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2-Methyl-4-propoxypyridine, a new pyridine derivative, has been synthesized and used as an additive in
the liquid electrolyte of dye-sensitized solar cells (DSSCs). Compared with 2-methylpyridne and 4-tert-
pyridine, they were employed to study the influence of the pyridine derivative additives on the rate of
recombination at the electrode/dye/electrolyte interfaces and band edge shift of TiO,, which were measured
by time-resolved mid-infrared absorption spectroscopy and Mott-Schottky analysis, respectively. It was
found that the rate of interfacial charge recombination was enhanced when the pyridine derivative
additives were present in the electrolyte. Meanwhile, the additives caused a negative shift of the band
edge. However, the net effect of pyridine derivative addition was to improve the open-circuit photovoltage
according to the photoelectrochemical measurement, indicating that negative shift of conduction band
of TiO, was a predominant factor in improving the open-circuit photovoltage. Also, the result was
strongly supported by the dark current measurement. Therefore, it provides a microscopic account for the
function of the pyridine derivative additives on the open-circuit photovoltage enhancement of the DSSCs.
Furthermore, the decrease of the short-circuit photocurrent of the cells was also attributed to the slower
dye regeneration due to the addition of additives from the results of cyclic voltammetry measurement.

Copyright © 2007 John Wiley & Sons, Ltd.

KEYWORDS: dye-sensitized solar cell; pyridine derivative additives; photovoltage enhancement; back electron transfer

INTRODUCTION

During the past decades, dye-sensitized nanocrystalline TiO,
solar cells (DSSCs) constructed by using nanocrystalline
metal oxides, typically TiO,, dye molecules and liquid
electrolytes have attracted much attention because of their
attractive features of high energy conversion efficiency and
low production cost.!=® Under light irradiation, electrons in
the dye are excited and injected into the conduction band of
the nanocrystalline metal oxides, and the injected electrons
transmit to the conductive substrate. The resulting oxidized
dye cations are reduced by the redox couple in the electrolyte.
The open-circuit photovoltage (V,.), one of the energy
conversion parameters of the cell, is thermodynamically
determined by the difference between the electron quasi-
Fermi level in the TiO, film under illumination and the
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redox potential of the redox couple in the electrolyte.”~®
In dynamic processes, there are two possible factors that
influence the V,.:'% one is the charge recombination at the
TiO, electrode/redox electrolyte interfaces, and the other
is the band edge shift of TiO, with respect to the redox
potential of the electrolyte. Smestad reported that a V.
of over 1V was possible for Ru complexes at AM 1.5
by using detailed energy balance calculations.!! However,
the practical value of V,. is always smaller than the
expected theoretical maximum. In order to gain an acceptable
Voo, the charge transfer at the electrode/dye/electrolyte
interfaces in DSSCs should be adjusted to suppress the
charge recombination. Palomares etal. investigated the
effect of three metal oxide overlays, SiO,, ALO; and
ZrO,, on the charge recombination, whose conduction band
edges are significantly negative with respect to the TiO,
conduction band edge, resulting in a physical barrier layer
for charge recombination.!? Meanwhile, Nb,Os coated on
TiO, nanoporous electrode working as a blocking layer
has been studied by Chen etal.’® Wang and coworkers
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demonstrated that co-grafting an amphiphilic ruthenium dye
with hexadecylmalonic acid* or 1-decylphosphonic acid!®
on a TiO, semiconductor nanocrystal remarkably enhanced
the photocurrent, photovoltage and conversion efficiency
of DSSCs. The enhancement was ascribed to the formation
of a hydrophobic spacer between TiO, and the electrolyte,
which provides a more effective insulating barrier for the
back electron transfer from the TiO, conduction band to the
triiodide in the electrolyte. Also, Kroeze et al.’® found that
efficient retardation of charge recombination in electrolyte
canbe achieved by the application of recombination-blocking
amphiphilic alkyl chains attached to the sensitizer dye,
resulting in a significantly improved device performance.
Huang et al.” demonstrated that treating dye-coated TiO,
electrodes with pyridine derivatives, such as 2-vinylpyridine
and poly(2-vinylpyridine), can improve significantly both
the V. and the photon-to-electricity conversion efficiency
of the cell, and the increase in the V,. correlates to
a decrease in the back electron transfer rate by one
to two orders in magnitude. Kopidakis and coworkers”
studied the effect of adsorbent guanidinium on the V.
of the DSSCs, and found that after adding guanidinium
to the solution, the recombination between electron in the
conduction band and I;~ /I~ become slower and the band
edge moves positively, resulting in an improvement in
the V.. Therefore, the employed methods to improve V.
can be summarized as follows: (i) depositing a metal oxide
on the TiO, surface to retard the charge recombination;
(ii) establishing a hydrophobic spacer between TiO, and
the electrolyte to reduce back electron transfer; (iii) adding
small organic molecules to the electrolyte to shift the band
edge of TiO, negatively or positively. Meanwhile, much
effort has been made to understand the mechanism of how
the pyridine derivatives influence the V,. of the DSSCs.
Kusama et al.!® investigated the influence of some nitrogen-
containing compounds on the performance of DSSCs using
a density functional theory (DFT) method. They reported
that a more efficient charge transfer between the nitrogen-
containing compounds and iodine molecules would occur
when the V. value is increased. Gritzel and coworkers!
have reported that adding 4-tert-pyridine (4-TBP) to the
I;7 /I redox electrolyte in the acetonitrile increased the V.
and solar cell performance, which was attributed to the
adsorption of 4-TBP at the bare TiO, surface. It is caused
by the interaction between the Ti(IV) ion, which has Lewis
acidity and the lone electron pair of the nitrogen atom of
4-TBP. The oxygen atom in some organic molecules, such as
dimethyl sulfoxide and tetrahydrofuran, has lone electron
pair and its effect on V. have been investigated by Fukui
et al?®

