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A versatile binder-free TiO2 paste for dye-sensitized
solar cells†

Jeremy H. Yune,a Inna Karatchevtseva,a Peter J. Evans,a Klaudia Wagner,b

Matthew J. Griffith,b David Officerb and Gerry Triani*a

In this study, binder-free TiO2 colloidal pastes have been prepared using a variety of heterocyclic bases with

diverse characteristics to produce robust photoanodes for dye-sensitized solar cells (DSSC) from a single

cast film thickness of 5 micron. The influence of the base on the electrode structure and film

morphology, including its electron donor characteristics are investigated after low temperature thermal

treatment and high temperature sintering. The results show that quinoline in the TiO2 paste is retained

within the electrode structure in comparison to piperidine and pyridine after a short thermal treatment of

150 �C for 15 minutes. The presence of organic additives with p-conjugation in the photoanode

enhances both electron injection efficiency and charge carrier lifetime resulting in higher Jsc and Voc.

This formulation in combination with low temperature processing yields an energy conversion efficiency

of over 5% in DSSC devices. In devices where high temperature sintering is permitted, the performance

of TiO2 electrodes converges towards an efficiency of over 6%, irrespective of the organic additive within

the paste. This formulation offers a high degree of versatility in casting electrodes onto polymer, glass or

metal foil substrates from a single source of TiO2 paste, for the many variants of low-cost solar cells.

Introduction

One of the major global challenges over the next 40 years will be
to fulll the rising energy demands from emerging countries
and an increasing population.1 Solar generation has the
potential to contribute a large proportion of the renewable
energy required for the projected 30 terawatts by 2050.2,3

However, in order for solar to achieve better penetration into
the energy sector, a more competitive cost structure is required
to lower the cost of manufacture.4 Dye-sensitized solar cells are
a promising low-cost third generation photovoltaic device
where both components and manufacturing processes are
relatively cheaper in comparison to silicon based devices5 and
have demonstrated an energy conversion efficiency of over 10%
(ref. 6) coupled with good performance over a broad range of
light intensity levels.7,8

Since the pioneering work of O'Regan and Gratzel in 1991,9

dye-sensitized solar cells (DSSC) have created enormous interest
in the research community, where improvements in both

materials and process technologies have been addressed along
with enhancements in device architecture.

These developments have translated into an exponential rise
in peer-review articles10 resulting in performance improve-
ments, which have yielded devices with energy conversion effi-
ciencies of 15%.11 One of the prime areas of research has been
the development of TiO2 electrodes in DSSC, which are typically
deposited as a continuous lm from a viscous paste. TiO2 paste
is prepared with organic binders, which modify the rheology for
coating and impart porosity in the thick lm structure.

Conducting glass substrates are used as the support and
these allow thermal process treatments at temperatures >400 �C
to ensure organics are eliminated and to improve particle
binding and adhesion to the substrate.6 A key driver in cost
reduction of the DSSC is the replacement of glass-based
substrates with polymers that are amenable to continuous
roll-to-roll processing.12,13 Low temperature mesoporous TiO2

lms for photoanodes on polymers require processes less than
150 �C with acceptable particle connectivity for electron diffu-
sion. Several methods have been reported as low temperature
processes with additional steps following TiO2 lm formation.
They include immersion with TiCl4,14 UV-O3 curing,15–17 TiO2

atomic layer deposition18 or compression.19 All of these studies
show improvements in performance aer TiO2 lm deposition,
with the best recorded efficiency of 7.6% (ref. 20) on ITO/PEN
achieved by compression coupled with UV-O3 curing post lm
formation. However, integration of such a process in DSSC
device fabrication remains challenging12 where a singular
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process step following deposition with minimal resident time is
preferred.13

Casting of TiO2 from a viscous vehicle onto substrates is by
far the preferred method of depositing electrodes for DSSC.12,21

However, additives for low temperature TiO2 paste must provide
adequate viscosity and volatility in order to yield uniform porous
structures. An interesting method reported by Park et al.22,23

utilises a binder-free formulation by adding small quantities of
ammonia solution into an acidic TiO2 aqueous sol. Surface
mediated CH3COO

�/NH4
+ couples are formed within the slurry,

which results in the reduction of the double layer repulsion
between the particles; as a result this induces TiO2 particles to
occulate sufficiently to allow uniform lms to be cast.

In our previous study,24 the inuence of acetate molar ratio
within the acidic TiO2 colloid was investigated in low temper-
ature processing of electrodes in DSSC. Lowering the molar
ratio of TiO2 to CH3COOH in the starting colloid and the
amount of ammonia in the paste formation, followed by low
temperature processing at 150 �C for 15 minutes, resulted in the
energy conversion efficiency of the DSSC increasing from 2.83 to
5.00% in comparison to Park's results.22,23 Further incremental
improvements were possible aer the electrodes were heat
treated at 150 �C for 24 hours.

