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Multiple adsorption of tributyl phosphate molecule at
the dyed-TiO2/electrolyte interface to suppress the
charge recombination in dye-sensitized solar cell
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and Songyuan Dai*a

Electron recombination and dye aggregation at the dyed-TiO2/electrolyte interface are still problems in

dye-sensitized solar cell (DSC) research. In this paper, tributyl phosphate (TBpp) as a special additive to

modify the dyed-TiO2/electrolyte interface was introduced to enhance the photovoltaic performance.

The adsorption mode of TBpp and the interaction between cis-dithiocyanate-N,N0-bis-(4-carboxylate-4-
tetrabutylammonium carboxylate-2,20-bi-pyridine) ruthenium(II) (N719) and TBpp were investigated. It

was found that one TBpp parent molecule split into several smaller fragments and formed four

anchoring modes on the TiO2 surface. It was very interesting that the molecular cleavage of TBpp and

adsorption of N719 assisted each other on the sensitized TiO2 surface. The fragments distributed

around N719 result in steric hindrance, consequently hydrogen-bonding among N719 molecules was

decreased. The unstable type N719 transformed into stable type N719 accompanied by molecular

cleavage of TBpp and the N719 aggregation was reduced. Furthermore, these new fragments were

multiply adsorbed on the non-sensitized TiO2 surface to form an insulating barrier layer. Therefore, the

electron recombination at the dyed-TiO2/electrolyte interface was restrained. Besides the change of

surface configuration, the TiO2 band edge negatively shifted and the rate of electron transport in the

TiO2 films decreased with the addition of TBpp. As a result, an increase in the photoelectric conversion

efficiency (h) was obtained of almost 40%.
1 Introduction

Dye-sensitized solar cells (DSCs) have been intensively investi-
gated and developed due to their high efficiency, simple fabri-
cation process and low production cost, since O'Regan and
Grätzel rst reported them in 1991.1–7 The dyed-TiO2/electrolyte
interface, made up of sensitized TiO2 lm and electrolyte, is a
very complicated interface in DSCs. Two important processes
related to the photoelectric conversion efficiency (h), electron
injection and electron recombination, are involved at this
interface. The upward shi of the LUMO or downward shi of
the TiO2 conduction band should enlarge the energy level
mismatch to enhance the electron injection efficiency (hi) and
improve the short-circuit photocurrent (Jsc).8 The downward
shi of the TiO2 conduction band has a negative effect on the
open voltage (Voc) due to a narrowing of the gap between the
itute of Plasma Physics, Chinese Academy

0031, People's Republic of China. E-mail:

itute of Plasma Physics, Chinese Academy

0031, People's Republic of China. E-mail:

Chemistry 2013
TiO2 conduction band and the redox electrolyte level. The
adsorption of N719 on the TiO2 surface is accompanied by the
deprotonation process of carboxylic groups, which elevates
the LUMO of the dye. According to the different thermodynamic
stability of various anchoring modes, N719 molecules exhibit
singly bond type (unstable type) or two bond (stable type) dyes
on the TiO2 surface.9 Hydrogen-bonds are formed among N719
molecules with the appearance of an unstable type dye or dye
multilayers, which cause dye aggregation and decreases the
hi.10,11 So it is necessary to restrain the dye aggregation to
enhance the hi of the electron injection process. The injected
electrons’ transport through the TiO2 lm is accompanied by
electron recombination at the dyed-TiO2/electrolyte interface.12

The main recombination pathway derives from recapture of the
light-induced electrons by the oxidized dye or back reaction
with oxidized species in the electrolyte, such as I3

�. The latter
reaction is the main way of recombination and should be
restrained due to its harmful effect on the cell performance.13–15