In this paper, we report the synthesis of 2-methyl-4-
propoxypyridine (4-POP) with two coordination sites in
the molecule, as an additive in liquid electrolyte, and
investigated its influence on interfacial processes at TiO,
thin films in DSSCs, in comparison with 4-TBP and 2-
methylpyridine (2-MP). The three different additives resultin
the different performance of DSSCs because of their different
chemical structures. The Miilliken atomic charges of the
three pyridine derivative additives have been calculated with
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DFT. Time-resolved mid-infrared absorption spectroscopy,
a new powerful technique that can be used to detect the
conduction band and the trapped electrons directly, is
applied to study the rate of back electron transfer at the
electrode/dye/electrolyte interfaces. The flat band potential
of TiO, thin film electrode (essentially the conduction band
edge movement) is examined by the Mott—Schottky analysis
method, and the effect of the above-mentioned two factors
on V. is also discussed in detail. Moreover, the reason for
decline of short-circuit photocurrent density is investigated
by cyclic voltammetry (CV) measurements.

EXPERIMENTAL

Chemicals

2-MP, 4-TBP and 3-methoxypropionitrile (MPN) were pur-
chased from Aldrich, and distilled under vacuum prior to
use. Lithium iodide (Aldrich) and iodine (Aldrich) were used
without further purification. 4-POP (structure shown in the
Fig. 1) was synthesized from 2-MP and 1-propanol. The
detailed synthesis method will be published elsewhere,?!
and its structure and purity were examined by 'H-NMR,
infrared spectroscopy and mass spectroscopy. The standard
electrolyte for DSCCs was composed of 0.5 M Lil and 0.05 M1,
in MPN. Meanwhile, the three pyridine derivative additives
at two concentrations, 0.1 and 0.5 M, were added into the
standard electrolyte.

