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Interest in solar energy conversion and the associated mate-
rials research and development has been inspired due to con-
cerns regarding carbon dioxide emissions, job creation, and
market instabilities due to the geopolitics and widespread
consumption of fossil fuels. The wide introduction of solar
powered devices made from nanomaterials has the potential
to revolutionize global economic development. Increasing
the efficiency and decreasing the costs of solar power are
two key areas where nanoscience and nanotechnology can
contribute most.

Nanotechnology has assumed a special status in semicon-
ductor materials and catalysts. These two classes of materials
could be considered as the key for solar energy conversion.
Nanomaterials applied in solar energy conversion may be
classified depending on their proposed application. Photo-
catalysts are a big family of nanomaterials (semiconductors
or transition metal oxides) mostly applied in water treatment
and solar water splitting for hydrogen production, among
other useful applications.

Nanomaterials possess certain desirable properties like
high catalytic activity, better stability in aqueous media,
comparatively easier preparation techniques, and material
economy. Still, nanomaterials suffer from certain drawbacks
when they are used in photocatalytic and photoelectrochem-
ical devices.

The fascinating optical properties of nanostructured
materials find important applications in a number of solar
energy utilization schemes and devices. Nanotechnology
provides methods for fabrication and use of structures and
systems with size corresponding to the wavelength of visible
light. This opens a wealth of possibilities to explore the new,

often of resonance character, phenomena observed when the
object size and the electromagnetic field periodicity (light
wavelength λ) match.

Titanium dioxide (TiO2) is an n-type semiconductor
that has attracted tremendous attention from researchers
worldwide due to its potential applications in environmental
protection and energy generation. It has demonstrated
unique properties such as high adsorption ability and good
photocatalytic activity. Dye-sensitized solar cells (DSSCs)
are molecular system that consists of TiO2, an anchored
molecular photosensitizer, a redox electrolyte, and a pla-
tinized photocathode. The sensitizers play a vital role in
DSSCs, and a large number of Ru-complex sensitizers and
organic sensitizers have been developed and tested. So far,
sensitizers such as black dye, N719, and N3 are known as
best sensitizers in DSSC. Black dye-sensitized nanocrystalline
TiO2 solar cells have been reported to yield a solar to
electric power conversion efficiency of over 11% under
standard AM 1.5 conditions. Much effort has been made to
increase photovoltaic performance (stability) of the DSSCs
with the development of new sensitizers, electrodes, and
nanostructured photoanode materials.

This special issue shows the current trends of research in
this branch by presenting two reviews and 14 research articles
covering several important areas, ranging from fundamental
to applied topics.
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The fascinating optical properties of nanostructured materials find important applications in a number of solar energy utilization
schemes and devices. Nanotechnology provides methods for fabrication and use of structures and systems with size corresponding
to the wavelength of visible light. This opens a wealth of possibilities to explore the new, often of resonance character, phenomena
observed when the object size and the electromagnetic field periodicity (light wavelength λ) match. Here we briefly review the
effects and concepts of enhanced light absorption in nanostructures and illustrate them with specific examples from recent
literature and from our studies. These include enhanced optical absorption of composite photocatalytically active TiO2/graphitic
carbon films, systems with enhanced surface plasmon resonance, field-enhanced absorption in nanofabricated carbon structures
with geometrical optical resonances and excitation of waveguiding modes in supported nanoparticle assembles. The case of Ag
particles plasmon-mediated chemistry of NO on graphite surface is highlighted to illustrate the principle of plasmon-electron
coupling in adsorbate systems.

1. Motivation

Solar radiation is the main long-term source of energy on
earth. All other known energy sources are depletable (fossil),
restricted (geothermal and gravitational), or currently not
socially adequate (e.g., nuclear, because of the risks of
proliferation). Though important, the density of solar power
impinging on earth is a mere 1.4 kW/m2 [1], consequently
making efficient energy conversion ever so important in light
harvesting devices.

Practiced solar light harvesting schemes can be divided
into two basic concepts: solar thermal and solar quantum.
The former transforms solar radiation to heat, the latter into
electricity or chemical fuels.

Typical devices exemplifying these concepts are the solar
heat collectors and photovoltaic systems extracting solar
energy in the form of electricity or by inducing a chemical
reaction, for instance to produce a chemical fuel such as
hydrogen. The difference in the approaches and demands
on the light absorber might be understood in comparison
with the natural analogues of these alternatives: in the first

case, these are the atmospheric and ocean processes driven by
solar radiation (wind, rain, streams, etc.) and in the second
the natural photosynthesis and photolytic processes [2] of
converting light energy to chemical energy and storing it in
the bonds of sugar in plants, algae, and bacteria.

When solar energy is purposefully converted to heat,
the aim is simply to absorb as much as possible of all
available radiation. In the case of quantum transformation
of the photon energy, attention must be paid to the different
steps in the transforming process. Therefore, the processes of
initial photon absorption, generation of charge carries, their
transport, separation, and attachment should be designed
in a fashion to achieve a good match between the spectral
distribution of the incoming light, absorption properties of
the system, and the energy levels of the transition and final
states.

Transition energy levels are known to vary with the
size and geometry of the active structure [3], and precise
structural manipulation has become possible in the wake
of nanotechnology and nanoscience hereby allowing fine
tuning of transition energy levels. With this stance, all
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new construction concepts may be employed to quantum
transforming devices.

In this paper, we briefly review some of the novel con-
cepts for photon capture based on the achievements of
nanoscience and nanotechnology and illustrate them with
specific examples from our studies.

2. Background

The interaction of electromagnetic radiation with matter
is classically described by the Maxwell equations in com-
bination with the wavelength-dependent complex dielectric
function

ε̂(ω) = ε1(ω) + iε2(ω) (1)

and the complex refractive index,

n̂(ω) = n(ω)(1 + iκ(ω)) ≡
√
ε1(ω) + iε2(ω). (2)

Being a consequence of these fundamental properties, Beer’s
law explicitly expresses the light field intensity at a given
point, along its propagation line in some medium, according
to the formula:

I2 = I1 exp

(
−
∫ P2

P1

α(r)dl

)
, (3)

where I1 and I2 denote the intensities at the points P1 and
P2, respectively, and α(r) = (4π/λ0)nκ where λ0 denotes the
wavelength in vacuum and nκ is the purely imaginary part of
the refractive index at point r [4]. A variant of Beer’s law is
the Lambert-Beer law which may be formulated as

ΔIext = I0

(
1− e−#(σabs+σsca)z

)
. (4)

Here ΔIext denotes the intensity loss at a point z due to
extinction, σabs and σsca are the absorption and scattering
cross sections, respectively, and # is the number density of
such sites [5]. The term cross section should in this case
strictly be interpreted as a measure of probability for a
scattering or an absorption event to occur albeit it has area
dimensionality. A “cross section” may be attributed to atoms,
molecules, or even larger particles, making the Lambert-Beer
law generally applicable.

The extinction depth, sometimes referred to as pene-
tration depth, is a quantity defined as the physical distance
into a material at which the field intensity has dropped to
1/e (barely 37%) relative to the initial intensity [4]. In this
case, the Lambert-Beer law states that −γeze.d. = −1 ⇔
ze.d. = 1/γe, where ze.d. is the extinction depth. Using terms of
refractive index, we instead obtain ze.d = λ0/4πnκ. Struc-
tures showing strong optical attenuation are often denoted as
optically thick. That is when the physical thickness exceeds
ze.d.

While the behavior of the electromagnetic field, inside
a medium, is adequately described as above, the affiliating
excitation processes within this medium are also essential
to perceive: absorption of photons occurs when the photon
energy, hν, and momentum match those required for an

energy state transition within the absorbing material. A
transition strived for in solar quantum transforming devices
is the electron-hole pair generation with energy sufficient to
drive the envisaged process.

When devising photon capturing structures, for electron-
hole pair generation, a conflict arises between the profound
properties of light mentioned above and the minority carrier
diffusion lengths. On one hand, designing thin solar devices
is a virtue, both as smaller dimensions minimize material
costs and weight but also as it minimizes the probability
for unwanted intrinsic electron-hole pair recombination.
Electronic diffusion length is typically 40 μm for Si [6], and
to minimize bulk recombination processes the cell thickness
must not exceed this diffusion length of minority carriers
[7]. On the other hand, the Lambert-Beer law states the
minimum thickness to obtain reasonable light absorption for
a given material system: the typical semiconductor materials
have extinction depths on the μm scale, exceeding 100 μm
for Si in the red end of the solar spectrum. The physical
constraints imposed by the mismatch between the optical
and electronic length scales constitute a serious challenge for
the construction of effective solar devices.

The path to circumvent this dilemma is to find inno-
vative ways of increasing the optical thickness through
manipulation of the optical density and/or the optical
path length while maintaining smaller physical dimensions.
Several prospects of this kind are presented in the following
sections.

3. State of the Art

It has long been recognized that the light absorption in Si
solar cells can be enhanced by the use of well-designed optical
structures. Historically, one of the first approaches to trap
light inside an absorbing structure is to use wavelength-scale
textured substrates [9]. These include antireflection coatings
to minimize the reflection losses at the front surface as well
as structures designed to help trap the light within the cell.
A frequently used structure consists of pyramids or inverted
pyramids anisotropically etched into the top and also often
into the rear cell surface [9, 10].

Diffractive optical structures [11], which allow increment
of the optically effective cell thickness by a factor of 4-5,
are more generally applicable both as the absorbing layers
can be thinner and also not necessarily single crystalline in
opposition to the method described above.