TiO2 surface modication is an effective method to improve
the performance of DSCs. Most studies focus on treating TiO2

surface with TiCl4 6 and various acids,16 or coating TiO2 with
inorganic oxide thin layers.14,17–19 Various kinds of co-adsor-
bents20–23 are also added to the dye solution to suppress the
J. Mater. Chem. A, 2013, 1, 4885–4892 | 4885
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electron recombination. Adding additives into the basic elec-
trolyte provides an easy and convenient way to modify the TiO2

surface.24 Some additives, such as 4-tert-butylpyridine (TBP),25–27

N-methylbenzimidazole (NMBI) and benzimidazole (BI),28

adsorb onto the exposed TiO2 surface, forming an insulating
layer that restrains electron recombination and elevates the
TiO2 conduction band. This type of additive improves the Voc,
while reducing the Jsc simultaneously. The other additive,
anhydrous lithium iodide (LiI),29–31 for example, is found to
cause a high hi and thus enhance the Jsc. Unfortunately, this
type of additive reduces the Voc by a downward shi of the TiO2

conduction band. Therefore, it is necessary to develop a type of
additive which enables an increase in Voc, while maintaining a
high Jsc to further enhance the performance of DSCs.

So far, the interaction between additives and dye at the TiO2

surface is unclear, and the inuence of this interaction on the
transport and recombination processes in DSCs has not been
paid much attention. It is important to understand these rela-
tionships to improve the performance of DSCs. In this paper,
tributyl phosphate (TBpp) was introduced in the electrolyte to
modify the dyed-TiO2/electrolyte interface. TBpp was demon-
strated to reduce the resistance of acetonitrile-based electro-
lyte.32 By analyzing the infrared (IR) and UV-vis absorption
spectra, we aimed to further investigate the molecular cleavage
of TBpp and the interaction between TBpp and N719 at the
dyed-TiO2/electrolyte interface. Meanwhile, a detailed analysis
and discussion were made on the inuence of the interactions
between TBpp and N719 on the transport and recombination
processes in DSCs.
2 Experimental
2.1 Sample preparation

TBpp, N-methylimidazole, and 1-iodopropane were purchased
from Aldrich and were used as received. 1,2-Methyl-3-propyli-
midazolium iodide (DMPII) was prepared by quaternization of
1-methylimidazole and 1-iodopropane, as reported previously,33

and its purity was conrmed by 1H NMR spectroscopy. The
standard electrolyte (electrolyte A) for DSCs was 0.08 mol L�1

iodine (I2, 99%, Aldrich), 0.1 mol L�1 anhydrous lithium iodide
(LiI, 99%, Aldrich), and 1 mol L�1 DMPII in acetonitrile (ACN,
99%, Sinopharm chemical reagent). To prepare electrolyte B,
1 mol L�1 TBpp was added into the standard electrolyte. Elec-
trolyte A and electrolyte B were used to assemble device A, and
device B respectively.

The TiO2 paste was printed onto transparent conducting
glass sheets and sintered in air at 450 �C for 30 min. The
thickness of the lm was about 14 mm and the active area was
0.25 cm2. For higher efficiency, the freshly sintered TiO2 lms
were immersed into 0.05 mol L�1 TiCl4 aqueous solution and
stored in a closed vessel at 60 �C for 30 min. Aer washing with
distilled water and drying, the lms were sintered again at
450 �C for 30 min. Then these samples were cooled to 120 �C
and were immersed in an anhydrous ethanol solution with
5.0 � 10�4 mol L�1 N719 for 12 h. The counter electrode was
platinized by H2PtCl6 spraying solution on transparent con-
ducting glass and red in air at 410 �C for 20 min. Then, it was
4886 | J. Mater. Chem. A, 2013, 1, 4885–4892
placed directly on top of the dye-sensitized TiO2 lms. The gap
between the two electrodes was sealed by thermal adhesive
(Surlyn, Dupont). The electrolyte was lled through a hole on
the counter electrode, and the hole was later sealed with a cover
glass and thermal adhesive lm.