Preparation of dye-sensitized TiO, thin film

The conducting glass substrate (fluorine-doped tin oxide
glass (FTO), ~20Q/sq) was ultrasonically cleaned and
rinsed with water and 2-propanol, then soaked in the 2-
propanol for at least 24 h. The FTO substrate was dried
under a nitrogen stream prior to film preparation. The
nanoporous TiO, electrode was prepared according to the
following process. A colloidal TiO, suspension was prepared
by the hydrolysis of titanium isopropoxide precursor in
pH = 2 acetic acid aqueous solution under vigorous
stirring at 80°C. The suspension was then autoclaved at
250°C and concentrated in a rotary evaporator. The TiO,
suspension was deposited onto conductive glass sheets
using the ‘doctor blade method’. After the sample was
air-dried, the plate was sintered at 450°C for 30 min in
air to form a nanoporous film. The thickness of the TiO,
film was about 15um determined using cross-sectional
FE-SEM. A 5 x 10~* m solution of cis-di(thiocyanato)-N,N’-
bis(2,2"-bipyridyl-4,4'-dicarboxylic acid) ruthenium (II) (N3)
in absolute ethanol was used to sensitize the nanoporous

kA

structure
-
N/ N N/
atomic charge  -0.365 0.403 -0.409

name 4-tert-butylpyridine 2-methylpyridine 2-methyl-4-propoxypyridine
abbr. 4-TBP 2-MP 4-PCP

Figure 1. The name, structure and atomic charge of the
pyridine derivative additives used in this study.
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film. The fresh nanoporous TiO, film was dipped into the dye
solution while its temperature was above 80 °C, and then kept
in the solution for 12 h at room temperature. The physically
adsorbed dye was removed by the subsequent rinsing of
the electrode with absolute ethanol. The dye-sensitized TiO,
films were immediately used in the photoelectrochemical
measurement.

Photoelectrochemical and electrochemical
measurements

The 2-electrode sandwich cell for photovoltaic measurement
consisted of a dye-sensitized TiO, electrode, an organic
electrolyte containing triiodide and iodine and a counter
electrode. The platinized, semitransparent counter electrode
was prepared by thermal decomposition of 5 mm H,PtCls in
2-propanol on a conducting glass plate at 390 °C for 15 min.?
The counter electrode and dye-sensitized TiO, electrode
were clamped firmly together and redox electrolyte solution
was introduced into the porous structure of the TiO, film
by capillary action.” The cell was illuminated through the
dye-sensitized TiO, film. The active area was 0.2 cm.? The
photovoltaic performances of the DSSCs were recorded with
a PAR potentiostat (Model 273). A 300 W Xe arc lamp (Oriel)
together with optical filters was used as the light source for
simulating the solar spectrum at AM 1.5 (100 mW cm~2). The
dark current measurement of the cell was conducted in a
dark box with the same PAR potentiostant.

The flat band potential of TiO, nanocrystalline film
electrode was measured by the Mott—Schottky analysis
method.??* The Mott-Schottky analysis was performed on
a Solartron SI1287 electrochemical interface and Solartron
1255B frequency response analyzer with the potential range
form 0 to —1.5V, using the three-electrode system in
standard electrolyte with or without additives. The TiO,
film electrode was used as the working electrode, a Pt foil
as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode.

The CV measurements were carried out on a Solartron
SI1287 electrochemical interface at a scanning rate of
50 mV/s.> A dye-coated FTO conductive glass electrode
was prepared by immersing the conductive glass substrate,
which was heated at 120 °C for 1 h, into 5 x 10~* M N3 ethanol
solution for 12 h. A thin-layer three-electrode electrochemical
cell was constituted with a dye-coated FTO conductive glass
as the working electrode and a platinized FTO conductive
glass whose conductive surface was split to two parts, one
part as the counter electrode and the other as the reference
electrode.

Time-resolved mid-infrared absorption
measurement

For time-resolved mid-IR measurements, the TiO, nanocrys-
talline film deposited on the CaF, substrate (25 mm diameter,
3 mm thick windows) was dipped into the dye solution at
40°C, and then kept for 12 h at room temperature. The elec-
trolyte solution was dropped on the dye-sensitized TiO,
film, which was pressed tightly against by another CaF,
plate, then placed in a stainless steel chamber and sealed
airtight with O-rings. No light bias or external potential was
applied on the CaF, plates. The 532 nm excitation pulse was