Huang25 and Boschloo26 have both reported enhancements
in device performance by the addition of particular nitrogen-
containing compounds to the electrolyte solution. For
example, the use of 4-tert-butylpyridine (TBP) as documented in
the literature enhances the performance of the cell by
improving the open-circuit voltage but at the expense of Jsc.25

The proposed mechanism is that TBP binds to either a TiO2

surface or electrolyte via the nitrogen atom thus protecting it
against the charge recombination. The basic nature and elec-
tron donor properties of various heterocyclic amines
within the electrolyte have been identied to be responsible of
TiO2 conduction band shi and therefore inuence DSSC
characteristics.27–31

In this study, we investigate the incorporation of a variety of
bases with diverse characteristics, including basicity, boiling
point and electrochemical properties. TiO2 colloidal pastes were
formulated using heterocyclic amines during paste preparation
as opposed to addition within the electrolyte, with anticipation
that this functional moiety will have a higher probability of
binding to a TiO2 surface, hence reducing back electron trans-
fer. This study seeks to establish a relationship between elec-
tron donor characteristics of the base in the TiO2 electrode and
the solar cell performance of DSSCs prepared with several
amines; piperidine, pyridine and quinoline. In order to best
compare the high temperature and low temperature paste
performance in DSSCs, we have fabricated DSSCs with a single
nanocrystalline TiO2 layer on a glass photoanode without the
usual blocking layer (Fig. 1).

Experimental
Preparation of TiO2 paste

TiO2 solutions were prepared using a method reported by Kar-
atchevtseva et al.32 Briey, 85 mL of titanium(IV) isopropoxide

was mixed with 17.4 g of glacial acetic acid (1 : 1 mol ratio) in a
glove box under inert conditions and vigorous stirring. This
solution was slowly added via a dropping funnel to 512 g of H2O
under vigorous stirring for 10 minutes at room temperature
followed by the addition of 5 mL of nitric acid (concentration
69%), used as a peptization agent.33,34 The reaction mixture was
heated at 80 �C under vigorous stirring for 8 hours. TiO2 sol was
converted into highly crystalline anatase via a hydrothermal
procedure by introducing 150 g of TiO2 sol into a 200 mL tita-
nium autoclave heated to 240 �C, which was controlled by
ramping at 2�C min�1 and held at temperature for 14 hours. An
aqueous TiO2 suspension of anatase with uniform particle size
distribution was collected aer ultra-sonication for 15 minutes
followed by centrifugal separation at a rotation speed of
3000 min�1 for 15 minutes.

Binder-free TiO2 paste was prepared by adding a calculated
quantity of dilute 2 M basic solution to an acidic anatase TiO2

colloid where the nal weight percentage of TiO2 was 21%. This
was determined aer thermogravimetric analysis where the
amount of base (piperidine, pyridine and quinoline) was in the
range 1.7–2.1 wt% with respect to TiO2. Viscous pastes were
ready for casting aer 2 hours of agitation.

DSSC preparation

The TiO2 photoanode lms were deposited by casting onto
either microscope soda lime glass slides or indium doped tin
oxide (ITO) coated on glass substrates (Asahi, sheet resistance:
Rs # 8 U sq�1) using the doctor blade technique. The thickness
of a single cast dried TiO2 electrode was 5.0 � 0.2 mm. The TiO2

lms were rst air dried for 30 minutes and then heat-treated
on a hot plate at either 150 �C for 15 minutes for low temper-
ature devices or processed at 450 �C for 30 minutes. The active
electrode area was 0.25 cm2. Prior to assembly into DSSC
devices, the TiO2 lms were further treated for 2 hours at 120 �C
on a hot plate, in order to remove most of physisorbed water,
and immersed while hot into 0.3 mM anhydrous cis-diisothio-
cyanato-bis(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II)bis-
(tetrabutylammonium) (N719 dye purchased from Solaronix SA
Ltd.) solution in acetonitrile/tert-butyl alcohol (1/1) for 22 hours.
The sensitized TiO2 electrode was sandwiched with a
Pt-sputtered (�30 nm thickness) indium tin oxide (ITO)-glass
counter electrode (Delta Technologies, Rs � 10 U sq�1) spaced
with a 25 mm Surlyn sealant (Fig. 1). An electrolyte solution
comprising 0.6 M 1,2-dimethyl-3-propylimidazolium iodide

Fig. 1 Schematic diagram of the DSSC structure used in these studies.
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(DMPII), 0.5 M 4-tert-butylpyridine, 0.1 M LiI, and 0.05 M I2 in a
solvent mixture of 85 : 15 acetonitrile/valeronitrile was injected
between the electrodes through a hole in the counter electrode
by a vacuum-lling procedure. Four samples were prepared for
every condition investigated.

TiO2 lm characterisation

The thickness of both dried and thermally treated TiO2 lms on
glass were measured using the Alpha-Step IQ Surface Proler
(KLA-Tencor). Further, measurements of lm transmittance
were recorded by UV-Vis spectroscopy on a Perkin Elmer
Lambda 35 UV-Vis spectrometer.

