by

mkT Jsc
Voo = KT ( > (16)
q Jaark(V = 0)
Dyynng d
Taar(V = 0) = q% tanh (L> . (17)

From Eqgs. (13)—(15), the relationship between the incident
monochromatic photon-to-current conversion efficiency (IPCE)
and L is given by

IPCE = e _ MinjennioL {(1/ L)exp(d/L) + o5 exp(—asd)

gly 2cosh(d/L) 1/L + o
_ (1/L)exp(—d/L) — as exp(—asd)
1/L — oy '

(18)

According to Eq. (18), the IPCE values increase with
increasing L.
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Fig. 3. UV-vis absorption spectra of N719 (---) and BQ (—) adsorbed on a
TiO; film electrode in 0.1 M [NBuy]CIO4 acetonitrile solution at an electrode
potential of —0.1 V versus SCE.

4. Results and discussion
4.1. Adsorption of N719 and BQ on TiO,

The I' values of BQ and N719 adsorbed TiO, films at
d=7pm were 9.2 x 1078 and 8.8 x 1073 molcm™2, respec-
tively. If the dye completely covered the TiO,, then BQ and N719
both occupied an area of approximately 135 A2 [32], a value that
is in good agreement with the value reported by Shklover et al.
[36]. The number of adsorbed dye molecules per particle was
estimated to be 670 molecules [32]. The I'n719 is linearly related
to the volume ratio (Rn719) of the N719 solution to the total vol-
ume in a dipping solution. The pgq is also linearly related to
the RN719. These results show that the adsorption equilibrium
constant of BQ is comparable to that of N719, assuming simple
Langmuir adsorption.

UV-vis absorption spectra of BQ and N719 adsorbed on a
TiO film in 0.1 M [NBu4]CIlO4 acetonitrile electrolyte solution
are shown in Fig. 3. The spectra of BQ and N719 adsorbed on a
TiO, film at —0.1 V versus SCE show peaks at 700 and 530 nm,
which are similar to the spectra of BQ and N719 adsorbed on a
TiO; filmin air [11]. The peak at 700 nm represents a red shift of
approximately 50 nm from the peak for BQ in DMF or ethanol
solution, which indicates that BQ is sensitive to the surrounding
conditions. The I' can also be calculated from A(700 nm)=0.15
of BQ on TiO, film to be 1.3 x 1078 molcm™2 on the sup-
position that the molar absorption coefficient (egq(700nm))
of BQ at 700nm equals 12,000M~!cm™!. The I" can also
be calculated from A(530nm)=0.23 of N719 on a TiO, film
to be 1.7 x 1078 molecm™2 on the supposition that the molar
absorption coefficient (ex719(530nm)) of N719 at 530 nm
equals 13,800 M~lem™L. The £BQ(530 nm) was calculated to be
6400 M~ ! cm™! because A(530 nm) of BQ was 0.08. The ratio
of the absorption coefficients (apq(an7i9 + aBQ)_l) at 530 nm
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was calculated to be 0.17 at ppq = 0.3 when for TiO; films with
co-adsorbed BQ and N719. Light absorption by BQ on a TiO,
film reduces the solar-to-electric energy conversion efficiency
of DSCs and cannot be neglected at pgg = 0.3.

4.2. Short-circuit photocurrent (Jg)

Plots of IPCE(530nm) versus pgq for the DSCs based on
nanocrystalline TiO; films with co-adsorbed BQ and N719 are
shown in Fig. 4(a and b). The IPCE values were experimentally
estimated from the following equation:

L [ Jsc(A)
IPCE(L) = — ( )

q
where LHE() is the light-harvesting efficiency and APCE(}) is
the absorbed photon-to-current conversion efficiency. LHE(A)
is defined as

) x 100 = APCE(A) x LHE(Z)  (19)

LHE(X) = 1 — 1074W (20)
where A(}) is expressed as
A()) = 1000 21

The IPCE values of the cells based on BQ- and N719-sensitized
TiO; were 0.6% and 75% at 530 nm, respectively. [IPCE(530 nm)
values decreased with increasing ppq. The LHE values at
532 nm for pgg < 0.30 were calculated to be 0.90. The IPCE val-
ues would be expected to be linearly related to LHE if the APCE
values were 100%. However, the IPCE value for the solar cells
with pgg =0.30 was 22% at 530 nm, which was much smaller
than expected. That is, the IPCE value decreased substantially
even when a small amount (for example, ppg =0.04) of BQ was
co-adsorbed with N719 on the TiO». Electron-transfer or energy-
transfer interactions between BQ and N719 seem to have been
negligible [32]. We speculated that the niyj does not depend on
pBQ. Therefore, an electron injected from N719 to the TiO;
reacted with I through BQ on the TiO,.