In the case of dye-sensitized solar cells, light trapping
has been achieved by light scattering layers of polycrystalline
anatase. These layers have proved to increase the photon
to electricity conversion factor by 10%. In addition, the
layers have shown to be active in charge carrier generation
themselves [12].

Also, photonic crystals, mimicking the electronic band
structures in periodic crystals by inclusion of periodic arrays
of different refractive index media into an absorbing struc-
ture have been investigated as a mean to extending the optical
thickness [13–15]. In a longer perspective, more exotic so-
called metamaterials [16, 17] with optical properties not
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achievable by naturally occurring materials might contribute
to this development.

In contrast to the massive, nanostructured semiconduc-
tor materials feature stronger light absorption similarly to
the metallic systems. On the other hand, semiconductor
quantum dots (QDs) are of particular interest for application
in solar devices for a different reason. Due to momentum
delocalization and relaxation of selection, rules cross sections
are enhanced compared to the bulk counterpart [18]. On
the basis of impact ionization, single photon generation of
multiple excitons has been demonstrated in PbSe, CdSe,
and PbS QDs, which raises the theoretical efficiency limit
of the solar cells impressively [19–21]. It is noteworthy that
carrier multiplication may potentially be achieved with this
approach [22].

Concentration and guiding of light on the nanometer
scale can be engineered with the help of surface and particle
polaritons. Plasmonic structures exhibit large extinction
cross sections and present a promising way of increasing the
optical thickness of solar energy devices while maintaining
a physically thin structure. Plasmons are electromagnetic
modes formed by light-matter coupling in the respective
material and geometry. This coupling requires materials
(medium) with appropriate (sometimes negative) dielectric
function and particle dimensions, or surface features, smaller
than the wavelength of light. The collective oscillation of
conduction electrons (plasmon-polariton) or lattice vibra-
tions in polar crystals (phonon-polariton) provide the
necessary conditions [4]. Other aspect of the emerging area
of plasmonics is to develop devices that will replace some
electric currents with plasmon waves, because plasmons can
theoretically carry huge amounts of information squeezed
into the nanometer-sized wires. The practical application
of plasmonics concepts suffers, however, from the fact
that plasmons “live” for only 10 to 100 femtoseconds (see
Figure 2) before they decay radiatively into normal light
waves or transform to electron-hole pairs and eventually to
vibrations (heat). The big challenge is to overcome these
losses in order to put the captured light energy in work or
to transfer information.

Below we present several approaches, which summarize
the different principles of light utilization in nanostructures
(see also Figure 1). More could be found in a recent review
by Atwater and Polman [23].

Nanoparticles on a thin film of a high refractive index
semiconductor may couple impingent light into wave-
guided modes propagating in the film. In this way, the
lateral extension of the semiconductor defines its optical
thickness while the vertical extension defines its physical.
Hence the correlation between the two interfering quantities
is abolished. This process has been demonstrated to be
surprisingly efficient for waveguides with thicknesses on the
nanometer scale [24–26].

Whispering gallery modes, WGM, as so-called after the
acoustic phenomenon at St. Paul’s Cathedral in London,
occur at particular resonant wavelengths of light for a given
cavity size and shape. Here the light undergoes total internal
reflection at the inner surface of a cavity and becomes
trapped within the void (or guide) for timescales of the

order of nanoseconds [27]. Due to ellipsoidal reflection
even lateral extension may be miniaturized. Obviously, the
increased photon path length increases the total absorption.
An illustrative example of this enhanced absorption is
the observation of photolysis of water-soluble components
inside cloud droplets by ultraviolet/visible radiation [28].

A similar concept for achievement of light guiding is real-
ized by placing a plasmonic metal structure on the backside
of a thin semiconductor film. The structure may couple light
into surface plasmon polaritons, SPPs, propagating along
the metal semiconductor interface and eventually coupling
with an e-h pair excitation in the semiconductor as have
been shown [29, 30]. The principle of using perpendicular
directions for absorption and diffusion is the same as above.

Nanostructures may furthermore be designed to manage
the electromagnetic near field; the field energy can be
spatially confined to a photoactive region in a way sometimes
inspired by the natural photosynthetic antenna system. Opti-
cal nanoantennae are small plasmonic particles that resonate
at visible and near-IR frequencies. In a semiconductor
proximity, the antenna acts as the photon absorber while
the energy is coupled to e-h pair excitations within the
semiconductor via the enhanced near field [31].

Approaches to realize such structures involve, for
instance, carbon nanotubes [32, 33], zeolites [34], and
metallic nanoparticles [35–37]. In this context, one may also
mention optical rectennas, with the aim to miniaturize the
successful radio wave counterpart and directly convert light
into a dc current by means of a combined antenna and
rectifier structure [18, 38].

Our final example is the utilization of the plasmonic
excitations in solar devices by tuning the decay to e-h pairs
(Landau damping) [37]. In such systems, the semiconductor
is redundant as a generator of charge carriers; both light
absorption and charge carrier generation are facilitated in
the plasmonic particle. More on plasmonic decay specificity
on the nanoparticle material is presented in a paper by
Langhammer et al. [39].

4. Illustrative Examples

Our primary interest lies in the enhanced light harvesting in
photovoltaic and photocatalytic devices in which the solar
light is quantum converted in photochemical or photoelec-
tric processes by the absorbing system. The conversion of
solar energy into electricity usually occurs either directly or
through thermal conversion. However, it is worth noting that
a new mechanism, photon-enhanced thermionic emission,
which combines electric as well as thermal conversion
mechanisms, is now shown to lead to enhanced conversion
efficiencies that potentially could even exceed the theoretical
limits of conventional photovoltaic cells [40].

4.1. Optically Active Metal (Plasmonic) Nanoparticles. As
articulated above, localized surface plasmon resonances
(LSPRs) are collective oscillations of the conduction elec-
trons, which may result in optical absorption cross sections
that exceed the geometric cross section by several orders of
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Figure 1: Different coupling modes of light in nanostructures and main mechanisms for charge carrier generation following the particle
generation. (a) The principle of geometrical optical resonances (WGM) (note the high diffractive index). (b) Plasmon nanoparticles scatter
and efficiently couple light into waveguided modes. The prolonged optical paths in (a, b) lead to enhanced total absorption and enhanced
e-h-pair generation. (c) The near field intensity and gradients lead to locally increased e-h generation rates. (d) A plasmonic grating at the
backside of a semiconductor couples light into SPPs that excite e-h pairs in the semiconductor with direct injection of the carriers to the
empty electron bands.

magnitude. The plasmons decay either radiatively (giving
rise to dramatic electromagnetic field enhancements, as
used for instance, in surface-enhanced Raman spectroscopy)
or into (quasi) particles such as electron-hole (e-h) pairs.
See Figure 2. For many metals, the resonance wavelength

falls into the near ultraviolet, visible and near infrared
regime for nanostructure sizes covering the range of 20–
200 nm. What is typical for the mentioned spectral range
is that it covers (most of) the energetics of important
chemical transformations, for example, bond breaking and
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Figure 2: The principal decay paths for a localized (particle) plasmon excitation. On the left hand side, the radiative damping by photon
emission and accompanying interferential effects. On the right hand side, the nonradiative damping by charge carrier- and direct heat
generation. For details see [5].

bond formation (0.5–6.5 eV). This should allow one to
create conditions and propose schemes for enhanced (solar)
light absorption in nanostructured materials and utilize the
deposited energy to run chemical transformations such as
water splitting. Figure 4, presenting previously unpublished
results, shows that the extinction spectra of these structures
are readily tuned via the metal particles’ size.

In the case of plasmon-enhanced photochemistry, an
area pioneered by Brus in the early eighties [41], both
radiative and nonradiative enhancement pathways have been
pursued, as illustrated in an extensive review article by
Watanabe et al. [42]. To give two representative examples,
the photocatalytic degradation of methylene blue was found
to be significantly increased on nanocomposite photocata-
lysts consisting of silver nanoparticles embedded in titania.
Radiative energy transfer from the Ag nanoparticles to the
semiconductor was claimed to be the origin of increased
efficiency [43, 44]. Tian and Tatsuma, on the other hand,
reported that ethanol and methanol can be photocatalytically
oxidized by gold nanoparticle—nanoporous TiO2 compos-
ites (at the expense of oxygen reduction) under visible light
illumination [45]. In this case, photoexcitation of the gold
nanoparticles was followed by simultaneous charge transfer

of electrons from the gold to the TiO2 conduction band and
from a donor in solution to the gold nanoparticle.

The main idea behind our photodesorption study [8]
was to investigate how the shape and size of silver clusters
on a graphite surface will influence the interaction of light
with adsorbate covered surface. Since the optical properties
of the clusters are dominated by plasmon excitations, the
photoinduced transformations will be indicative for their
decay mechanisms. This was done by monitoring the changes
in cross section for photodesorption of NO. NO was chosen
as the probe molecule since its photoactivity on silver is well
known. The photodesorption of NO from a silver substrate
occurs via hot-electron scattering at the 2π∗ resonance of
adsorbed NO with the hot carriers created in the substrate
upon photon absorption (substrate-mediated hot electron
driven process) [46, 47]. Therefore, an experiment allowing
comparison between the desorption cross sections in the
cases of resonantly and nonresonantly excited nanoparticles
will be indicative for the role of the plasmon particles and
their energy dissipation.