Specic surface areas of the as-prepared and post-treated
TiO2 electrodes were measured by the Brunauer–Emmett–
Teller (BET) nitrogen adsorption method. Cast lms were
removed from their substrates by scratching and placing
contents into glass bulbs for measurement. Nitrogen adsorp-
tion isotherms at 77 K were measured on a Quantachrome
AutoSorb iQ volumetric adsorption analyzer.

Scanning electron microscopy (SEM) provided a comparative
study of TiO2 lm morphology. Samples were examined by eld
emission SEM (Zeiss Supra 55VP) operating at an accelerating
voltage of 10 kV. Films were mounted on a conductive carbon
adhesive and approximately 30 Å of platinum was evaporated
onto the surface to prevent charging.

Fourier transform infrared (FTIR) spectra were obtained on a
Nicolet Nexus 8700 FTIR spectrometer (Thermo Electron Corpo-
ration, Madison, WI). Both dried and thermally treated lms
were measured using the Smart iTR™ sampling accessory to
observe the presence of residual organics. Spectra were collected
by averaging 32 scans with a nominal resolution of 4 cm�1.

DSSC characterisation

Current–voltage curves were recorded using a Keithley 2400
source measure unit aer illuminating the DSSCs with a simu-
lated 100 mW cm�2 air mass AM 1.5 light source (Oriel) equip-
ped with a KG5 lter to remove longer wavelengths. The light
intensity was adjusted using a calibrated silicon diode (Peccell).
The device area was masked with black paint dening an aper-
ture slightly larger than the active area.35 The light intensity of
the simulated sunlight source was reduced for specic
measurements using neutral density lters. Incident photon-to-
current conversion efficiency (IPCE) spectra were recorded on a
home-built set-up using the monochromated output from a
xenon lamp equipped with sorting lters. The output beam was
focused to a spot size smaller than the DSSC area. The short
circuit current response of devices was recorded in 5 nm steps
using the aforementioned Keithley 2400 instrument referenced
to the output of a calibrated silicon diode (Peccell).

Electron lifetime and diffusion coefficient measurements
were performed using stepped light-induced recording of
photocurrent and photo-voltage (SLIM-PCV) transients.36

Measurements were performed using a 635 nm diode laser
illuminating the entire DSSC active area. This wavelength was
selected as the dyes are weakly absorbing at 635 nm, allowing a
uniform generation of electron density throughout the entire

TiO2 lm thickness. The illumination intensity of the laser,
controlled by the input voltage, produced values ranging from
2 mW cm�2 to 35 mW cm�2. Photocurrent and photovoltage
transients were induced by the small stepwise (#10%) change
of the laser intensity, controlled with a PC using a digital-to-
analogue converter. Induced transients were measured by a
fast multimeter (AD7461A, Advantest). Electron densities at
specic laser illumination intensities were determined by a
charge extraction method in which the light source was
switched off at the same time the DSSC device was switched
from open to short circuit.35 The resulting current was inte-
grated, with the electron density calculated from the amount of
charge extracted. Diffusion coefficients were determined by
tting the current decays to a single exponential as previously
reported,36 although we note that this treatment neglects
potential recombination losses during charge transport. Elec-
tron lifetimes were determined by tting the voltage transients
to single exponential decays as previously reported.36

The electrochemical data were obtained using square wave
voltammetry in anhydrous acetonitrile containing 0.1 M tetra-
butylammonium perchlorate (TBAP) as supporting electrolyte.
The working electrodes were indium tin oxide (ITO) slides with
N719-sensitised TiO2. Solutions were degassed prior to
measurement and ferrocene was added as an internal reference.
Pt mesh and Ag/Ag+ electrode were used as the counter elec-
trode and quasi-reference electrode respectively. Half-wave
potential was measured for 1 mM ferrocene, E1/2 ¼ 0.21 V, vs.
Ag/Ag+ reference electrode. The results were recorded using an
eDAQ potentiostat system controlled by eDAQ EChem soware.
Solutions were degassed prior the measurements.

HOMO potentials were estimated from the oxidation half-
wave potential (Eox1/2) of the anodic peak. The optical band gap
was estimated from UV-Vis absorption spectra of the samples
prior to electrochemistry. The LUMO potentials for both dyes
were then estimated by subtracting the optical band gap value
from the HOMO potential.

Fluorescence spectra were recorded with a Horiba Scientic
Fluorolog Model FL 3-221 spectrouorometer system.

Results and discussion

TiO2 pastes were formulated with the addition of a heterocyclic
base to the starting acidic TiO2 colloid and processed according
to our previous study.24 Briey, the base reacts with residual
acetic acid groups and forms a salt. An increase in ion
concentration between the acid�/base+ couple promotes a
decrease of the double layer repulsion between TiO2 nano-
particles thereby contributing to occulation, which results in
the formation of a viscous slurry. A similar behaviour was
reported in our previous study where an optimum weight ratio
between the additive base and TiO2 content was dened. A
similar approach was undertaken in this study.