Copyright © 2007 John Wiley & Sons, Ltd.
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generated by a Nd:YAG laser (Spectra Physics Co., Lab
170, repetition rate: 10 Hz, pulse width: 10 ns). The mid-IR
probe beam was generated by a liquid-N,-cooled cw CO
laser (made in Dalian University of Technology, China),
which was tunable from 5.0 to 6.5 um with a spectral spac-
ing around 4 cm~!. The 532 nm excitation pulse energy was
0.63 mJ/pulse, and the size of the defocused IR beam was
about 3 mm in diameter. The transmitted IR probe beam was
detected by a mercury cadmium telluride (MCT) detector
(Kolmar Technology, Model: KV104-0.5-A-3/8), and its pho-
tocurrent output was amplified by a current preamplifier
(Kolmar Technology, Model: KA020-A1l) and filtered by a
low-band-pass filter (20 MHz—-DC). Finally, the signal was
acquired by a digital oscilloscope (Tektronix TDS500D) and
the data was transferred to a personal computer. The tran-
sient response in absorbance as small as 10™* was detected
by signal-averaging 300 laser shots.?~%

The theoretical calculations of atomic charge

The theoretical calculations were performed with DFT
implemented in the Gaussian 03 package.?® The molecular
structures are optimized at the hybrid DFT levels by B3LYP
functions, which combine Becke’s three-parameter exchange
functional (B3)*% with the correlation functional of Lee,
Yang, and Parr (LYP).! A basis set of 6-31g is used.

RESULTS AND DISCUSSION

The photovoltaic performance of DSSCs

Table 1 shows the effects of pyridine derivative additives
in the liquid electrolyte on performance of N3-sensitized
TiO; solar cell under 100 mW cm~2 irradiation. It is found
that after the addition of different pyridine derivatives at
two concentrations, 0.1 and 0.5 M, V. of the cell dramatically
increased from 0.45 V to above 0.60 V. Among three pyridine
derivative additives, 4-POP showed the largest V. (0.736 V)
and the lowest [, (10.14 mA cm~2) at the concentration of
0.5M. As for 0.5Mm 4-TBP, it showed the third largest V.
(0.703 V) and a much higher Ji. (15.20 mA cm~2), resulting
in the highest efficiency among all tested solar cells. Table 1
also displays that . decreases with the increasing V.. In
addition, for the same pyridine derivative additive, it is
found that value of V,. at an additive concentration of
0.5M was higher than at 0.1 M, while the ], showed a
contrary trend. For example, J,. and V,. of 0.1 M 2-MP in

Table 1. Effect of pyridine derivative additives on the
photovoltaic properties of dye-sensitized TiO, solar cell

Voc Jse n
Additives V) (mA cm™2) FF (%)
None 0.445 18.75 0.53 4.41
0.1 M 4-TBP 0.618 16.32 0.59 5.96
0.1 M 2-MP 0.624 15.72 0.62 6.07
0.1 M 4-POP 0.644 13.71 0.67 5.92
0.5 M 4-TBP 0.703 15.20 0.63 6.73
0.5 M 2-MP 0.711 14.32 0.66 6.70
0.5 M 4-POP 0.736 10.14 0.69 5.08
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electrolyte were 1572 mA cm~2 and 0.624 V, respectively.

As the concentration of 2-MP was 0.5 M, they were 14.32 mA
cm~2 and 0.711 V, respectively.

Interfacial carrier relaxation dynamics of TiO,
dye-sensitized film in electrolyte