The composition of the experimental model system was
based on the following reasons. Silver clusters are known for
their strong plasmonic response in the blue and near UV
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Figure 3: Elliptically-shaped silver nanoparticles show two separate
plasmon resonance frequencies for light polarized parallel to the
short and long axes, respectively. The graph demonstrates the
effect of plasmon-mediated photodesorption of NO from Graphite
surface (from [8]). The strong size dependent variation of the
photoyield is in contrast with the smooth increase of the total Ag
coverage (see dashed line).

part of the spectrum [5]. The plasmon resonance energy,
when transferred to e-h pairs, will be sufficient to drive the
bondbreaking of NO from the surface. From an experimental
point of view, it is relatively simple to prepare silver clusters
on graphite. Ag clusters on graphite grow in the Volmer-
Weber mode, resulting in well-defined individual particles
with ellipsoidal shape [48].

The similar work functions of silver and graphite (4.5–
4.8 eV) are also beneficial for our study since any changes in
photodesorption cross sections will not be related to changes
of work-function with increasing silver coverage.

Under pulsed irradiation with 355 nm photons, we
observed a clear dependence of the initial photoyield on
the average cluster size with a maximum yield at a silver
coverage of 4.5·1015 and 1.4·1016 at./cm2 (Figure 3). Cluster
size is dependent on surface coverage, and these amounts
correspond to elliptical clusters with long, respectively short
axis of ca. 60 nm. The dashed line in Figure 3 shows that the
expected signal increase as due to the larger surface area of
the clusters. Obviously, the observations cannot be explained
only by the higher cross-section (∼×6) from silver surface.
We speculate that the enhancement of the total cross-section
for NO photodesorption results from the enhanced optical
absorption leading to increased hot charge carrier generation
in graphite and the hot charge carrier generation in clusters.

4.2. Resonance Cavities and Waveguiding. Previously we have
described how plasmonic particles may couple light into
thin film waveguides. Here [49] we demonstrate how such
coupling may be utilized to self-assemble periodic structures
of the light scattering particles.

The experiments were done using suspended 100 ×
100 μm2 wide and 40 nm thick membranes of Si3N4, sup-
ported on the edges by bulk Si [50]. Upon the membranes,
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Figure 4: (a) Optical extinction spectra for gold nanoparticles with
different diameters on a titania thin film. Inset is a schematic of
the prepared nanoparticle photcatalysts. (b) SEM image of prepared
films and their schematic composition.

a layer of gold, with thickness equivalent of 3 nm, was
thermally evaporated. Since gold, in this case, grows in the
Volmer-Weber mode; the layer consisted of 15 ± 12 nm sized
islands.

When these structure were irradiated with single 5 ns
laser pulses in the wavelength range of 532 to 640 nm,
gratings formed on the edge of the laser spot and on the
edge of the Si3N4 membrane. The latter grating formation
occurred when the membrane edge and the laser spot
coincided. A schematic picture of the grating formation
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Figure 5: (a) Plasmonic particles scatter incoming coherent light into the underlying waveguide analogously with Figure 1(b). Due to
stimulated emission of radiation from the particles into the waveguide, the guided light is coherent. Superposition of the incident light and
the waveguided results in an amplitude modulated standing wave. Its time averaged intensity is here depicted as a sine curve. The plasmonic
particles anneal (coalesce) at the time averaged intensity maxima of this modulated wave (blue particles) hereby forming the gratings. (b)
Fringes formed at the intersection of the laser spot edge and the membrane edge. (c) Fringes formed on the laser spot edge. (d) Fringes
formed on the membrane edge.

mechanism is presented in Figure 5(a) together with SEM
micrographs of resulting gratings, from Figures 5(b) to 5(d).

The key mechanism behind the grating formation is the
amplitude modulation of the field intensity on the metal
surface arising when the waveguided field and the incident
field superimpose. The time averaged energy density may be
expressed according to

E2
0 + E2

wg

2
+ E0Ewg cos

[(
k0x − kwg

)
x + ϕ0 − ϕwg

]
. (5)

Here E0 and Ewg denote the amplitudes of the incident and
waveguided electric fields, respectively, k0x and kwg denote
their wavevectors projected on the propagation direction of
the guided wave, and finally, ϕ0 and ϕwg their phases. The
periodicity of the fringes is hereby given by

2π∣∣∣k0x − kwg

∣∣∣ . (6)

This self-assembly of periodic gratings on a waveguide might
become a useful tool in the fabrication of plasmonic light
trapping devises in combination with particle shape control
methods [51].

4.3. Geometrical Optical Resonance. Carbon materials are
known for their very specific optical properties. For example,
the relative high refractive index and moderate dispersion

explain the brilliance of diamonds; the electron structure
of amorphous carbon and graphite explains their strong
absorption in the visible range [52]. The discovery of new
carbon allotropes, the fullerenes, carbon nanotubes, and
more recently graphene (single layers of graphite) [53–55]
was noticed by directing most of the optical studies of
nanosize carbon structures toward them. However, fabri-
cation and exploration of the properties of nanostructures
of the conventional carbon materials, glassy carbon (GC),
and highly oriented pyrolytic graphite (HOPG) is of great
interest per se and for comparison. Recently, we performed
a systematic investigation of the correlation between optical
absorption and the size of graphite nanostructures [56].
Samples with structure diameters ranging from 160 to
330 nm and heights from 60 to 190 nm were prepared.

In order to better understand the role and properties of
carbon (graphite) substrate, we developed a process for fab-
rication of carbon nanostructures on the surfaces of highly
oriented pyrolytic graphite (HOPG) and glassy carbon (GC)
samples, using hole-mask colloidal lithography and oxygen
reactive ion etching (RIE). Identical preparation schemes
applied to the two materials yield structures with remarkably
different shape and sizes. For example, 361 nm high and
37 nm diameter structures on glassy carbon compared to
120 nm high and 119 nm diameter structures on HOPG, see
Figure 6(b). An important property of these structures, in the
context of photo catalytic applications, is their strong optical
absorption in the visible range.
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Figure 6: (a) Absorbance spectra recorded for different carbon
structures. Nanostructured HOPG corresponds to inset micro-
graph. Rough HOPG corresponds to a surface like the one observed
between the nanoparticles in the inset. (b) Graphite nanostructures
fabricated on HOPG with HCL and reactive O-plasma etching.

The disk-like nanostructures were etched out of the
basal plane surface of highly oriented pyrolytic graphite,
using hole-mask colloidal lithography and oxygen reactive
ion etching. Optical absorption spectra for wavelengths
between 200 and 2500 nm were measured. Furthermore,
electrodynamics calculations were conducted to model the
optical properties of graphite nanostructures of similar sizes.
Both the experimental and the theoretical work revealed
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Figure 7: Optical absorption of TiO2/C composite films of different
thicknesses compared to 35 nm thick pure titania film. Al films are
deposited on fused silica substrate.
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Figure 8: CO2 formation as result of photocatalytic oxidation of
methanol under UV illumination. The results for composite films
(dark data points) are compared with these for pure titania films
(light data points) at several thickness. The solid lines are guides for
the eye.

that resonant absorption correlated to the nanostructure
diameters and heights. These absorption peaks are red-
shifted, from the visible for the smallest structures to near
infrared for the largest. Simultaneously, the intensity of the
absorption peaks increases for increasing structure heights,
while increasing diameters results in decreased absorption.

4.4. Scattering Structures. Nanocrystalline TiO2 is widely
used as photocatalyst due to its exceptional physiochemical
properties. However, its wide bandgap (∼3.2 eV) is the main
restriction for it to be used for practical applications in solar
energy conversion schemes. Similarly to many other studies
[57], our aim is to improve the overall efficiency by enhanced
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solar light absorption in the visible regime. We work with
TiO2 deposited on graphitic-like carbon film [58] as shown
in Figure 7. Additionally to the enhanced absorption in the
visible, the carbon film is expected to promote efficient
separation of photogenerated charge carriers because of its
anisotropic conductivity for electrons and holes [59, 60] As
the photoreaction occurs on the surface of the TiO2 catalyst,
it is of great interest to investigate thickness dependence of
charge transport in the titania films and how the presence of
carbon film affects the size of crystallites.

Both carbon and titania films were prepared by e-
beam evaporation and DC reactive magnetron sputtering,
respectively, at room temperature on a fused silica substrate.
Postdeposition annealing was carried out to reduce internal
stresses and improve crystallinity in the film at 800◦C and
500◦C for carbon and TiO2, respectively. Optical measure-
ments of the composite films with different thicknesses
are illustrated in Figure 7. The general observation is that
composite films absorb more in the visible than pure titania
films. Most importantly, the absorption threshold of TiO2

has red shifted for composite films.
The catalytic activity of the films was tested in the

reaction of photo-oxidation of methanol to CO2 and water.
The measurements were made in a, for this purpose
constructed, minireactor (∼880 μL volume) in batch mode
under UV light illumination of 120 mW/cm2. The products
were monitored in situ by a mass spectrometer coupled to
the reactor via a capillary. The rates of CO2 formation as
a function of photocatalysts composition were obtained by
monitoring m/z = 44 mass spectrometer signal and are sum-
marized in Figure 8. According to Figure 8, composite films
clearly have enhanced photoactivity compared to pure titania
films. The observed enhancement of photocatalytic activity
is assigned to synergy effects at the carbon/TiO2 interface,
resulting in smaller titania crystallites and anisotropic charge
carrier transport, which in turn reduces their recombination
probability.

Variation in photoactivity with the thickness of the
titania layer, both for pure and composite films, can be
seen from the figure. The activity gradually increases up
to certain thickness after which it starts to decrease. Once
the film thickness reaches optimum value (∼mean free path
distance), it encounters more scattering on its way to the
surface. As a consequence, the photoactivity decreases at
thicknesses beyond the optimum due to enhanced trapping
of charge carriers although the optical absorption volume
of the films increases. Overall, this measurement clearly
discriminates the effect of thickness on charge transport and
photoactivity as discussed above.