The L value of N719-sensitized solar cells at short circuit
was assumed to be 37 wm [32]. Using the least-squares fit of
the plot of IPCE versus pBq, kiap and op Were estimated to
be 1800cm®s~! and 1.1, respectively. The best value of kirap
was estimated in the least-squares fit when oy,p was changed
from 0.1 to 20. We assumed the transmittance of the conduc-
tive glass was 80% at 530 nm because the maximum value of
IPCE at 530nm was 80% [14]. The L value calculated from
Eq. (9) decreased with increase in pgg as shown in Fig. 4(c).
Therefore, the IPCE value decreased with decrease in L. This
result shows that an electron injected from N719 to TiO; is

Fig. 4. Incident monochromatic photon-to-current conversion efficiency (IPCE
in %) value at 530 nm for DSCs based on nanocrystalline TiO, with co-adsorbed
BQ and N719. The ratio ppq is defined as I"q/(/'BQ + I'N719), Where I'pqg and
the I'N719 are the amounts of BQ and N719 adsorbed on the TiO», respectively.
The lines of IPCE versus ppq were calculated from Eqgs. (8) and (9) for values
of Kirap and orap of 1800 em?s~!and 1.1, respectively. (a) IPCE versus ppq at
0 < ppq <0.2. (b) log(IPCE) versus pgq at 0 < ppq < 1. (c) Diffusion length
(L) versus ppq calculated from Eq. (9) at kirap = 1800 cm?s~! and Otrap=1.
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substantially trapped in BQ on TiO,. From intensity-modulated
photocurrent spectroscopy (IMPS) at short-circuit, kirap and oap
at Joed—1=7.5 x 10?2 mA cm™3 were estimated to be 75 cm? s~ !
and 20, respectively [32]. Egs. (9) and (18) cannot fully explain
the plot of IPCE versus ppq, because L, D, kirap, and Oirap
also depend on the electron density (n) or Jy. in TiO;. The n-
dependent L, D, kirap, and oyp are neglected in Egs. (9) and
(18).

4.3. Dark current

An electron cannot be injected from the conductive material
to the TiO; bulk crystalline electrode at the ohmic interface until
the applied potential is more negative than E,. The onset of the
potential for a dark current has been approximated to be the
E.p for bulk crystalline electrodes. However, dark current has
been observed at potentials more positive than E.p. The dark
current increased with increasing d. Therefore, we assumed that
electrons are injected from the conductive glass to the TiOy
through trap sites in the TiO;. The trapped electrons diffuse
among the trap sites in the TiO;. The trapped electrons reach the
surface of the TiO; and react with I,. When BQ is adsorbed on
the TiOy, the dark current substantially increased with increasing
PBQ-

According to electrochemical impedance measurements, the
dark current-bias curves of DSCs (Fig. 5(a)) show the influ-
ence of many processes: resistance of the conductive glass,
the reverse electron rate from TiO, to I, the electron diffu-
sion, the diffusion of I~ and I3, and the I /I3~ redox reaction
on Pt [37]. The reaction of I3~ +2e~ — 31~ also depends on
n [18]. In addition, the value of Dy, increases with increas-
ing bias (the negative shift of the quasi Fermi level in TiO;)
because the n value increases with increasing bias [38]. There-
fore, analyzing the dark current—bias curves of DSCs is difficult.
The dark current—bias curves were calculated from Eq. (14) at
Kirap = 1800 cm® s ™1, oy = 1.1, m= 1, Ne =3.1 x 10?! [39], and
Ep — EI37/17)=0.95[39]. Fig. 5(b) suggests that the dark cur-
rent shown in Fig. 5(a) clearly depends on ppq. The increase in
dark current is mainly due to the increase in the reverse electron
rate from TiO; to I».