TiO2 lms properties

The presence of organics was monitored by Fourier-Transform
Infrared (FTIR) spectroscopy. FTIR spectra of piperidine,

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 29513–29523 | 29515
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pyridine and quinoline-based TiO2 as-prepared lms are shown
in Fig. 2. Several common IR adsorption bands were observed in
each sample. Firstly, the broad band below 800 cm�1 is due to
the formation of an extensive inorganic Ti–O–Ti network. A
broad peak centred at �1630 cm�1 indicates the presence of
Brønsted acidity (the O–H groups residing on TiO2 surface) in
all samples. While another broad doublet peak centred between
1500 and 1300 cm�1 is indicative of the Lewis acidity.

The nature of acid sites may be dened by the presence of
surface protons leading to the Brønsted sites or cationic centres
due to unsaturation in coordination, which explains the Lewis
acidity. These sites can potentially serve as the adsorption sites
for organic species. For example, Miyata et al.37 observed a
broad band in the region 1300–1400 cm�1 in their study of
pyridine adsorbed on transition metal oxides. Dines et al.38 have
reported bands at similar wavenumbers in the case of quinoline
chemisorbed onto TiO2 surface.

There are also several IR bands found in each spectrum that
are unique to each sample. For example, quinoline typically has
3 characteristic bands (due to aromatic ring vibration) near
1600 cm�1, two of which, 1600 and 1565 cm�1, can clearly be
seen in the spectrum (Fig. 2a). In pyridine (Fig. 2b), the inter-
actions between ring C]C and C]N stretching vibrations
result in two absorption bands found at 1546 and 1489 cm�1,
respectively.39 Piperidine has a distinct absorption band at
1028 cm�1 that has been assigned to the C–N stretching
vibration (Fig. 2c).

Aer casting the TiO2 paste into thick lms, electrodes were
heat treated at 150 �C to prepare the anode for subsequent solar
cell fabrication. FTIR spectra of TiO2 lms treated at 150 �C for
15 minutes are shown in Fig. 3. The IR data indicated that only
the quinoline-based lm retained most of its organic compo-
nent aer this heat treatment, with characteristic bands
distinguishable in the spectrum (Fig. 3a).

In contrast, the intensity of IR bands for both pyridine and
piperidine treated at 150 �C for 15 minutes (Fig. 3b and c) have

signicantly decreased compared to the corresponding as-
prepared lms. This is due to desorption of pyridine or piperi-
dine since their boiling points are around 115 and 106 �C,
respectively. In comparison, the spectrum of the quinoline
based paste shows little change following treatment at 150 �C as
the boiling point of quinoline is 238 �C.

Aer continuous heat treatment at 450 �C for 30 min all
three samples produced almost identical IR spectra (Fig. 4).
Firstly, a minor peak is evident in all samples in the range
1020–1015 cm�1 and attributed to a residual carbon. The CHN
microanalytical analysis indicated the atomic percentage of
carbon for quinoline, pyridine and piperidine-based lms heat
treated at 450 �C for 30 min were 0.15, 0.19 and 0.18, respec-
tively. Secondly, the presence of a weak broad peak at
1640 cm�1, corresponding to O–H deformation, indicates that
surface bonded hydroxyl groups were still present even aer the
heat treatment at 450 �C. This suggests the chemical function-
ality of the TiO2 surface appears largely unchanged aer the
prescribed thermal treatments.

It is well established that the TiO2 photoanode micro-
structure affects the maximum amount of dye loading on the
TiO2 electrodes, in addition to inuencing device physics
such as electron diffusion and charge carrier lifetime. More-
over, several reports suggested that the mesoscopic
structure of the TiO2 electrodes had a major inuence on
the performance of DSSCs.40–42 Surface area and porosity as
well as particle size distribution and lm preparation proce-
dure43,44 could all have a major inuence on lm
morphology and therefore affect the structure of TiO2 elec-
trode. Thus in this work the morphologies of TiO2 lms
prepared using different bases and post-treatment conditions
were carefully studied.

Fig. 5 shows plan view SEM images of titania lms prepared
using different pastes. The morphology of the resulting TiO2

lms produced aer heat treatment at 150 �C for 15 minutes
appears to be similar, showing uniform porosity and inter-
connected nanoparticles throughout the lm.

Fig. 2 FTIR spectra of as-prepared TiO2 films synthesised using: (a)
quinoline, (b) pyridine and (c) piperidine.

Fig. 3 FTIR spectra of TiO2 films synthesised using: (a) quinoline, (b)
pyridine and (c) piperidine after heat treated at 150 �C for 15 min.