5. Conclusions

With this paper, we have brushed the surface of what
is possible to achieve in light harvesting with the aid of
nanoscience and nanotechnology. Owing to miniaturized
light trapping structures and enhanced absorption cross
sections, solar devices may be designed with thicknesses well
below the charge carrier diffusion lengths with maintained,
or even altered, light harvesting efficiency.
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It is estimated that 884 million people lack access to improved water supplies. Many more are forced to rely on supplies that are
microbiologically unsafe, resulting in a higher risk of waterborne diseases, including typhoid, hepatitis, polio, and cholera. Due
to poor sanitation and lack of clean drinking water, there are around 4 billion cases of diarrhea each year resulting in 2.2 million
deaths, most of these are children under five. While conventional interventions to improve water supplies are effective, there is
increasing interest in household-based interventions to produce safe drinking water at an affordable cost for developing regions.
Solar disinfection (SODIS) is a simple and low cost technique used to disinfect drinking water, where water is placed in transparent
containers and exposed to sunlight for 6 hours. There are a number of parameters which affect the efficacy of SODIS, including
the solar irradiance, the quality of the water, and the nature of the contamination. One approach to SODIS enhancement is the
use of semiconductor photocatalysis to produce highly reactive species that can destroy organic pollutants and inactivate water
pathogens. This paper presents a critical review concerning semiconductor photocatalysis as a potential enhancement technology
for solar disinfection of water.

1. Introduction

Water is the most important natural resource in the world
and availability of safe drinking water is a high priority
issue for human existence and quality of life. Unfortunately,
water resources are coming under increasing pressure due to
population growth, over-use and wastage. The World Health
Organization (WHO) estimates that 884 million people lack
access to improved water supplies. Many more are forced to
rely on sources that are microbiologically unsafe, resulting in
a higher risk of waterborne disease transmission, including
typhoid, hepatitis and cholera [1–3].

As ever, the poor are the worst affected and, in developing
countries, 50% of the population are exposed to polluted
water sources which, along with inadequate supplies of water
for personal hygiene and poor sanitation, are the main

contributors to an estimated 4 billion cases of diarrhea each
year. These factors result in an estimated 2.2 million deaths
each year, the majority of which are children under the age of
five [1].

The provision of piped-in water supplies is an important
long-term goal; however, the WHO and the United Nations
Children’s Fund (UNICEF) acknowledge that we are unlikely
to meet the Millennium Development Goal (MDG) target
of halving the proportion of the people without sustainable
access to safe drinking water and basic sanitation by 2015.
While conventional interventions to improve water supplies
at source (point of distribution) have long been recognized
as effective in preventing diarrhoea, more recent reviews
have shown household-based (point-of-use) interventions to
be significantly more effective than those at the source. As
a result, there is increasing interest in such household-based
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interventions that deliver the health benefits associated with
consumption of safe drinking water via low cost technologies
[4].

In 2008, Clasen and Haller reported on the cost and cost
effectiveness of house-hold based interventions to prevent
diarrhoea [4]. They compared the following: chlorination
using sodium hypochlorite following the “Safe Water Sys-
tem” (SWS) developed and promoted by the US Centers
for Disease Control and Prevention (CDC), gravity filtration
using either commercial “candle” style gravity filters or
locally fabricated pot-style filters developed by Potters for
Peace, solar disinfection following the “SODIS” method in
which clear 2 L PET bottles are filled with raw water and then
exposed to the sun for 6–48 h, and flocculation disinfection
using Procter & Gambles PUR sachets, which combine an
iron-based flocculant with a chlorine-based disinfectant and
treat water in 10 L batches. They concluded that household-
based chlorination was the most cost-effective. Solar disin-
fection (SODIS) was only slightly less cost-effective, owing
to its almost identical cost but marginally lower overall effec-
tiveness. Given that household-based chlorination requires
the distribution of sodium hypochlorite, solar disinfection
has a major advantage in terms of nonreliance on chemical
distribution. Sunlight is widely and freely available on Earth
and the combined effects of IR, visible and UV energy
from the sun can inactivate pathogenic organisms present
in water. There are a number of parameters which affect the
efficacy of the SODIS process, including the solar irradiance,
the quality of the water to be treated, and the nature of
the contamination—as some pathogens are more resistant
to SODIS than others. Furthermore, SODIS enhancement
technologies may improve the process effectiveness without
substantially increasing the cost. One such approach is the
use of semiconductor photocatalysis.

Semiconductor photocatalysis uses light along with
a semiconductor material to produce highly oxidative species
that destroy organic pollutants in water and inactivate
pathogenic microorganisms [5–10]. The process occurs at
atmospheric pressure and ambient temperature, without the
requirement for consumable chemicals (except for oxygen
from the air). Photocatalysis may be able to provide a low
cost and simple solution to the purification of water in
developing regions where solar irradiation can be employed.

This paper presents a critical review concerning semicon-
ductor photocatalysis as a potential enhancement technology
for the solar disinfection of water. The purpose of this review
is to inform the nonexpert with respect to solar disinfection,
and photocatalytic disinfection. For more detailed informa-
tion the reader is referred to the scientific papers cited.

2. Solar Disinfection of Water (SODIS)

SODIS is a simple and low cost technique used to disinfect
contaminated drinking water. Transparent bottles (prefer-
ably PET) are filled with contaminated water and placed in
direct sunlight for a minimum of 6 hours. Following expo-
sure, the water is safe to drink as the viable pathogen load
can be significantly decreased. Simple guidance for the use
of SODIS is given in Figure 1. SODIS is used by an estimated

4.5 million regular users worldwide, predominately in Africa,
Latin America, and Asia, and is recognised and promoted by
the WHO [11, 12].

SODIS harnesses light and thermal energy to inactivate
pathogens via a synergistic mechanism [13]. Around 4–6%
of the solar spectrum reaching the surface of the Earth is in
the UV domain, with maximum reported value of around
50 W/m2 [14]. UV radiation (200–400 nm) can be classified
as UVA (320–400 nm), UVB (280–320 nm), and UVC (200–
280 nm). UVC is absorbed by the ozone layer along with a
proportion of the UVB; therefore UVA represents the main
fragment of solar ultraviolet radiation reaching the earth’s
surface.

Disinfection of water using solar energy has been carried
out since Egyptian times. The process was first studied and
reported in scientific literature by London-based scientists
Downes and Blunt in the late 1870s [15] and was effectively
rediscovered as a low-cost water disinfection method by Acra
et al. in the late 1970s [16, 17]. The main findings of this work
were that Escherichia coli was more resistant to SODIS than
other organisms tested, and as such E. coli should be used
as an indicator organism for SODIS efficiency, akin to the
presence of viable faecal coliforms as an indicator of efficacy
for conventional disinfection processes. Furthermore, it is
the UV component of sunlight, and to a lesser extent the
blue end of the visible spectrum, that is mainly responsible
for the biocidal action observed during SODIS. Wegelin
et al. from the Swiss Federal Institute of Aquatic Science
and Technology (Eawag) reported on SODIS in terms of
the scope of the process and the dose of radiation required
[18]. They concurred with the conclusions of Acra et al.
and reported that to obtain a 3-log reduction in the viable
numbers of E. coli a cumulative exposure dose of 2000 kJ/m2

(350–450 nm) was required. The same dose was found to
inactivate bacteriophage f2 whereas picornavirus required
twice this dose. Water temperatures above 50◦C significantly
increased the rate of bacterial inactivation. The research
team at Eawag have significantly contributed to the scientific
development, standardisation, and promotion of the SODIS
process through the development of the online information
network and the publication and distribution of the SODIS
Manual and associated education resources [12].

Laboratory studies have demonstrated the effects of key
operational parameters such as light intensity and wave-
length, solar exposure time, availability of oxygen, turbid-
ity, and temperature [19, 20]. The SODIS mechanism is
understood to involve a number of biocidal pathways based
upon absorption of UVA radiation and thermal inactivation.
Direct UVA exposure can induce cellular membrane damage
and delay microbial growth [21]. The biocidal action of UVA
has also been attributed to the production of reactive oxygen
species (ROS) which are generated from dissolved oxygen
in water [22] and the photosensitisation of molecules in
the cell, and/or any naturally occurring dissolved organic
matter that can absorb photons of wavelengths between
320–400 nm, to induce photochemical reactions [23]. The
thermal effect has been attributed to the high absorption of
red and infrared photons by water. At temperatures below
40◦C, the thermal effect is negligible with UVA inactivation
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(1) Wash the bottle well the
first time you use

Fill the bottle
3/4 full with

water

Shake the bottle for
20 seconds (4)

Now fill up the bottle
fully and close the lid

(6)

Place the bottles on
a black iron sheet

The water is now
ready for

consumption

Expose the bottle to the
sun from morning until
evening for at least six

hours

Or put them on
the roof

Figure 1: SODIS process—www.sodis.ch.

mechanisms dominating the inactivation process. Significant
bactericidal action is evident at temperatures above 40–45◦C
with a synergistic SODIS process observed at temperatures
above 45◦C [13, 19, 23–25]. Detailed genetic assessment has
also been used to probe the biocidal mechanism of SODIS
[26, 27].

Researchers have shown SODIS to be effective against
a wide range of microorganisms responsible for diarrheal
illness [28–30]. The inactivation of resistant protozoa has
also been reported [31–33]. Field trials have demonstrated
a significant health benefits from consumption of SODIS
treated water [34, 35]. The effectiveness of SODIS against
cholera was also demonstrated in a Kenyan health impact
assessment, where an 86% reduction cholera cases was
observed in households regularly using SODIS [36].