The samples for ATR-FTIR and UV-vis can be prepared in the
following way. The TiO2 lms (5 mm) were respectively
immersed in a 1 mol L�1 TBpp acetonitrile solution (TBpp/TiO2)
for 12 h and an ethanol solution of 0.5 mmol L�1 N719 (N719/
TiO2). These samples were then rinsed with ethanol three times
and dried under vacuum state at room temperature. Thereaer,
one of the dyed-TiO2 lms was dipped into the 1 mol L�1 TBpp
acetonitrile solution for 12 h (TBpp/N719/TiO2). Then the
coated lm was rinsed with acetonitrile and dried in vacuum
state at room temperature.
2.2 Measurements

The photocurrent–voltage (I–V) characteristics of the DSC were
obtained using a Keithley 2420 digital source meter (Keithley,
USA), under a 450 W xenon lamp (Oriel, USA) with a lter (AM
1.5). Intensity modulated photocurrent spectroscopy and
intensity modulated photovoltage spectroscopy (IMPS/IMVS)
measurements were performed on an IM6ex (Germany, Zahner
Company) using light emitting diodes (l ¼ 610 nm) driven by
Export (Germany, Zahner Company). The LED provided both
the dc and ac components of the illumination. A small ac
component is 10% or less than that of the dc component and
the frequency range was 3 kHz to 0.3 Hz. Electrochemical
impedance spectroscopy (EIS) measurements were also recor-
ded with IM6ex, at a perturbation amplitude of 5 mV within the
frequency range from 3 MHz to 5 mHz in the dark. The IR
spectra for all the samples were measured by using a NICO-
LET8700 FTIR spectrometer (USA, Thermo Fisher Scientic).
Absorption spectra were performed on a Hitachi U-3010 UV-vis
spectrophotometer from 400 nm to 800 nm.
3 Results and discussion
3.1 Infrared results for anchoring modes

Fig. 1(a) compares the infrared (IR) spectra of neat TBpp with
TBpp/TiO2 to investigate the anchoring mode of TBpp on the
TiO2 surface. The characteristic absorption bands of TBpp
present at 1282 cm�1 and near 1027 cm�1 are attributed to n(P]
O) and n(C–O), respectively.34 The peak at 910 cm�1 belongs to
the stretching vibration of P–O–C. The bands observed at
1469 cm�1 and 1384 cm�1 are due to the bending vibration of
d(CH2) and d(CH3), respectively.35 The weak bands at 1118 cm�1

and 1151 cm�1 are the skeletal vibrations of the C–C bond and
the signal of butoxy. The n(P]O) of TBpp which occurs at
1282 cm�1 for TBpp in the neat sample, is shied to 1202 cm�1

upon adsorption on the TiO2 surface.36 This large shi of the
P]O stretching mode is ascribed to the environmental sensi-
tivity of the phosphoryl group.37 However, the position of the
carbon–oxygen stretching mode of TBpp (1027 cm�1) is not
changed, which indicates that some butoxy moieties are not
involved in the adsorption of phosphoryl groups. In the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) FTIR spectra of neat TBpp and ATR-FTIR spectra of TBpp/TiO2, (b) ATR-
FTIR spectra of N719/TiO2, TBpp/N719/TiO2, (c) FTIR spectra of N719 power, neat
TBpp and N719 powder with TBpp. All of the ATR-FTIR spectra of samples on the
TiO2 film were obtained by subtracting off the blank TiO2 film sample.

Scheme 1 Schematic representations of the possible bonding modes of TBpp
molecules on the TiO2 surface.
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TBpp/TiO2 sample, a wide band is found near 1200 cm�1 due to
the P]O/H bond and a new wide band near 879 cm�1 is
attributed to n(P–O–Ti). In addition, the intensity of n(P]O)
decreases dramatically in the TBpp/TiO2 sample. This effect
indicates that the P]O moiety no longer exists with a double
bond, but has intermediate character between a single and a
double bond. It is expected that all these vibrations will be
inuenced by delocalization of the electrons. The new vibra-
tional mode at 1071 cm�1 appears due to n(C–O) of C–O–Ti
bonds38,39 as a loss of the intensity of the P–O–Cmoiety occurs at
1027 cm�1. This may be interpreted as CH3CH2CH2O–moieties
of the phosphorus atoms being removed and adsorbing on the
TiO2 surface. The formation of butoxy groups occurs in parallel
This journal is ª The Royal Society of Chemistry 2013
with the obvious decrease of the P]O mode in the adsorption
process. According to the experimental data analysed above and
in previous reports,35,36 it can be deduced that the adsorption of
TBpp on the TiO2 surface leads to one parent molecule splitting
into several fragment ions. Three CH3CH2CH2O– ligands of the
phosphorus atom split from the parent molecule equally, and
consequently four anchoring modes on the TiO2 surface will be
obtained, as shown in Scheme 1. Similar to reports for titanium
oxide–alkoxide–phosphonate complexes, the main bonding
mode to the surface should involve quadridentate units.40 In our
research, the presence of stretching of the carbon–oxygen
stretching mode of TBpp at 1027 cm�1 suggests the presence of
residual P–OCH2CH2CH3 groups in the other three types of
adsorption modes.