29516 | RSC Adv., 2015, 5, 29513–29523 This journal is © The Royal Society of Chemistry 2015
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Nitrogen sorption analysis was used to assess the effect of
different heterocyclic bases have on TiO2 lm formation and
porosity of the cast electrodes. A summary of this analysis
detailing surface area and porosity of cast electrodes is pre-
sented in Table 1. Nitrogen adsorption–desorption isotherms
for TiO2 lms post treated at 150 �C for 15minutes and 450 �C at
30 minutes (not shown) have designated type IV isotherms
using the IUPAC classication scheme.45

The isotherms in each heat-treatment group were of similar
shape and all exhibited a narrow type H1 hysteresis loop over
the relative pressure range 0.80–1.0, associated with the capil-
lary condensation in mesopores. Surface area values estimated
by the BET method for all lms treated at 150 �C for 15 min
were in the range 80.4–87.5 m2 g�1 and total pore volume
0.252–0.254 cm3 g�1. A decrease in both surface area and pore
volume was observed aer sintering at 450 �C which was
attributed to nanoparticle necking. These characteristics are
comparable to low and high temperature TiO2 electrodes
developed by Miyasaka et al.46 and Ito et al.,6 respectively.

Overall, very little difference in lm morphology could be
observed between the bases studied, suggesting that the nature
of the bases used during the paste formulation does not inu-
ence signicantly the microstructure of the TiO2 electrodes.

DSSC performance

TiO2 electrodes were cast using additives piperidine, pyridine or
quinoline formulated in pastes, followed by heat treatment to
150 �C. TiO2 blocking layers were not used in the preparation of
these devices. Since the porosities of the high and low
temperature pastes are similar (Table 1), the back transfer
recombination reaction between electrons in the ITO electrode
and electrolyte ions penetrating through the TiO2 pores should
also be similar for both types of paste, allowing for an accurate
comparison of the pastes. Cells were prepared aer sensitiza-
tion with ruthenium dye N719. Table 2 records DSSC perfor-
mance aer both low (150 �C) and high temperature (450 �C)
treatment of lms prepared with different heterocyclic bases:
piperidine, a six membered ring amine; pyridine, a six
membered ring amine with p-conjugated electron and quino-
line lms, which is more electron rich compared to pyridine via
the supplementary aromatic. The order of basicity is as follows:
piperidine > pyridine > quinoline.47 Previously FTIR spectra
suggested different amounts of base were retained within TiO2

electrodes aer heat treatment at 150 �C for 15 minutes since
the boiling point of piperidine and pyridine is lower than this
temperature. In order to study the inuence of the base, which
is responsible for the characteristic response in DSSC perfor-
mance, lms were prepared and performance tested without
heat treatment where an equivalent amount of additive with a
weight ratio of base to TiO2 was between 1.7 and 2.1 wt%.

Table 2 summarises the DSSC performance data as a func-
tion of heat treatment. All lms under investigation were
approximately 5 mm thick. The Voc values for the as-prepared
piperidine, pyridine and quinoline lms were recorded at 753,
760 and 772 mV, respectively. This trend is in good agreement
with previous results from Kusama et al.27 where similar bases
were adsorbed onto the TiO2 surface from the electrolyte solu-
tion. In this study the changes were ascribed to modication of
the TiO2 conduction band, in accordance with other literature.
Such shis of the conduction band typically result in reduced
device photocurrent as the driving force for charge injection
between the dye LUMO and the TiO2 conduction band is
reduced.25 However, in our study we observed that Jsc increases
corresponding to increases in the p-electron strength of the
bases. The Jsc improved signicantly from 4.84, 7.51 to 8.12 mA
cm�2 for piperidine, pyridine and quinoline additions to lms,
respectively. This result demonstrates a simultaneous increase
of both Voc and Jsc aer addition of a more basic and p electron
rich amine to a DSSC. As a result, the overall DSSC performance
increased from 2.62% for piperidine to 4.25% for pyridine and
4.63% for quinoline as-prepared lms.

Conventional thermal treatment at 150 �C for 15 minutes
particularly affects the performance characteristics of TiO2

electrodes with heterocyclic additives (Table 2). The Voc
decreased following elimination of the corresponding base

Fig. 4 FTIR spectra of TiO2 films synthesised using: (a) quinoline, (b)
pyridine and (c) piperidine after heat treated at 450 �C for 30 min.

Fig. 5 SEM images of (a) piperidine, (b) pyridine and (c) quinoline-
based TiO2 films after 15 minutes at 150 �C.
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which shis the TiO2 conduction band, resulting in a drop of
1.32, 0.66 and 1.55% for piperidine, pyridine and quinoline
respectively. However, under this thermal regime TiO2 particle
interconnectivity occurs through dehydration of surface
hydroxyls to form Ti–O–Ti bridges.22,24 The formation of these
bridges results in a signicant rise in Jsc in all electrodes by 64,
15 and 16% for piperidine, pyridine and quinoline, respectively.
Consequently an increase in energy conversion efficiencies of
4.21, 4.76 and 5.35% were recorded for devices with additives
piperidine, pyridine and quinoline, respectively. In an attempt
to improve energy conversion efficiency, the amount of quino-
line additive was altered as a function of TiO2 however perfor-
mance remained equivalent aer doubling the quantity within
the paste.