To investigate the influence on the rate of back electron
transfer, i.e., the injected electrons on the TiO, conduction
band recombine with redox pair in electrolyte,!’ after the
additives were added into the electrolyte, we employed
the time-resolved mid-IR absorption spectroscopy to study
the back electron transfer between the injected electrons
on the conduction band of N3-sensitized TiO, film and
electrolyte with different additives.”>-¥33-% Fig. 2 displays
the temporal profile of transient absorption probed at
1800 cm ™! of N3-sensitized TiO, with three different pyridine
derivative additives of 0.5 M in the electrolyte. The kinetics
detected at other wavelengths is basically similar. Strong
absorption decay due to photogenerated electrons in the
conduction band of TiO, is observed. The decay curves
are fitted by a biexponential equation, and the fitted
decay components together with the corresponding pre-
exponential factors are listed in Table 2. The values of 7
(fast component) and 7, (slow component) listed in Table 2
represent electron-decay lifetime in the conduction band of
TiO,. The decay time constant 7; of the fast component means
that the electrons on the conduction of TiO, recombine more
quickly with the acceptor in the electrolyte, which makes
the V,. decline. However, the decay time constant 7, of
the slow component means that more electrons will stay
in conduction band, leading to an improvement of V..
Furthermore, the increase of the conduction band of TiO,
may prevent the electrons injecting from the LUMO of N3 to
the conduction band of TiO, according to the Frank—Condon

1.2
0.5mol/L
0.8
-
o
S
<
04+
0.0 ‘*‘4

0 3 6 9
Time/ms

Figure 2. The temporal profiles of transient absorption of
N3-sensitized TiO, film without any additive or with three
different additives in the electrolyte probed at 1800 cm~1, after
the excitation by the 532 nm laser pulse. Additives include
4-TBP, 4-POP and 2-MP. Solid lines: experimental curves;
dotted lines: fitting curves. The concentration of additives was
0.5 M, and the energy was 0.63 mJ/pluse.
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Table 2. The fitting parameters obtained from the fitting
curves in Figs 2 and 3

Additive 71 (ms) A 72(ms) Ay 1 XT)
None 0.59 0.33 84.50 3.50 49.86
0.1 M 4-TBP 0.65 0.58 40.26 7.35 26.17
0.1 M 2-MP 1.01 0.88 24.10 12.77 24.34
0.1 M 4-POP 0.29 0.30 20.46 9.95 5.93
0.5 M 4-TBP 0.55 0.61 32.83 10.99 18.06
0.5 M 2-MP 0.87 1.47 11.64 5.14 10.12

0.5 M 4-POP 0.11 0.49 11.12 6.35 1.22

principle, which may reduce the number of electrons on the
conduction of TiO,. 7; and 1, show the different behaviors
on V,.. Moreover, their influence on V. are complicated.
Yanagida et al.3¢ have proposed that the conversion efficiency
of DSSC is determined partly by efficiency of electron (.),
which can be described by the following equation,

Ne = Nei X Net X Nec (1)

where 1, net, and ne. represent efficiency of electron injection,
transport and collection respectively. Since both 7; and 7, in
Table 2 can represent the character of electron related to
the Vi and they show the different behaviors on V., the
effective factor would be better expressed by the empirical
relation, i.e., 71 X 7o, in parallel to ne; X Net X Nec. The principle
underlying this relation is not clear, yet. And it is under
further investigation.

It can be seen from Table 2 that the decay rate of electrons
in the conduction band is enhanced by the addition of
0.5 M pyridine derivatives, which means a fast back electron
transfer compared with the electrolyte without any pyridine
derivatives (noted as ‘None’). The rate of back electron
transfer decreases in the order of 4-POP > 2-MP > 4-TBP >
None. Figure 3 shows the decay of two concentrations for
three different pyridine derivative additives (the fitting data
are also listed in Table 2), which displays the effect of the
concentration of the pyridine derivative additives on the
rate of back electron transfer. For all pyridine derivatives,
71 X 1, at a high concentration was smaller than that at a low
concentration, which means that the rate of back electron
transfer in the high concentration was faster than that in
the low concentration. It can be also seen from Table 2 that
the rate of back electron transfer for 0.1 M decreases in the
order of 4-POP > 2-MP > 4-TBP > None, the same as the
concentration of 0.5 M.