Studies to improve the efficiency of the SODIS process
using low-cost, commonly available materials have been con-
ducted [37–40]; however, the simple approach of exposing
a 2 L PET bottle to full sun for a minimum of 6 hours is the
most commonly promoted and practiced method.

3. Enhancement Technologies for SODIS

There are several drawbacks of “conventional” SODIS tech-
nology. The use of PET bottles allows for only small volumes
to be treated (2-3 L), and the process efficiency is dependent
on a range of environmental parameters including the solar
irradiance (which depends on the latitude, time of day,
and atmospheric conditions), the initial water quality for
example organic loading, turbidity, level, and nature of the
bacterial contamination. The resistance that microorganisms
display to solar disinfection leads to variation in treatment
times. Malato et al. reviewed the reported inactivation time
required for a range of microorganisms using SODIS under
ca. 1 kW/m2 global irradiance [10]. These vary enormously
from 20 min for Campylobacter jejuni to 8 h for Cryp-
tosporidium parvum oocysts. For Bacillus subtilis endospores,

no inactivation was observed after 8 hours of SODIS
treatment. SODIS is user dependent in that it requires the
user to ‘time’ the exposure and as such there is no quality
assurance in the process and as such, lack of compliance with
the recommended protocol is a major issue.

There are a number of ways to improve or enhance the
conventional SODIS process, including the design of SODIS
bags where the solar dose per volume is increased, the use
of UVA dosimetric sensors which indicate to the user when
the desired dose has been received by the water, the design
of customised SODIS treatment systems which maximise the
solar dose using compound parabolic collectors (CPC) and
may include UVA feedback sensors for automated control,
and the use of semiconductor photocatalysis to enhance the
treatment efficacy.

3.1. SODIS Bags. The SODIS method can be enhanced by
use of a personal SODIS-reactor which would maximise
the area for photon collection and minimise the path
length for light penetration through the water to be treated.
Furthermore, these SODIS bags could be deployed in
emergency situations where access to drinking water is an
immediate issue for example flooding or earthquake. The
latter application can be limited due to the lack of PET
bottles in disaster areas whereas bags have the advantage
that they can easily be transported and stored in large
quantities. Eawag has launched a project to develop specific
SODIS bags, and several bag models are being developed
in collaboration with partners from the private sector. A
prototype is currently being field tested together with local
organisations in Bolivia, DR Congo, Kenya, Nepal, and
Nicaragua [41].

3.2. UV Dosimetric Indicators. Professor Mills’ group at
the University of Strathclyde has been investigating the
use of photocatalytic systems as intelligent inks [42, 43].
As titanium dioxide (TiO2) is excited by UVA light, these
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Figure 2: Colourimetric UVA dosimetric indicators—UVA expo-
sure photo-reduced MB (blue) the LMB (white) (UVA dose =
9.0 kJ/m2), MB subsequently reformed via oxidation in the dark.

systems may be used as UVA dosimetric indicators. At the
University of Ulster, we have tested a simple prototype system
to measure UVA dose utilising the photocatalytic reduction
of methylene blue (MB) to leuco-Methylene Blue (LMB)
(method adopted from Mills, Lee, and Sheridan [43]).

In the presence of the hole scavenger (glycerol), methy-
lene blue is photocatalytically reduced to colorless leuco-
methylene blue, and the rate of decolouration is dependent
on the UVA intensity (Figure 2). In the dark and in the
presence of oxygen, the reduced form is reoxidised back
to methylene blue. This results in a simple reversible UVA
dosimetric indicator which could be utilised to provide some
quality assurance for the SODIS user. There are a wide range
of dyes or inks that could be utilised in these systems to
provide simple dosimetric indicators for corresponding to
UVA doses required for SODIS.

3.3. Compound Parabolic Collectors. Fernandez-Ibanez and
Malato at the Plataforma Solar de Almeria (PSA) in Spain
have focused on the use of nonconcentrating solar collectors
for the enhancement of solar disinfection. Compound
Parabolic Collectors (CPC’s) are nonimaging systems which
collect diffuse radiation. The collected energy is homoge-
neously distributed across the absorber surface. CPCs do not
rely solely on direct solar radiation and are therefore effective
even on cloudy days. In addition, they collect radiation
independently of the direction of sunlight and do not require
sun tracking.

The SODIS process relies heavily on the solar UVA
which, as received at sea level, is composed of roughly
similar portions of both direct and diffuse electromagnetic
radiation. Given the diffuse nature of the UVA and the
cylindrical shape of SODIS bottles, the use of sunlight
collecting systems based on nonimaging optics has obvious
potential. Navntoft et al. demonstrated the use of CPC
technology to enhance the efficacy of SODIS on sunny and
cloudy days [25]. The major advantage of CPC technology
is that the concentration factor remains constant for all

Length = 1.5 m

Diameter = 0.05 m

Sampling valve Closed end

(a)

Glass tube

(b)

Sampling
Flow meter

Thermocouple

F

CPC Tube

PumpT

Tank

(c)

Figure 3: (a) Glass tube configuration. (b) Tube with CPC collector
configuration. (c) Flow diagram of the solar CPC reactor (with
permission from [48]).

values of sun zenith angle within the acceptance angle
limit; therefore, it is theoretically possible to design larger
volume SODIS systems. For example, recent work showed
the effective inactivation of E. coli K12 in well water using
a 25 L SODIS reactor with CPC [44]. Studies using CPC solar
reactors including titanium dioxide as a photocatalyst have
shown increased disinfection in comparison to SODIS alone
[45–47].

Ubomba-Jaswa et al. investigated the effect of UVA
dose on the inactivation efficiency of 3 types of SODIS
reactors: borosilicate glass tubes (static batch), borosilicate
glass tubes with compound parabolic collector (recirculating
batch), and borosilicate glass tubes with CPC (recirculating
batch) (Figures 3 and 4) [48]. They used E. coli K12 as the
model microorganism suspended in natural well water and
demonstrated inactivation of approximately 6-log colony
forming units (CFU) mL−1 following receipt of a total
uninterrupted minimum dose of >108 kJ/m2 (295–385 nm).

4. Semiconductor Photocatalysis

4.1. Mechanism of Photocatalysis. When a semiconductor is
irradiated with light of wavelength equal or greater than its
band gap, energy is absorbed resulting in the promotion of
electrons from the valence band to the conduction band,
and the formation of electron-hole pairs (e− and h+) [5].
These charge carriers can recombine, with the energy being
reemitted as light or heat, or they may migrate to the catalyst
surface where they can participate in redox reactions at the
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Figure 4: Borosilicate glass tubes with CPC.

For TiO2

hν ≥ 3.2 eV
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OH
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e−

Figure 5: Schematic representation of the mechanism of photo-
catalysis on titanium dioxide particles.

particle-solution interface [8] (Figure 5). The reactive oxygen
species (ROS) produced, including the hydroxyl radical, are
very active, indiscriminate oxidants [49] destroying a large
variety of chemical contaminants in water and also causing
fatal damage to microorganisms [50]. The final products
of the photocatalytic degradation of pollutants (given long
enough treatment time) are CO2, H2O, and respective
inorganic acids or salts.

For more detailed information on the mechanisms of
semiconductor photocatalysis, the reader is referred to one
of the many excellent reviews [5–10].

4.2. Photocatalytic Materials. Several compounds have been
investigated as potential semiconductor photocatalysts,
including metal oxides (TiO2, ZnO, ZrO2, V2O5, Fe2O3,
SnO2) and metal sulphides (CdS, ZnS) [51, 52]. Amongst
these, the most popular photocatalyst for use in water treat-
ment applications is titanium dioxide. TiO2 is a wide band
semiconductor (band gap = 3.2 eV for anatase); therefore, it
requires UV excitation. To improve efficiency in solar appli-
cations, visible light active materials are desirable. However,
while absorbing a greater number of solar photons, the
smaller band gap gives a narrower voltage window to drive
the redox reactions at the particle-solution interface. Metal
sulphide semiconductors, which absorb in the visible region
of the spectrum, tend to undergo photo-anodic corrosion
[53]. Considering cost, chemical and photochemical stability,

availability, and lack of toxicity, the most suitable catalyst
reported to date for the treatment of water is TiO2 [54].

4.3. Immobilised versus Suspended Photocatalyst. The photo-
catalyst can be utilised in aqueous suspension or it may be
immobilised on a supporting solid substrate. Most studies
have reported that suspension reactors are more efficient
due to large surface area available for redox reactions [55],
however; the main drawback of using nano or micro-
particles in suspension is the requirement for posttreatment
separation and recycling of the catalyst, potentially making
the treatment more complex and expensive. Therefore,
treatment reactors utilising immobilised TiO2 have gained
attention. There are a wide range of methodologies available
for the preparation of immobilised photocatalyst films on
a range of supporting substrates, and a careful reactor design
is required to prevent efficiency loss due to a reduction in
catalyst surface area and poor mass transfer of reactants to
the photocatalyst surface [56].

4.4. Photocatalytic Disinfection of Water. Matsunaga et al.
reported the first application of TiO2 photocatalysis for
the inactivation of bacteria in 1985 [57]. Since then, there
have been a large number of research publications dealing
with the inactivation of microorganisms including bacteria,
viruses, protozoa, fungi, and algae. Blake et al. carried out
an extensive review of the microorganisms reported to be
inactivated by photocatalysis [51]. In 2007, McCullagh et al.
reviewed the application of photocatalysis for the disinfec-
tion of water contaminated with pathogenic microorganisms
[58]. In 2009, Malato et al. published an extensive review
on the decontamination and disinfection of water by solar
photocatalysis [10] and, in 2010, Dalrymple et al. reviewed
the proposed mechanisms and kinetic models widely used in
photocatalytic disinfection studies [59].