On heat treatment to 450 �C, the TiO2 particles undergo
sintering to form robust electrodes. Both the Jsc and energy
conversion efficiencies of all cells from the additives studied
converged to 12.3 � 0.2 mA cm�2 and 6.3 � 0.1%, respectively
(Table 2). This result is attributed to necking of the TiO2

nanoparticles, a reduction of defects in the semiconductor bulk,
and the removal of organics at higher temperatures.

Table 2 shows a simultaneous increase of both Voc and Jsc
with more basic or richer p-conjugated electron heterocyclic

amine aer no treatment and 15 minutes at 150 �C, suggesting
that different surface interactions occur between the base and
semiconductor and that electron transfer kinetics between the
various DSSC components (TiO2, dye, electrolyte) occur when
base is added during paste formulation in comparison to
additions in the electrolyte.

Furthermore, dye surface concentrations were computed as
G ¼ A/0.0013 from the absorbance data and scaled for the lm
thickness.48Minimal variation in surface coverages was observed
between the three different pastes (Table 2), consistent with
their similar surface areas as determined by BET measurements
(Table 1). The dye forms layers with 75–95% of full monolayer
coverage based on a value of 2 � 10�8 mol cm�2 mm�1 for
full coverage.49

The efficiency of four cells prepared using the quinoline
based paste were tested at intervals over a 25 day period and the
averaged results are shown in Fig. 6. An average decrease in
efficiency of �17% has occurred during the test period. Similar
changes were recorded for cells produced from pastes prepared
with pyridine and piperidine. This temporal decline in cell
performance will be examined in more detail in future work.

The device Jsc is determined from a combination of the
efficiencies for light harvesting, electron injection and electron

Table 1 Summary of nitrogen sorption analysis for TiO2 films

Films Heat treatment Surface area (m2 g�1) V poresa (cm3 g�1) D poresb (nm) Porosityc (%)

Piperidine 15 minutes at 150 �C 85.3 0.253 11.9 49.6
Pyridine 87.5 0.252 11.5 49.5
Quinoline 80.4 0.254 12.6 49.7
Piperidine 30 minutes at 450 �C 79.7 0.245 12.3 48.8
Pyridine 77.6 0.246 12.7 48.9
Quinoline 75.8 0.237 12.5 48.0

a Single-point total pore volume of pores at P/P0 > 0.99.
b Average pore diameter (4 V A�1 by BET). c P¼ V/(r�1 + V), r – density of anatase (r�1¼ 0.257

cm3 g�1).

Table 2 Influence of heat treatment on DSSC performance for 5 mm TiO2 electrodes prepared with piperidine, pyridine and quinolone. G – dye
surface concentration, [mol cm�2 mm�1]. Average data for 4 devices

Set Heat treatment Voc [mV] Jsc [mA cm�2] FF h [%] G

No heat treatment 753 4.84 0.72 2.62
15 minutes at 150 �C 743 7.95 0.72 4.21 1.8 � 10�8

30 minutes at 450 �C 745 12.3 0.69 6.37 1.6 � 10�8

No heat treatment 760 7.51 0.75 4.25
15 minutes at 150 �C 755 8.63 0.73 4.76 1.9 � 10�8

30 minutes at 450 �C 745 12.1 0.70 6.30 1.6 � 10�8

No heat treatment 772 8.12 0.74 4.63
15 minutes at 150 �C 760 9.39 0.75 5.35 1.6 � 10�8

30 minutes at 450 �C 750 12.5 0.68 6.38 1.5 � 10�8

Solaronix reference 30 minutes at 450 �C 736 11.9 0.65 5.76
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collection at the anode. In order to determine if the base in the
lm can improve light harvesting and potentially transfer its
energy to TiO2 electrodes via direct charge transfer (DCT), lm
transmittance and the absorption spectra of the bases in solu-
tion were measured and correlated with the device incident
photon-to-current conversion efficiency (IPCE) spectra.
Although the p-aromatic bases do absorb light within the range
280–350 nm, UV-Vis spectra recorded from the different TiO2

lms, at equivalent thickness, show different transmittance
intensities; however there were no new absorption bands.
Moreover, IPCE spectra, exhibited in Fig. 7, obtained with TiO2

electrodes sensitized with N719 show identical spectral shapes
with no new bands characteristic samples preparation. We note
that these IPCE spectra were measured on devices made with
thin (2 mm) TiO2 lms prepared for further spectroscopic
studies (vide infra), and thus do not match the Jsc data presented
in Table 2. Integration of the overlap between the area under the
IPCE spectra in Fig. 7 and the AM 1.5G solar spectrum does
however exhibit good agreement with the Jsc values measured
for these thin lm devices (Fig. 8b). Furthermore, the ratio of Jsc
values between the three TiO2 pastes in the thin lm devices
show excellent correlation with the ratio of Jsc values observed
for the three TiO2 pastes in the devices with thicker 5 mm lms

(Table 2), which indicates the device performance trends for the
thin lm devices are representative of the trends in the 5 mm
lm devices discussed earlier. This result suggests that direct
charge transfer from base additive is not apparent or at most, is
not signicant; therefore this observed phenomenon cannot
alone explain the increases in Jsc.