Flat band potential of the TiO, electrode

We evaluated the flat band potential Vi, of TiO, electrode
in different electrolytes by using the Mott—Schottky analysis
method. The method involves measuring different capaci-
tances as a function of the applied potential. The relationship
between the capacitance and the applied potential can be
expressed by the following equation:

1 2 <|E —Ep| — k?T)
& = @)

2
Ce. ee9eNp
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Figure 3. The temporal profiles of transient absorption of
N3-sensitized TiO» film with three different pyridine derivative
additives of two concentrations in the electrolyte, probed at
1800 cm~, after the excitation by the 532 nm laser pulse.
Additives include: (A) 4-TBP, (B) 4-POP and (C) 2-MP. Solid
lines: experimental curves; Dotted lines: fitting curves; Black:
0.1 m. Light gray: 0.5 M. AOD = log(lout/lin) With lout and fin
being the output and incident optical intensities, and the
energy was 0.63 mJ/pluse.

30F
1.2 "
-
.l...
0.8 ......-l
V s
0.4 .
9 20F ey -
3 0.0 :
SN
@ -09 -0.6 -03
O
10| s
Vo
0  0000600000000000000000000009
1 n 1 L 1 n 1
-0.9 -0.6 -0.3 0.0

Polarization potential (V)

Figure 4. Mott—Schottky curves for TiO» film in the electrolyte
without any additive or with 0.1 m additives versus the applied
potential with respect to the saturation calomel electrode:
None (hollow circle); 4-TBP (full triangle); 4-POP (full square).
The insert shows the curve in the electrolyte without additive.

where C,. is the space-charge capacitance, ¢ is the dielectric
constant of the semiconductor, & is the permittivity of
free space, Np is the dopant density, Eg is the flat band
potential and E is the applied potential. Figure 4 shows
the typical Mott—Schottky curves versus applied potential
for TiO, film in the electrolyte containing 0.1 M 4-POP
and 0.1 M 4-TBP. The inset shows the plot for the TiO,
film in the electrolyte without the additive. The plot of
1/Cs versus the applied potential shows an X-intercept
corresponding to Vg. The deviation from linearity may
result from the effect of surface states, recombination effects
and non-negligible contributions of the Hemholtz layer to

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 3. Flat band potential of TiO»(V4,) and changes in
Vi (AVsp) and Ve (AVoc) of dye-sensitized solar cells before
and after addition of pyridine derivative additives

Additives Vi (V Vs SCE) AV (V) AV (V)
None —0.376 0.000 0.000
0.1 m4-TBP —0.580 —0.204 0.173
0.1 m2-MP —0.611 —-0.235 0.179
0.1 m4-POP —0.635 —0.259 0.199
0.5 m4-TBP —0.644 —0.268 0.258
0.5 m2-MP —0.655 —0.279 0.266
0.5 M 4-POP —0.699 —0.323 0.291

the interfacial capacitance.” Table 3 summarizes the effects
of pyridine derivatives on V. The value of Vy, for each
additive at the same concentration decreased in the order
of 4-POP > 2-MP > 4-TBP > None. After the addition of
pyridine derivative additives to the electrolyte, Vi, shifted to
a more negative value for all pyridine derivatives. A higher
concentration of the pyridine derivative additives gives rise
to a more negative potential.

Obviously, there was a dramatic improvement on V.
after the additives were added into the electrolyte according
to the Table 1. One of the possible explanations for the
improvement of V. can be related to the negative shift of
the Vi, of the TiO; electrode in the different electrolytes. In
an attempt to investigate the relationship between the V.
and Vg, we used the difference value of V,. and Vy, in the
electrolyte with pyridine derivative additives with respect
to those without pyridine derivative additives. It can be
concluded from the Table 3 that the AV,. was smaller than
the corresponding AVy, for the same pyridine derivative
additives. In addition, another factor to affect the V. is
the back electron transfer at the electrode/dye/electrolyte
interfaces. According to the Marcus—Gericher theory,?
the interfacial transfer rate constant from the conduction
band to the redox species in the electrolyte is expressed by
the equation:

kT 172 (Eredox —A— Ecb)2
ket = Svno {E} exp (_T) 3)

where § is the reaction layer thickness for interfacial electron
transfer, vy, is the thermal velocity of the electron, o is the
reaction cross section and A is the solvent reorganization
energy. When conduction band of TiO, shifts negatively,
the driving force increases for the charge recombination
from the conduction to the redox in electrolyte, resulting
in the enhancement of the rate of back electron transfer,
and thus the decrease of V,.. Frank et al.l” have reported
that some additives, such as ammonia, caused the band to
move negatively and recombination to increase, the effect of
which was to improve V.. Therefore, we believe that the
AV, was smaller than AVy, which is in part due to the
enhancement of back electron transfer after addition of each
pyridine derivatives.