The N719 complex contains two carboxylic groups and two
carboxylate groups. The carboxylic groups are trans to each
other, and the carboxylate groups are trans to the NCS ligands.
The dye molecules attached via two groups coming from two
different bipyridines, are thermodynamically most favor-
able.11,41 So the anchoring mode via a single group (two groups)
is called the unstable type mode (stable type mode). The
unstable type N719 anchors on the TiO2 surface through one
carboxylic group, leaving the other carboxylic group free. When
the carboxylic group of N719 is present, hydrogen-bonds might
be formed between two carboxylic groups from two different
N719 molecules. Dye aggregation caused by hydrogen-bonds
decreases the Jsc of DSCs.42 The stable type N719 in the ther-
modynamically most favorable state anchors onto the TiO2

surface with two carboxylic groups which le no free carboxylic
groups. The reduction in free carboxylic acid groups leads to a
decrease of hydrogen-bonding aggregation among N719, and
hence the decrease in electron recombination and the
improvement of the Jsc.43 The ATR-FITR spectra of TBpp/TiO2,
N719/TiO2 and TBpp/N719/TiO2 are compared in Fig. 1(b). The
N719/TiO2 shows strong bands at 1609 cm

�1 and 1375 cm�1 due
to nas(–COO

�) and ns(–COO
�), respectively, of carboxylate

groups anchored to the surface of the TiO2.9 The bands at
1715 cm�1 and near 1260 cm�1 are attributed to n(C]O) and
J. Mater. Chem. A, 2013, 1, 4885–4892 | 4887
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n(C–O) of the free carboxylic acid of N719.44 The n(C]C) modes
of pyridine groups are observed at 1542 cm�1 and 1405 cm�1.45

The intensity at 1715 cm�1 relative to that at 1375 cm�1 indicates
the relative amounts of unstable and stable type dye molecules
on the TiO2 surface.11 The stable type and unstable type modes
both existwhenN719 absorbs on theTiO2 surface alone. Aer the
sensitized lms was stained with TBpp, n(C]O) located at 1715
cm�1 decreases dramatically with the increase of nas(–COO

�),
indicating that the unstable type mode transforms into the
stable type mode. As a result, the addition of TBpp causes the
decrease of hydrogen-bonding aggregation in N719.42,46

In addition, comparing the TBpp/TiO2 with the TBpp/N719/
TiO2 sample, the n(P]O) located at 1202 cm�1 hardly disap-
pears, which indicates the coordination of all of the phosphoryl
oxygens to surface Lewis acid sites.35 However, there are still
residual P]O/H bonds near 1020 cm�1 which may be caused
by intermolecular hydrogen-bonds. The FTIR spectra of N719
powder, neat TBpp and amixture of N719with TBpp (molar ratio
of N719 to TBpp is 1 : 1) are obtained, as shown in Fig. 1(c) to
dene thehydrogen-bonds betweenTBppandN719. The bandof
n(C]O) inN719 slightly red shis from1715 cm�1 to 1728 cm�1,
and the band at 1282 cm�1 due to n(P]O) in TBpp slightly blue
shis. This is convincing evidence that the carboxylic group of
N719 acts as a proton donor and the phosphonyl group of TBpp
acts as a proton acceptor, forming a hydrogen-bond.