To further investigate the Jsc changes in each electrode, the
efficiency of charge injection from photo excited dyes into the
TiO2 electrode (4inj) was determined by a measuring the
absorbed photon to current conversion efficiency (APCE) of thin
TiO2 electrodes (up to 2 mm). At this thickness, electron
collection efficiency (4cc) is considered to be quantitative, and
thus the APCE is indicative of the injection efficiency as
described in the equations below:

IPCE ¼ LHE4inj4cc

where LHE is the efficiency of light absorption by the dye.
Thus:

APCE ¼ IPCE/LHE ¼ 4inj4cc

The APCE in the wavelength range of 380–620 nm, charac-
teristic of the N719 dye absorption, of thin TiO2 electrodes are
shown in Fig. 8a.

Fig. 6 Cell efficiency averaged over 4 cells produced from the quin-
oline based paste monitored over 25 days.

Fig. 7 IPCE of different TiO2 electrodes heat treated at 150 �C and
450 �C.

Fig. 8 (a) APCE of different TiO2 electrodes heat treated at 150 �C and
450 �C; (b) plot of average APCE vs. Jsc of TiO2 electrode.
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Throughout this range, at low temperature, the APCE of
samples prepared using quinoline was higher than pyridine,
both of which exhibit higher values than piperidine TiO2 lms.
Aer sintering electrodes at 450 �C, where no organics remain
within the lms, the APCE of the different electrodes increased
and exhibit identical values close to 100%. The APCE of these
electrodes was also comparable to the one prepared from a
reference device made from Solaronix paste and sintered at 450
�C. This is in agreement with previous measurements which
suggest that the electron injection efficiency of N719 dye on this
TiO2 is close to unity.50,51 This result suggests that the APCE
technique employed here is an accurate way to probe the
injection yield of devices. A linear relationship was found
between the APCE (averaged across the spectral range) and the
device Jsc, as shown in Fig. 8b. This provides further support to
the assertion that the increased Jsc with the p-electron rich
bases is likely due to the increase of APCE, and consequently
electron injection.

The most commonly observed cause of changes in the
injection efficiency of DSSCs is a shi in the relative driving
force between the dye LUMO and the TiO2 conduction band
which inuences the electronic overlap between the semi-
conductor acceptor states and the dye LUMO. To analyse
whether this driving force changes with different organic bases,
we rst measured the dye LUMO level on TiO2 lms prepared
with each base using cyclic voltammetry to estimate the dye
HOMO and the absorbance onset of N719 to determine the
HOMO–LUMO gap. The bases in the TiO2 electrode were
observed to have little inuence on the HOMO and LUMO
energies of the dye. Thus the driving force for injection is not
affected by changes in the dye LUMO. To determine whether the
TiO2 conduction band is shied in the presence of different
bases, the relative conduction band edges were determined
from transient photovoltage and charge extraction measure-
ments (Fig. 9).

The open circuit voltage (Voc) of DSSCs was determined by
the difference between the quasi-Fermi level of electrons in the
nanocrystalline TiO2 in the dark and under illumination. Given
the high density of states in the redox mediator, its potential
shis by only �1 mV under illumination, thus the Voc can be
practically dened as the difference between the TiO2 Fermi
level and the Nernst potential of the redox electrolyte under
illumination. Since the redox mediator is constant in all
samples, the Voc versus electron density plots in Fig. 9 are
indicative of the relative conduction band edge potentials in
each device if the energy difference between the Fermi level and
conduction band edge remains constant. At 150 �C, the TiO2

conduction band therefore shis positively (with respect to an
NHE reference potential) in the order piperidine < pyridine <
quinoline (most positive). This positive shi corresponds to the
trend in basicity of the heterocyclic amines used. This shi
would cause an increase in the driving force between dye LUMO
and TiO2 conduction band for the more p-electron rich bases,
and can therefore help explain the improvement in device Jsc
observed for samples prepared from the more p-electron rich
bases. Furthermore, the Voc vs. electron density plots are coin-
cident at 450 �C once the base is removed, supporting the

identical Jsc observed in these samples. We note that the slope
of the plots in Fig. 9 appears to change when comparing the
samples heated to 150 �C and heated to 450 �C. Since this slope
is indicative of the density of trap states in the TiO2, this result
suggests that the density of trap states changes aer removal of
the bases from the TiO2. It is therefore likely that bases
contribute to trap states in the TiO2. Consequently, whilst the Jsc
is improved by a conduction band shi increasing the driving
force for charge injection, it could also be inuenced by these
traps in the TiO2.