In most photocatalytic disinfection studies, the hydroxyl
radical is suggested to be the primary species responsible
for microorganism inactivation; however, some papers do
report involvement of other ROS, such as H2O2, O•−

2

[60–63]. These reactive species can cause fatal damage to
microorganisms by disruption of the cell membrane or by
attacking DNA and RNA [51]. Other modes of action TiO2

photocatalysis have been proposed, including damage to the
respiratory system within the cells [64] and loss of fluidity
and increased ion permeability in the cell membrane [62].
Detailed spectroscopy-based studies attributed cell death to
lipid peroxidation of bacterial cell membrane [61–63]. The
peroxidation of the unsaturated phospholipids contained in
the bacterial cell membrane results in loss of respiratory
activity [65] and/or leads to a loss of fluidity and increased
ion permeability [62]. It has also been suggested that cell
membrane damage can open the way for further oxidative
attack of internal cellular components, ultimately resulting
in cell death [65].

Research at the University of Ulster has been mainly
concerned with the use of immobilised TiO2 films prepared
by the deposition of Evnoik (Degussa) P25 onto a range
of supporting substrates, including borosilicate glass, ITO
glass, and titanium metal. For example, Alrousan et al.
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Figure 6: Comparison between photocatalytic and photolytic
inactivation of E. coli in surface and distilled water (TiO2, UV,
Distilled water) , (TiO2, UV, Surface water) •, (UV, Distilled
water) , (UV, Surface water) , Dark control (with permission,
from [66]).

reported on the photocatalytic inactivation of E. coli in
surface water using immobilised nanoparticle TiO2 films
[66]. In this work, P25 was immobilized onto borosilicate
glass using a dip coating method. The photoreactor was
a custom-built stirred tank reactor which had excellent
mixing and good mass transfer properties. The catalyst was
irradiated in a back-face configuration that is, the light
passed through the glass to excite the photocatalyst on
the surface. It was found that the rate of photocatalytic
inactivation of E. coli was more efficient with UVA-TiO2

than direct photolytic inactivation with UVA alone, for
E. coli suspended in both distilled water and surface water
(Figure 6). The optimum catalyst loading for the inactivation
was determined to be 0.5 mg/cm2, approximately half that
reported for photocatalytic degradation of formic acid and
atrazine in the same reactor, under the same incident light
intensity.

The organic and inorganic content of the surface water
led to a reduction in the rate of photocatalytic disinfection in
comparison to that observed in distilled water. The effect of
selected individual constituents present in the surface water
was examined to identify the main constituent responsible
for the reduction in the rate of photocatalytic disinfection.
The presence of inorganic ions, that is, sulphate and nitrate
reduced the rate of photocatalytic inactivation, with sulphate
having a more pronounced effect than nitrate. The presence
of organic matter was found to be the dominating parameter
responsible for the decrease in the rate of photocatalytic
disinfection. The presence of inorganic ions will lead to
a reduction in efficiency either by absorption of light,
competing for ROS, or by adsorption to the catalyst surface.
Organic matter will compete for ROS and may compete for
photon absorption. The efficacy of photocatalytic disinfec-
tion will therefore be strongly dependent on the initial water
quality. Where the water to be treated is of poor quality, a pre-
treatment stage, for example, simple filtration or settling,
may be desirable prior to photocatalytic treatment.

Bacterial cells have been described as a rather easy
target for disinfectants, with bacterial spores and protozoa

suggested as more robust target organisms. Clostridium per-
fringens spores have been reported to be chlorine resistant at
levels used in potable water supplies. Dunlop et al. reported
on the photocatalytic inactivation of Clostridium perfringens
spores on TiO2 electrodes [67]. The TiO2 electrodes were
made using electrophoretic immobilisation of commercially
available TiO2 powders onto conducting supports, that is,
indium-doped tin oxide-coated glass, titanium metal, and
titanium alloy. The photocatalytic inactivation of E. coli
and C. perfringens spores in water was observed on all
immobilised TiO2 films under UVA irradiation. The rate
of photocatalytic inactivation of E. coli was found to be
one order of magnitude greater than that of C. perfringens
spores, demonstrating the greater resistance of the spores to
environmental stress. In this work, it was shown that the
application of an external electrical bias (electrochemically
assisted photocatalysis) significantly increased the rate of
photocatalytic disinfection of C. perfringens spores. The
effect of incident light intensity and initial spore loading
were investigated, and disinfection kinetics were determined
to be pseudo-first order. This work demonstrated that UVA
photocatalysis is effective against bacterial spores which
are more resistant to environmental stress, including UVA
irradiation, than bacterial cells.

Cryptosporidium species are waterborne, protozoan
parasites that infect a wide range of vertebrates. The life
cycle involves the production of an encysted stage (oocyst)
which is discharged in the faeces of their host. The disease,
Cryptosporidiosis, in humans usually results in self-limited
watery diarrhoea but has far more devastating effects on
immunocompromised patients (e.g., AIDS patients) and can
be life-threatening as a result of dehydration caused by
chronic diarrhoea. Owing to their tough outer walls, the
oocysts are highly resistant to disinfection and can survive for
several months in standing water. Cryptosporidium oocysts
therefore present as an excellent challenge for disinfection
technologies. Sunnotel et al. reported on the photocatalytic
inactivation of Cryptosporidium parvum oocysts on nanos-
tructured titanium dioxide films (Figure 7) [68].

The photocatalytic inactivation of the oocysts was shown
to occur in Ringer’s buffer solution (78.4% after 180 min)
and surface water (73.7% after 180 min). Scanning electron
microscopy (SEM) confirmed cleavage at the suture line
of oocyst cell walls, revealing large numbers of empty
(ghost) cells after exposure to photocatalytic treatment. No
significant inactivation was observed in the oocysts exposed
to UVA radiation alone demonstrating the substantial benefit
in the addition of TiO2 as a photocatalyst.

It is clear from the literature, that in lab scale reactors,
photocatalysis under UVA irradiation is more efficient than
UVA irradiation alone for the disinfection of water con-
taminated with pathogenic microorganisms. Therefore, it is
essential that photocatalytic reactors are tested for disinfec-
tion under real sun conditions either on small scale batch
(personal use) or at pilot scale (aimed at household or small
community use), and using real water sources.

Gelover et al. studied small-scale batch disinfection in
plastic bottles containing spring water naturally polluted
with coliform bacteria, with and without the addition of
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Figure 7: Photocatalytic inactivation of C. parvum oocysts sus-
pended in Ringer’s solution and surface water (with permission
from [68]).
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Figure 8: Simple solar collector made from 5 wooden sheets
covered with aluminium foil (with permission from [69]).

TiO2 [69]. The bottles were mounted in simple home-
made solar collectors (Figure 8). Two litre PET bottles were
filled with spring water and exposed to direct sunlight.
The microbial loading was typically 2.5× 103 MPN/100 mL
(most probable number) of total coliforms and 9.0× 102

MPN/100 mL of faecal coliforms.
TiO2 was coated onto small Pyrex-glass cylinders, using

a sol-gel method, and these were placed inside each bottle.
It was found that photocatalytically enhanced SODIS was by
far more effective than SODIS alone for the inactivation of
both the total coliforms and the faecal coliforms (Figure 9).
They measured bacterial regrowth following treatment and
found that regrowth was observed with SODIS alone, but
not with photocatalytically enhanced SODIS. This is an
important finding, as bacteria have repair mechanisms which
allow recovery following stress/injury and demonstrates the
differences in the kill mechanisms involved in SODIS and
photocatalytic disinfection.

With respect to larger-scale systems, Fernandez-Ibanez
et al. reported on the pilot-scale photocatalytic disinfection
of water under real sun conditions using a photoreactor
with CPC [70]. The experiments were carried out under
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Figure 9: Decrease in faecal coliforms in natural spring water
exposed to direct sunlight, comparing SODIS to TiO2-enhanced
SODIS (with permission from [69]).

sunlight at the Plataforma Solar de Almeria in southern
Spain using compound parabolic collectors. The pilot plant
consisted of three CPC collectors, each containing two
Pyrex tubes (50 mm inner diameter, 1.5 m long), with
a collector surface area of 0.25 m2 and a total reactor
volume treated of 11 L. Experiments were performed with
suspended TiO2 and, following modification to the reactor,
with supported/immobilised TiO2. In both cases, Degussa,
P25 was employed as the photocatalyst. In the immobilised
study, the catalyst was fixed onto glass fibre using SiO2 as
an inorganic binder. E. coli was used as the model microor-
ganism suspended in distilled water. The photocatalytic
suspension reactor was the most efficient, followed by the
immobilised photocatalytic reactor, with SODIS being the
least efficient treatment (Figure 10).

Further work undertaken by the group at Plataforma
Solar de Almeria investigated the effect of UV intensity
and dose on SODIS and photocatalytically enhanced SODIS
[71]. The aim of the work was to study the dependence
on solar irradiation conditions under natural sunlight
using three microorganisms, E. coli K-12 culture and two
wild strains Fusarium solani and Fusarium anthophilum.
Photocatalytic disinfection experiments were carried out
with TiO2 supported on a paper matrix held concentrically
within the CPC glass tube reactors described above, and
with TiO2 in the form of a slurry in Pyrex glass bottle
reactors. The experiments were performed with different
illuminated reactor surfaces, in different seasons of the year,
and under changing weather conditions (i.e., cloudy and
sunny days). Photocatalysis did not increase the rate of
disinfection following receipt of the minimum solar dose;
however, the solar-only disinfection was more susceptible to
changes in solar irradiation than photocatalytic disinfection,
that is, where light intensities were generally low or there
was greater availability of diffuse UVA, the inclusion of the
photocatalyst provided a significant benefit.