Figure 2 also shows that the rate of back electron transfer
decreased in the order of 4-POP > 2-MP > 4-TBP >
None, which is good agreement with the order of Vy, for

Surf. Interface Anal. 2007; 39: 809-816
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each additives. Furthermore, we used DFT?8-32 to calculate
the atomic charge distribution on each pyridine derivative
additives. The analyses of Miilliken atomic charges were
performed on the optimized structures obtained at the
B3LYP/6-31g level. In Fig. 1, the selected Miilliken atomic
charges (also known as partial charges) of the molecules
are listed. According to the result, it is believed that the
atomic charge distribution of nitrogen atom of the pyridine
derivatives is influenced by their structures. Compared
with 4-TBP (-0.365), a much larger partial charge in 2-
MP (-0.403) is due to the more electron-donating extent
for 2-positional substitution by methyl group than that of
4-positional substitution by tert-butyl group. The 4-POP
with two coordination sites shows almost the same partial
charge (—0.409) with the 2-MP on the nitrogen atom, but its
oxygen atom shows the largest partial charge (—0.567) among
them resulting from 4-positional propoxylation. Gratzel and
coworkers'?have reported that adsorption of 4-TBP at the
TiO, surface is caused by interaction between the Ti(IV) ion,
which has Lewis acidity, and the lone electron pair of 4-
TBP. Therefore, the larger the partial charge on the nitrogen
or oxygen atom of the pyridine derivative additives is, the
easier and the more often the pyridine derivations can be
adsorbed onto the Lewis acid sites of the bare TiO, surface,
which would cause a larger V. by negative shifting of the
conduction band edge of TiO,.*° According to Table 2, for
all pyridine derivatives, the rate of back electron transfer for
high concentration was faster than that at low concentration.
The higher the concentration the pyridine derivatives was,
the easier and more often pyridine could be adsorbed onto
the Lewis acid site of TiO,, which led to the fast rate of back
electron transfer. On light irradiation, the dyes adsorbed on
the TiO, particles inject electrons into the conduction band,
and the conduction band of the TiO, electrode dramatically
shifts toward negative, especially after pyridine derivative
additives were added.® The negative shift of the conduction
band enhances the driving force for the recombination at the
interface between the electron in the conduction band and
I;”/I” inthe electrolyte, leading to a decrease of V. according
to the Marcus—Gericher theory. Moreover, V. is enhanced
after the addition of various derivatives according to Table 3.
It is clear that the negative shift of the conduction band edge
of TiO, is the predominant factor on the change of V..
Therefore, we compared the interface charge recombination
rate with Vi, as various additives, giving a mechanistic
account of the function of the additives to improve the V. of
DSSCs.

The dark current measurement

The dark current arises from the reduction of triiodide
by conduction band electrons.’® According to the Fig.5,
it can be found that the dark current diminished after
0.5M pyridine derivative was added. The dark current
decreases in the order of None > 4-TBP > 2-MP > 4-
POP. The small dark current leads to a large V,..!** The
corresponding V,. should follow the order: 4-POP > 2-
MP > 4-TBP > None. It is obvious that the results of
photoelectrochemical measurement are consistent with the
order according to Table 1. With the addition of pyridine

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 5. Dark current—voltage curves obtained for DSSCs
based on N3 dye without any additive or with 0.5 m various
pyridine derivative additives in MPN containing 0.5 m Lil and
0.05 m lo: None (dashed line), 4-TBP(dashed-dotted-dotted
line), 2-MP (dotted line), 4-POP(solid line).

derivative additives, it has been assumed that the adsorption
of additive increases the distance between the TiO, and
I;~ 4 In other words, the dark current is restrained after
the addition of pyridine derivatives. The dark current is a
qualitative measure of interface charge recombination at the
dye-sensitized TiO, in DSSCs.!” And the measurement does
not readily distinguish between passivation or activation of
TiO, surface and band edge movement.!” Therefore, the dark
current measurement is an apparent analysis on the interface
charge recombination, and provides a net effect of additive
on the photovoltage of DSSCs. The results of dark current
experiment strongly support the conclusion that the negative
shift of the conduction band edge of TiO; is the predominant
factor determining the V..