Scheme 2 shows the unstable type N719 transforming into
stable type N719, accompanied by the possible anchoring
process of TBpp. One TBpp parent molecule splits into several
smaller fragments and then adsorbs onto the TiO2 surface,
acting as an insulation layer. These new fragments are inserted
among the N719 molecules, forming steric hindrance, which
inhibits the intermolecular hydrogen-bonds of dye molecules
and the unstable type N719 transforming into stable type.
3.2 Photovoltaic performance and the kinetics of electron
transfer

Fig. 2 presents the I–V curves under full sun illumination and
the dark current for device A and device B. The photovoltaic
performances, Voc, ll factor (FF), Jsc and h for device A and
Scheme 2 The process of interaction between the molecular cleavage of TBpp
and the adsorption mode transformation of N719.

4888 | J. Mater. Chem. A, 2013, 1, 4885–4892
device B, are listed in Table 1. It is notable that the addition of
TBpp enhances the Voc by 160 mV and increases the Jsc by
1.43mA cm�2, resulting in a 40% improvement of the h (9.50%).
The dark current of device B decreases, which indicated that a
decrease of dark current is achieved by the addition of TBpp.

Fig. 3 shows the typical Nyquist plot of two devices measured
in the dark under a forward bias of �0.62 V. Three semi-circles
are observed with gradually increasing frequency in a typical
electrochemical impedance spectroscopy (EIS) Nyquist plot of a
DSC. In the range of high frequency, the rst semi-circle
corresponds to the charge transfer process at the counter elec-
trode/electrolyte interface. The second semi-circle in the
middle-frequency range corresponds to the recombination
process at the dyed-TiO2/electrolyte interface. The third semi-
circle occurring in the low frequency range is attributed to the
ion diffusion within the electrolyte. The equivalent circuit used
for tting the impedance spectra of the DSC is shown in the
inset of Fig. 3. In the equivalent circuit, Rs, RCE, Rct and Rw

represent series resistance, charge transfer resistance at the
counter electrode/electrolyte interface, electron recombination
resistance at the dyed-TiO2/electrolyte interface and Nernst
diffusion impedance, respectively. Cm and Cp are attributed to
the chemical capacitance at the dyed-TiO2/electrolyte interface
and the counter electrode/electrolyte interface, respectively.

The Voc is determined by the difference between the electron
quasi-Fermi level in the TiO2 lm and the redox potential of the
electrolyte. Electron recombination plays a signicant role in
reducing the electron density in the TiO2 lm. The increase of
Rct indicates the decrease of electron recombination as a means
of increasing electron density. More electron accumulation in
the TiO2 lm can cause the electron quasi-Fermi level to shi
upward, leading to a higher Voc.

Fig. 4 shows the tting results for device A and device B using
the equivalent circuit in the inset of Fig. 3. The EISmeasurements
are carried out in the dark at different bias voltages between
�0.50 V and �0.72 V. As shown in Fig. 4(a), Rct of both devices
exhibits an exponential decrease when going towards negative
biases. The values of Rct can be evaluated using eqn (1): 47,48

Rct ¼ R0 exp

�
� e

bV

kBT

�
(1)
Fig. 2 Photocurrent–voltage characteristics of device A and device B under AM
1.5 sunlight (100 mW cm�2) illumination (solid line) and in the dark (dashed line).

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Photovoltaic parameters for device A and device Ba

Device Voc (V) Jsc (mA cm�2) FF h (%)

A 0.55 17.68 0.69 6.74
B 0.71 19.11 0.70 9.50

a The spectral distribution of the lamp simulated AM 1.5 and sunlight
corresponded to an intensity of 100 mW cm�2. The cell performances
are obtained when the interfaces of devices tend to be in a relatively
stable state.

Fig. 3 Impedance spectra of device A and device B measured under dark
conditions with an external potential of �0.62 V. The inset shows the equivalent
circuit.