5. Issues to Be Addressed

5.1. Photoreactor Design. The SODIS process depends
mainly on the UVA wavelengths present in sunlight. Solar
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UV at sea level is composed of roughly similar portions of
both direct and diffuse electromagnetic radiation. Without
cloud cover, the solar UVA spectrum is ca. 60% direct and
ca. 40% diffuse. Therefore, the use of collecting systems
based on nonimaging optics has a clear potential, compared
to expensive imaging/concentrating optic-based systems.
The major advantage with compound parabolic collectors
is that collection factor remains constant for all values
of sun zenith angle within the acceptance angle limit.
Therefore, CPC enhancement can be utilised in the design
of larger-scale solar disinfection systems which can be used
for household or small community use. A photoreactor
for use in developing countries should have the following
attributes; high illuminated volume to total volume ratio;
ability to operate under a low flow rate when utilising
immobilised photocatalyst to maximise the residence time
in flow systems; UVA dosimetric indicator (as both SODIS
and photocatalytic disinfection are dose dependant); CPC of
good quality that is, high UVA reflectivity (for aluminium
this is typically 87–90%); reaction vessel with high (90%)
UVA transmission (e.g., borosilicate glass); robust under
potentially harsh environmental conditions; minimal life-
cycle cost; low environmental impact; low maintenance
requirements and ease of access to replacement parts; and
minimal external power requirement.

If the system is to include a photocatalyst, the reactor
design must also ensure the sufficient supply of an electron
acceptor, typically dissolved oxygen from the air. In static
batch systems, the concentration of dissolved oxygen will be
rapidly consumed in the initial stages of the reaction and as
water temperature increases the solubility of oxygen in water
will be further reduced. For applications in developing coun-
tries, this is of paramount importance as the temperature
within SODIS reactors can reach 55◦C. An alternative may be
to introduce other oxidants for example, H2O2; however, this

would give rise to a dependence on consumable chemicals
which is undesirable.

5.2. Photocatalyst Longevity. For application in remote loca-
tions and developing regions, the treatment system must
be robust, noncomplex, and require only low-level mainte-
nance. Therefore, photocatalyst regeneration is undesirable
and more research is required to understand and predict
photocatalyst longevity under typical working conditions. To
reduce the complexity of the treatment system, immobilised
photocatalyst systems are preferred; however, catalyst strip-
ping may be a problem if the immobilisation protocol does
not produce a robust hard wearing coating. Also, catalyst
fouling by inorganic species present in the water can lead
to a reduction in the photocatalytic efficiency over time.
Miranda-Garcı́a et al. investigated the degradation of 15
emerging contaminants (ECs) in a photocatalytic pilot plant
utilising TiO2 immobilised onto glass beads [72]. The CPC
plant consisted of two modules of 12 Pyrex glass tubes
mounted on a fixed platform tilted 37◦ (local latitude). Two
of the glass tubes were packed with TiO2-coated glass spheres
(coated with a titania sol–gel). The total illuminated area
was 0.30 m2 and total volume was 10 L, of which 0.96 L was
constantly irradiated. The system operated in recirculating
batch mode with a flow rate of 3.65 Lmin−1. They found
that the degradation of the organic pollutants in distilled
water was achieved under solar irradiation, and importantly,
after 5 cycles of photocatalysis, the photocatalyst activity was
not decreased significantly. Experiments using real water may
present catalyst fouling problems.

5.3. Visible Light Active Photocatalyst Materials. The overall
efficiency of TiO2 under natural sunlight is limited to the
UV-driven activity (for anatase λ ≤ 400 nm), accounting
only to ca. 4% of the incoming solar energy on the Earth’s
surface. Therefore, there has been substantial research effort
towards shifting the absorption spectrum of TiO2 towards
the visible region of the electromagnetic spectrum. Different
approaches have been attempted including doping the TiO2

with metal ions [73]. According to the literature, one of the
more promising approaches to achieve visible light activity
is doping with nonmetal elements including N and S. Since
Asahi et al. [74] reported the visible-light photo-activity of
TiO2 with nitrogen doping, many groups have demonstrated
that anion doping of TiO2 extends the optical absorbance
of TiO2 into the visible-light region. However, the number
of publications concerning the photocatalytic activity of
these materials for the inactivation of microorganisms is
limited. Li et al. reported the inactivation of MS2 phage
under visible light irradiation using a palladium-modified
nitrogen-doped titanium oxide (TiON/PdO) photocatalytic
fiber, synthesized on a mesoporous-activated carbon fiber
template by a sol-gel process [75]. Dark adsorption led
to virus removal, and subsequent visible light illumination
(wavelengths greater than 400 nm and average intensity of
40 mW/cm2) resulted in additional virus removal of 94.5–
98.2% within 1 h of additional contact time. By combining
adsorption and visible-light photocatalysis, TiON/PdO fibers
reached final virus removal rates of 99.75–99.94%. EPR
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measurements confirmed the production of •OH radicals by
TiON/PdO under visible light illumination. Wu et al. also
reported visible-light-induced photocatalytic inactivation of
bacteria by composite photocatalysts of palladium oxide
and nitrogen-doped TiO2 [76]. The PdO/TiON catalysts
were tested for visible-light-activated photocatalysis using
gram-negative organisms that is, E. coli and Pseudomonas
aeruginosa and the gram-positive organism Staphylococcus
aureus. Their disinfection data showed that the PdO/TiON
photocatalysts had a much better visible photocatalytic activ-
ity than either palladium-doped (PdO/TiO2) or nitrogen-
doped titanium oxide (TiON). The light source used in this
work was a metal halogen desk lamp with a low UV output
(<0.01 mW/cm2 for λ ≤ 400 nm). While these photocatalysts
show promise, there was no comparison with undoped TiO2

and solar-simulated light (which has around 5% UV) was not
used.

In many cases, the UV activity of undoped TiO2 is much
greater than the visible light activity of the doped material.
Therefore, for solar applications, the photocatalysts should
be tested under simulated solar irradiation or under real sun
conditions. Indeed, Rengifo-Herrera and Pulgarin recently
reported on the photocatalytic activity of N, S codoped
and N-doped commercial anatase (Tayca TKP 102) TiO2

powders towards phenol oxidation and E. coli inactivation
under simulated solar light irradiation [77]. However, these
novel materials did not present an enhancement for the
photocatalytic degradation of phenol or the photocatalytic
inactivation of E. coli under simulated solar light, as com-
pared to Degussa P25. They suggest that while the N, or
N-S co-doped TiO2, may show a visible light response, the
localized states responsible for the visible light absorption do
not play an important role in the photocatalytic activity.

More research is required to determine if visible light
active materials can deliver an increase in the efficiency of
photocatalysis under solar irradiation.

6. Conclusions

SODIS is a simple and low cost technique used to disinfect
contaminated drinking water. Transparent bottles (prefer-
ably PET) are filled with contaminated water and placed
in direct sunlight for a minimum of 6 hours. Following
exposure, the water is safe to drink as the viable pathogen
load can be significantly decreased. The process has approx-
imately 4.5 million regular users, predominately in Africa,
Latin America, and Asia and is recognised and promoted
by the WHO. However, there are several drawbacks with
“conventional” SODIS technology. The use of PET bottles
allows for only small volumes to be treated (2-3 L) and the
process efficiency is dependent on a range of environmental
parameters including the solar irradiance (which depends on
the latitude, time of day, and atmospheric conditions), the
initial water quality for example, organic loading, turbidity,
and level and nature of the bacterial contamination. There
are a number of ways to improve or enhance the conventional
SODIS process and these include the design of SODIS
bags where the solar dose per volume is increased, the
use of UV dosimetric indicators which measure the UV

dose and indicate to the user when the desired dose has
been received by the water, design of customised SODIS
treatment systems which maximise the solar dose and the
inclusion of UV feedback sensors for automated control,
and the use of semiconductor photocatalysis to enhance
the treatment efficacy. Semiconductor photocatalysis has
been shown to be effective for the inactivation of a wide
range of microorganisms at lab scale and under real sun
conditions for both small-scale and large-scale applications.
The use of CPC reactors enhances the efficiency of solar dis-
infection and photocatalytically enhanced solar disinfection.
Nevertheless, there are a number of issues to be addressed
before photocatalytically enhanced solar disinfection can be
effectively deployed in developing regions. These include
improvements in photoreactor design and the assessment
of photocatalyst longevity under real operating conditions.
Future developments in relation to visible light active
photocatalytic materials may lead to more efficient solar
photocatalysis for the disinfection of water.
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Inmaculada Polo-Lópezb, and K. G. McGuigana, “Investigat-
ing the microbial inactivation efficiency of a 25 L batch solar
disinfection (SODIS) reactor enhanced with a compound
parabolic collector (CPC) for household use,” Journal of
Chemical Technology and Biotechnology, vol. 85, no. 8, pp.
1028–1037, 2010.

[45] A. Vidal, A. I. Dı́az, A. El Hraiki et al., “Solar photocatalysis for
detoxification and disinfection of contaminated water: pilot
plant studies,” Catalysis Today, vol. 54, no. 2-3, pp. 283–290,
1999.