Analysis of short-circuit current by CV

Under irradiation, the potential drop in the Helmholtz layer
depends on absorbed molecules,*>* and the different pyri-
dine derivative additives will result in different potentials
of the conduction band edge of the TiO, nanoporous film.
Moreover, it is believed that when the conduction band shifts
negatively, the driving force for the electron injection pro-
cess from the LUMO of N3 into the conduction band of TiO,
decreases, leading to low injection efficiency and a small pho-
tocurrent. In addition, the photocurrent is also determined
by the dye regeneration process. For further analyzing the
effect of pyridine derivative additives, the dye regenera-
tion reaction (3~ +2Dyet — I3~ 4+ 2Dye) taking place at
nanocrystalline TiO, electrode interface was studied by CV
measurement.

CV is a powerful tool in analyzing the relationship
between ion diffusivity and reaction kinetics of an electro-
chemical system.* The aim of this study was to examine the
kinetic impediment of the I3~ /I~ redox reaction in the case
of different additives. Figure 6 illustrates the cyclic voltam-
mograms obtained in electrolytes with different pyridine
derivative additive of 0.5 M under the scanning range of 0 to
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Figure 6. Cyclic voltammetry for the dye-coated FTO electrode
in the electrolyte containing 0.5 m Lil, 0.05 m lo without any
additives or with 0.5 m additives: None (dashed-dotted-dotted
line); 4-TBP (dashed line); 2-MP (dashed-dotted line); 4-POP
(dotted line); None using the bare FTO electrode (solid line).
Scanning rate: 50 mV/s.

+1.5 V (versus I3~ /I"). The voltammograms show the anodic
peaks, which cannot be observed for the bare FTO electrode,
assigned to anodic oxidization of iodide by oxidized dye. The
anodic peak potential shifts negatively and the peak current
density gradually decreases in the order of None > 4-TBP
> 2-MP > 4-POP. The cathodic peak cannot be presented
in this scanning range, implying the irreversible behavior of
this electrochemical reaction at N3-coated FTO electrode. The
negative shifts of anodic peak potential and the increases of
anodic peak current density shown in the voltammetry indi-
cate that in the electrolyte a faster dye regeneration results
in a higher ], which may lead to a different photocurrent
due to different pyridine derivative additives added into
electrolytes.

CONCLUSIONS

Three pyridine derivatives were employed as additives in
MPN electrolyte containing 0.5 M Lil and 0.05 M I,. Pyridine
derivative additives with large partial charge enhance the
open-circuit voltage, but usually reduces the short-circuit
photocurrent density. Results from time-resolved mid-
IR spectroscopy and the Mott—Schottky analysis method
demonstrate that the increase in photovoltage is generated
from the negative shift the conduction band of TiO, nanocrys-
talline, as well as the increase of back electron transfer from
the conduction band of TiO, to the triiodide in the electrolyte
primarily resulting from enhancing the driving force for
recombination due to the addition of three pyridine deriva-
tives into the MPN. However, the improvement of interface
recombination and the negative shift of the conduction band
edge produces a net photovoltage enhancement of about
0.29 V in the case of 0.5 M 4-POP, indicating that the negative
shift of the conduction band edge of TiO, is the predomi-
nant factor in increasing V.. The dark current measurement
strongly supports the above-mentioned result. The driving

Copyright © 2007 John Wiley & Sons, Ltd.
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force for the electron injection process decreases owing to
the negative shifting of the conduction band, which leads to
a small photocurrent after addition of different additives to
electrolyte. The decline of J,. may also be attributed to the
slow dye regeneration according to the CV measurement.
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