Fig. 4 Typical equivalent circuit elements obtained from EIS at different bias
near their open-circuit potentials in the dark for device A and device B; (a)
recombination resistance (Rct) at the dyed-TiO2/electrolyte interface; (b) charge
transfer resistance (RCE) at the counter electrode/electrolyte interfaces (RCE versus
dark current density).
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where R0 is a constant, e is the electron charge, V is the bias
voltage, kB is the Boltzmann constant, T is the absolute
temperature and b is the transfer coefficient, which corresponds
to the reciprocal value of the diode quality factor. At any given
bias voltage, Rct values of device B are higher compared to
device A, indicating that the addition of TBpp resulted in a
dramatic increase of the Rct. As mentioned in the analysis for IR,
the adsorption of fragments from TBpp molecular cleavage
forms an insulation layer to block the route between I3

� and
light-induced electrons. In addition, adsorption of TBpp also
reduces the aggregation of dye.49 Thus, the suppression of
electron recombination is caused by the combined effects of
increased Rct and decreased aggregation of dye.

Fig. 4(b) presents the RCE at the counter electrode/electrolyte
interface. At a given dark current, there are very small differ-
ences of RCE between device B and device A. This result rules out
the effect from the overpotential occurring at the counter elec-
trode with TBpp.

Electron recombination occurs mainly via surface states or
the TiO2 conduction band. If electrons directly have recombi-
nation reactions via the TiO2 conduction band, b should equal
to 1.50 The values of b are 0.25 and 0.28 for device A and device B,
which is obtained from the slope of the straight line, as illus-
trated in Fig. 4(a). Both values of b are less than 1, indicating
that electrons mainly have recombination reactions via the
surface states rather than via the TiO2 conduction band. This
result suggests that the recombination pathway at the dyed-
TiO2/electrolyte interface is not affected by TBpp. Some studies
reported that a higher value of b would correspond to a higher
This journal is ª The Royal Society of Chemistry 2013
value of the FF.51 Device B gives a higher b when compared to
device A, indicating that addition of TBpp could elevate the FF
of device A. As shown in Table 1, I–Vmeasurement results show
that the FF increases slightly with the addition of TBpp, as
expected.

To further investigate the electron recombination, the
kinetics of electron transfer at the dyed-TiO2/electrolyte inter-
face are generally discussed from the results of intensity
modulated photocurrent spectroscopy and intensity modulated
photovoltage spectroscopy (IMVS/IMPS) measurements (Fig. 5).
The electron lifetime (sn) can be calculated directly from the
IMVS response.52 The greater sn gets, the slower the recombi-
nation between electrons and I3

� will be. Fig. 5(a) describes sn
for both devices with an open circuit over a range of the Jsc. The
values of sn show an exponential decrease with increasing Jsc.
The sn of device B is higher compared to device A at any given
Jsc, certifying that the rate of electron recombination is slowed
down by the passivation of TBpp at the dyed-TiO2/electrolyte
interface.

The improvement of the Voc depends not only on the
suppression of recombination, but also on the TiO2 conduction
band shi. The charge buildup on the surface of TiO2 particles
causes the variation of potential across the Helmholtz layer,
resulting in the TiO2 conduction band edge movement.53 For
example, positive (negative) charge buildup gives rise to the
band edges shiing downward (upward), toward positive
J. Mater. Chem. A, 2013, 1, 4885–4892 | 4889
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Fig. 5 Relationship between (a) sn and Jsc, (b) Voc andQ, (c) Voc and Jsc, (d) sd and
Jsc with and without TBpp.
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(negative) electrochemical potentials, which leads to the
decrease (increase) of the Voc. As we know, there is a major
feature in the nanoporous TiO2 lm that a huge number of
4890 | J. Mater. Chem. A, 2013, 1, 4885–4892
excess electrons can be stored in this network. The difference
between the TiO2 conduction band edge and the quasi-Fermi
level depends on the photoinduced charge (Q).46 For a given Q,
the increase in Voc is attributed to an upward shi of the TiO2

conduction band. On the contrary, the decrease in Voc is
attributed to a downward shi of the TiO2 conduction band. In
the open circuit, Q is obtained from Q ¼ Jsc � sn.54 Fig. 5(b)
depicts the dependence of Voc on ln(Q) in TiO2 at open circuit
according to eqn (2): 53