The absorbance and emission measurements of Al2O3 lms
prepared with the various heterocyclic bases and sensitized with
N719 were measured (Fig. 10) in order to investigate whether
the traps caused by these bases also inuence the device
performance. The Al2O3 lms were prepared using identical
procedures to those for the TiO2 lms; however, the conduction
band of Al2O3 is known to be too negative to allow electron
injection from N719.52 Since electron injection cannot occur in
these samples, they allow the dye excitation and relaxation
process to be monitored directly.

Emission spectra from the lms were obtained aer excitation
at 520 nm, with the absorbance spectra indicating identical
absorption values at this wavelength. Since the number of absor-
bed photons is very similar and the dye is identical for all samples,
the number of emitted photons would be expected to be similar.
However, the emission spectra indicate that luminescence from
the lms with bases were quenched compared to that without any
nitrogen base. Further, the lms prepared with pyridine and
piperidine show a greater degree of quenching compared to those
prepared with quinoline. This suggests that the excited state of the
dye is deactivated in the presence of the bases, an effect which is
more prominent for piperidine and pyridine than for quinoline.
This trend is in agreement with the previous trends observed for
the injection efficiency of devices, suggesting that in addition to
conduction band shis, the Jsc is inuenced by deactivation of the
dye excited state through interaction with the organic bases.

Fig. 9 Open-circuit voltage as a function of electron density in the
TiO2 film. Piperidine: C – 150 �C, , – 450 �C; pyridine: - – 150 �C,
O – 450 �C; quinoline: : – 150 �C, B – 450 �C; and > – Solaronix
reference.
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The changes in the Voc of the devices with various bases
cannot be explained from the conduction band shis observed
in Fig. 9, since these show the opposite trend to that expected.
However, in addition to changes in the conduction band
potential, the Voc can also be inuenced by changes in the
electron density in the lm due to injection or recombination.

To investigate the transport and recombination kinetics, the
electron diffusion coefficient and lifetime were determined
from photocurrent and photovoltage measurements, respec-
tively (Fig. 11). Little difference was observed in the diffusion
coefficients as a function of Jsc between samples prepared with
different bases, and the sintering temperature also did not show
a large impact on the diffusion coefficients.

This indicates that the nature of the base within the elec-
trode does not inuence electron transport. However, electron
lifetimes were observed to be different within the various elec-
trodes. At low temperature, the electron lifetimes increase in the
order piperidine < pyridine < quinoline when compared at the
same electron density value. Since the density of traps is

comparable between the various TiO2 electrodes at 150 �C (the
slopes of the Voc vs. ED plots are the same in Fig. 9), these
differences indicate less back electron transfer from TiO2 to the
electrolyte. The origin of this effect remains ambiguous, but
could be caused either by steric hindrance of the surface with
bulkier bases adsorbed or by a difference in the driving force for
recombination (difference between TiO2 conduction band and
redox Fermi level) as the conduction band shis between the
bases. As a result of improved electron lifetime at low temper-
ature, the device Voc increases in the order quinoline > pyridine
> piperidine. When the TiO2 electrodes were sintered to 450 �C,
electron lifetime increases due to the reduction of TiO2 bulk
defects or the removal of organics which act as traps.

Finally, a comparison of the quantity effect of quinoline
added either during the paste formulation or as a component in
the electrolyte is under investigation.

Conclusions

In this study, we have demonstrated that low temperature TiO2

colloidal pastes can be prepared with heterocyclic amines to

Fig. 10 (a) Absorption of N719 and (b) emission spectra of N719
excited at 520 nm for Al2O3 films prepared with different binders.

Fig. 11 (a) Electron diffusion coefficient and (b) electron lifetime of
TiO2 electrodes. Piperidine: C – 150 �C, B – 450 �C; pyridine: - –
150 �C, , – 450 �C; quinoline: : – 150 �C, O – 450 �C; and > –
Solaronix reference.
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produce robust 5 micron thick electrodes. Following a short
thermal treatment of 15 minutes at 150 �C, these single cast
electrodes appear to have reasonable device efficiencies even
though the elimination of organic species within TiO2 elec-
trodes is not complete. A simultaneous enhancement of Jsc and
Voc has been obtained by adding a more p-electron rich and
bulkier heterocyclic base during paste formulation instead of
introduction within electrolyte. The shi of the TiO2 conduction
band caused by varying basicity increased the electron injection
efficiency and was predominantly responsible for the Jsc
increase. However, the bases also deactivated the dye excited
state, leading to small variations in the injection yield, and a
signicantly lower current than when the devices were heated to
450 �C to remove the bases. The more p-electron rich and
bulkier heterocyclic bases also resulted in higher electron life-
times induced by less electron recombination at the interface
between TiO2/dye/electrolyte, resulting in small Voc
enhancements.

This methodology offers signicant advantages in reducing
costs by allowing TiO2 colloidal pastes to become thematerial of
choice when moving to roll-to-roll printing. Furthermore, since
the pastes also show efficiencies over 6% aer sintering at high
temperatures, they offer a high degree of versatility and could be
employed on either polymer, glass or metal foil substrates in
DSSCs.
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