4.4. Open circuit photovoltage (V)

From Egs. (16) and (17), the V,. can be represented by
kT J, d
Voo = 8 10 scTapp/ . (22)
q gnoL/d tanh(d/L)

The Vi has information about E¢p, and 7,pp. When at L is much
larger than d (L >> d), Eq. (22) can be simplified as

kT J.
Voo = KT (fpp) 23)
q

When the T, values of DSCs are identical, we can estimate
the shift of E.,. We found that E., of TiO, sensitized with
[NBuy ]2 [Ru(Htcterpy)(NCS)3] was more positive than that sen-
sitized with N719 [31]. The V. is well correlated with dark
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Fig. 5. (a) Dark current-bias characteristics of DSCs based on nanocrystalline
TiO, with co-adsorbed BQ and N719. (b) Dark current-bias curve calcu-
lated from Eq. (14) at kirap = 1800 cm3 s 7!, 0rap = 1.1, Ne =3.1 x 102! [39], and
Es — E(I37/17)=0.95 [39].

current at the same Jg value (or same n value). Eq. (23) can be
also described as follows:

kT J. kT
Voe = e In ( SCTapp) o In(gno). (24)
q d q

The Jsc Tapp dependent Vi values are shown in Fig. 6. The Jg¢
values are proportional to the photon flux (fy) of the bias light.
Because the Jy. values are also proportional tod whend < 10 um,
the Jyc values were normalized at d. The t,pp values of DSCs
with co-absorbed BQ and N719 estimated from IMV'S decreased
with increasing ppq [32]. The ng values can be calculated from
the intercept of the plot in Fig. 6. The ratio of ny at ppg=0.04
to that at ppg =0 was 0.0123. We assumed that the ny values
were constant for pgq values except for ppg =0. The apparent



294 M. Yanagida et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 288-295

0.75 T T T T

065 N

06 .

Vo (V)

055 =
e
051 B

045 : -

04 1 1 1 1
0 0.5 1 1.5 2 25

-1
Iog(JSCTd )
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L values under open circuit conditions decrease with increasing
PBQ-

5. Conclusion

The photovoltaic performance of dye-sensitized solar cells
(DSCs) based on nanocrystalline TiO; films with co-absorbed
[NBuylo[cis-Ru(Hdcbiq)2(NCS)2] (BQ; [NBuy]* =tetrabutyl
ammonium cation; Hpdcbiq=4,4'-dicarboxy-2,2'-biquinoline)
and [NBuy]s[cis-Ru(Hdcbpy)2(NCS),] (N719; Hydcbpy = 4,4/ -
dicarboxy-2,2’-bipyridine) has been investigated. The excited
state (E},) of BQ is more positive than that of N719 and is
comparable to the conduction band edge (E¢p,) of TiO» [14,32].
We have proposed that an electron injected from N719 to TiO;
and then trapped by BQ subsequently reacted with I, [32]. The
short circuit photocurrent density (Jsc), open circuit photovolt-
age (Voc), and dark current of DSCs with co-absorbed BQ and
N719 can be explained by the reverse electron transfer from
TiO; to I, through BQ.

The IPCE values of TiO, with co-absorbed BQ and N719
were smaller than the value for N719-sensitized TiO;. The dark
current increased with increasing pgq. The V¢ values of TiO2
with co-absorbed BQ and N719 were smaller than the value for
N719-sensitized TiO,. We considered that the L value decreases
with increasing ppg. The IPCE decreased substantially even
when a small amount of BQ was co-adsorbed with N719 on
TiO,. Interactions between N719 and BQ, such as electron trans-
fer and energy transfer, seem to be negligible. Therefore, the nin;
does not depend on pgq. The injected electron must be rapidly
trapped by BQ on TiO,. The diffusion length (L) values are influ-
enced by the electrolytes and by structural characteristics of the
TiO, film such as the particle size, the distribution of particle
sizes, the porosity of the film, and the electronic conditions at
the grain boundary [15-25,27]. These results show that L also
depends on whether BQ is adsorbed on TiO,. We conclude that

electron transport in TiO» is influenced not only by TiO; and the
electrolyte but also by the presence of a sensitizer on the TiO».
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