Voc ¼ V0 + m0ln Q (2)

where V0 is the vertical intercept and m0 is the slope, that is,
m0 ¼ dVoc/dln Q. As mentioned in the analysis of ATR-FTIR, the
fragments of TBpp molecules anchor onto the TiO2 surface by
forming P–O–Ti bonds and C–O–Ti bonds. The oxygen atoms
act as electron donors which provide negative charge to the
dyed-TiO2/electrolyte interface. Compared to device A, a nega-
tive band shi of device B causes an increase in the Voc by
�80 mV at constant Q. Fig. 5(c) shows that the relationship
between current and voltage under monochromatic light. The
Voc obviously increases aer the addition of TBpp, caused by
elevating the TiO2 conduction band and decreasing electron
recombination. This result is consistent with the I–V tests under
full sun illumination.

Due to the small size of the TiO2 particles and the effect of
electrolyte shielding, the driving force for electron transport in
the TiO2 lm is the electron concentration gradient in the lm,
but not electric eld action.55 The electron transit time (sd) is
associated with electron transport in porous TiO2 lm, which
can be obtained directly from IMPS.52 The relationship between
sd and Jsc can be described as following the exponential distri-
bution in eqn (3): 56

sd f Ja�1
sc (3)

where the parameter a is related to the steepness of the trap-
state distribution. As predicted in Fig. 5(d), sd is a function of
the Jsc in double logarithmic form and sd decrease with the
increase of the Jsc in both devices. At constant Jsc, the sd of
device B slightly increases compared with device A. The slope
of the ln(sd) versus ln( Jsc) plot, which reects the trap-state
distribution of the TiO2 surface is described by a in eqn (3).57

The values of a are 0.45 and 0.37 for device A and device B,
respectively. This result predicted that the addition of TBpp
slightly changes the distribution of surface states. The
decrease of a is ascribed to the widening of the exponential
conduction band, and corresponds to a steeper trap state
distribution, which may slow down the electron transport
process.58

In addition, another possible reason for slow electron
transport can be considered. In the presence of TBpp, the TiO2

conduction band’s negative shi impairs electron injection.
The condition of the grain boundaries between TiO2 particles
can inuence electron transport.59 Some of the TBpp molecules
covered the surface of joints between TiO2 particles, hindering
the electron transport and thus increasing sd.
This journal is ª The Royal Society of Chemistry 2013
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The competition between electron recombination and elec-
tron transportation of injected electrons are measured by the
effective electron diffusion length:60

L ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sn=2:35sd

p
(4)

The longer L reects the higher electron collection efficiency
(hc), which has a positive effect on the Jsc.61 Fig. 6 compares the L
of device A with device B to dene the difference in hc with and
without TBpp. The value of L is higher with the addition of
TBpp, which is independent of the Q in the TiO2 lm. This
indicates that the restraint of electron recombination by TBpp
modication is the main effect in the competition. As a result,
the lower loss of electrons in the photoelectric conversion
process leads to the enhancement of Jsc.

Conclusions

Our study introduced the multiple adsorption of TBpp onto the
TiO2 surface to modify the dyed-TiO2/electrolyte interface,
resulting in the remarkable enhancement of cell performance.
The TBpp acting as parent molecule split into several smaller
fragments. The new fragments were widely distributed on the
non-sensitized TiO2 surface to form an insulating barrier to
restrict electron recombination. The decrease of electron
recombination has positive effects on both Jsc and Voc. It was
very interesting that the molecular cleavage of TBpp and
adsorption of N719 assisted each other. The TBpp cleaved into
more fragments and these new fragments inserted among N719
molecules, which inhibit dye aggregation to enhance the Jsc.
Moreover, the electronegative oxygen atoms acted as electron
donors to elevate the TiO2 conduction band. So the device with
TBpp exhibited an increase of Voc by 160 mV when TBpp co-
absorbed with N719. As a result, both the Voc and Jsc were
improved by the addition of TBpp in the electrolyte to obtain a
higher h of 9.50%. These quantitative results drew attention to a
new perspective to enhance the photovoltaic efficiency by
introducing a novel molecular adsorption mode.
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