[46] O. A. McLoughlin, P. Fernández-Ibáñez, W. Gernjak, S. Malato
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The ceramic target of Indium tinoxide (ITO) (90% In2O3-10%SnO2) has been used to prepare transparent semiconductive thin
films on glass substrate by RF magnetron sputtering at room temperature. The properties of the thin films are affected by
controlling the deposition parameters, namely, RF power values and deposition times. The structure, morphology, optical and
electrical properties of the thin films are investigated using X-ray diffraction (XRD), field emission scanning electron microscope
(FESEM), atomic force microscope (AFM), UV-Vis spectrophotometer, and four-point probe measurement. Nanoparticles of 10–
20 nm are measured and confirmed using both FESEM and AFM. The main preferred orientations of the prepared thin films are
(222) and (400) of the cubic ITO structure. The transparent semiconductive films have high transmittance within the visible range
of values 80–90% and resistivity of about 1.62× 10−4 Ω·cm.

1. Introduction

Indium-tin-oxide (ITO) thin film is n-type degenerated
semiconductor with a wide band gap (Eg∼3.3 eV) [1]. It has
high photoelectrolytic properties: high transparence in the
range of visible spectrum (>95%), high reflectance in the
infrared (IR) range (>80%) because of its high density of free
electrons in ITO conduction band, and high conductivity
(10−4 Ω·cm) similar to a metallic material [1]. It is usually
deposited at temperature above 200◦C, since it is difficult
to obtain a thin film with a resistivity below 2 × 10−4 Ω·cm
at a low substrate temperature. However, low-temperature
deposition, below 100◦C, is necessary to deposit films on
plastic substrates that have poor heat resistance, such as
polycarbonate [2] polyethylene terephthalate [3] and pol-
yethersulfone [4]. ITO coatings are the most widely used
as transparent conductive oxide (TCO) coatings in various
applications such as transparent conducting electrode in flat-
panel displays (FPDs) [5], organic light emitting diodes
(OLEDs) [6], and photovoltaic solar cells because they have

high electrical conductivity, high optical transparency, and
smooth surface morphology [7–10].

ITO thin films are prepared using various methods such
as DC, pulsed DC, and RF magnetron sputtering [11–13],
reactive evaporation [14], ion beam assisted deposition [15],
sol-gel, co-precipitation [16, 17], chemical vapor deposition
(CVD) [18], and spray pyrolysis [19]. Magnetron sputtering
is one of the most versatile techniques for ITO thin films
preparation. This technique provides a uniform fabrication
of the reproduction of ITO thin films, which is advantageous
for many applications in industry [20].

The optical and electrical properties of ITO coatings are
sensitive to process parameters and depend on the control
of films composition, structure, crystallinity, defect density,
surface roughness, and dopant concentration [21, 22].

In this paper, the crystallization behavior of ITO thin
films deposited at room temperature under Ar atmosphere
by RF magnetron sputtering is examined as a function of RF
power values and deposition time, aiming to determine the
conditions that lead to the production of thin films with
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an optical band gap (3.5 eV) and transparency (≥90%) in
the visible region and in some cases near IR region. Also,
low resistivity, good surface uniformity, highly smooth and
chemically stable surfaces in various environments are es-
sential parameters that should be investigated.

2. Experimental Details

The ITO thin films were deposited on 1 mm thick soda lime
glass by RF magnetron sputtering technique using the system
(HUMMER 8.1) under an Ar atmosphere. SnO2-In2O3

sintered disks of 10 cm in diameter were used as the target.
Glass was precleaned with ethanol and acetone, respectively.
The chamber was evacuated to a background pressure of
0.6 mTorr initially, and the working pressure during the film
deposition was fixed to 7–10 mTorr by utilizing pure Ar
(99.999%) gas. The RF power varied from 50 to 300 W,
whereas the deposition time varied from 10 to 40 min. The
deposition process is carried out at room temperature, that
is, the substrate is not heated during the film deposition.

The film crystalline structure was investigated by X-
ray diffractometer (Schimadzu-7000) using Cu-Kα radiation
target. The optical transmittance was measured using a
UV-Vis double beam spectrophotometer (Ultrospec 2000-
Pharmacia Biotech Co.) in the wavelength range from
200 nm to 1100 nm. The surface morphology of the films was
observed with a field emission scanning electron microscope
(JEOL 7600) and the average surface roughness is measured
under ambient conditions with an atomic force microscope
(AFM) JEOL-JSPM-5400 in the noncontact mode. The resis-
tivity of the coatings is measured using a four-point probe
technique (Sigma One) and the reported value was an aver-
age of three measurements over the sample.

3. Results and Discussion

3.1. Structural Properties. Figure 1 shows the X-ray diffrac-
tion patterns of the ITO thin films deposited with various
RF power values at a constant working pressure, and the
deposition time is fixed at 40 min. At low deposition power
of 50 W (Figure 1(a)), the ITO thin film shows no diffraction
peaks, which may indicate amorphous state of the deposited
film. Increasing the deposition power to 100 W (Figure 1(b)),
the deposited film shows the appearance of the (222) peak of
the ITO cubic structure (JCPDS Card No. 06-0416).

Starting from a deposition power of 150 W, most of
the typical ITO diffraction peaks of (222), (400), (440),
and (622) are detected as shown in Figure 1(c). It has been
observed that the (222) preferential orientation is highly
dominant at the initial growth stage for any deposition
condition. This is due to the fact that during the nucleation
stage of ITO thin films, indium atoms on substrate are likely
to aggregate into densely packed (111) planes which are close
to (222) planes in the bixbyite structure. But the dominant
nature changed from (222) to (400) when there is an increase
in substrate temperature and also due to an increase in film
thickness due to increasing the power value [23].
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Figure 1: XRD patterns for ITO thin films deposited for 40 min
deposition using various RF power, (a) 50, (b) 100, (c) 150, (d) 200,
(e) 250 and (f) 300 W.
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Figure 2: XRD patterns for ITO thin films deposited using RF
power value of 200 W and various deposition time, (a) 10, (b) 20,
(c) 30 and (d) 40 min.

A preferential orientation of (400) plane is observed as
the deposition power is increased from 150 to 300 W as
shown in Figure 1 ((c)–(f)). The data also shows that the
peak position slightly shifts to a lower 2θ value as the power
increases while the full width half maximum (FWHM)
decreases, meaning that the film grain size increases [4]. It
has also been noted that the intensity of the (222) diffraction
peak does not increase significantly any more when the
thickness is higher than a certain value, whereas the (400)
diffraction intensity increases for thicker films. Thus, the
growth of the (222) grains is suppressed when the thickness
increases [24]. According to the literature, the predominant
orientation changes from (222) to (400) as the oxygen in-
corporation in the structure decreases or as the deposition
rate increases which is in good agreement with the presented
results. On the other hand, the change in the orientation
from (222) to (400) can also be influenced by the deposition
rate because the (222-) oriented grains are less resistant
against sputtering than the (400-) oriented grains [24].

Figure 2 shows the XRD patterns of the grown ITO thin
films at a constant power of 200 W and various deposition
times. The film deposited for 10 min (Figure 2(a)) re-
veals low-diffraction intensities of the ITO crystal structure
(JCPDS Card No. 06-0416) with the preferred orientation of
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Figure 3: XRD patterns for ITO thin films deposited using RF
power value 200 W for 40 min deposition time: (a) without, (b) with
heat treatment at 400◦C for 1 h.

the (222) plane, and changing the orientation to (400) plane
will increase the deposition time to 20, 30, and 40 min
(Figure 2 ((b), (c), and (d))). It is known that the thickness
of the deposited film affects the X-ray spectra [24]. Thin
crystallized film deposited for 10 min might represent the
diffraction peak with very low intensity.

During deposition, plasma provides the sample with heat
that increases temperature to about 150◦C. This temperature
is required in order to have a crystalline structure [6, 14, 15].
One aspect of the plasma-surface interactions is the transfer
of energy. Energy transfer from plasma to solid surfaces
occurs through optical radiation and fluxes of neutral parti-
cles and ions. In plasma, at a pressure below 1 Pa (7.5 mTorr),
the degree of ionization is very high, the density of neutrals
is much lower than that of ions, and the ions collisions
are predominant [16]. During the ion bombardment, the
dissipation of the kinetics and the vibration energy fractions
of ions causes heating of the substrate [16]. Therefore, a
deposition time up to 40 min resulted in good crystallization
by the prolonged energetic bombardment, while insufficient
energy for crystallization is transferred to the films when the
deposition time is short [17].

Figure 3 illustrates the XRD patterns of the ITO-de-
posited thin films at a constant power (200 W) where the
effect of heat treatment at 400◦C for 1 hr is discussed. The
nonheated film (Figure 3(a)) shows that the (400) plane is
the preferred orientation which may indicate that the oxygen
vacancies on these planes are accommodated. On the other
hand, the postannealed ITO film (Figure 3(b)) shows that
the (222) plane is a preferred one which is a close-packed
plane in In2O3 body-centered cubic structure. This plane
does not accommodate oxygen vacancies very well, and so
it is stabilized [25].

Also, heat treatment causes a decrease in lattice constant
(a) which is calculated using (1)

dhkl = a√
h2+ k2 + l2

, (1)

where d is the spacing between adjacent (hkl) lattice planes. It
is decreased from 1.023 nm to 1.011 nm due to the attractive
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Figure 4: FESEM for ITO thin films deposited using RF power value
of 200 W for 40 min deposition time.

force between the metal ions and the extra interstitial oxygen
ions [26].

3.2. Morphological Properties. The FESEM and AFM of ITO
thin films are shown in Figures 4 and 5, respectively, to
show the film morphology and roughness. Figure 4 shows
that the average grain size is about 10 nm with high density
accompanied by large grains of 20–30 nm with low density
is observed and may be explained as: for the thick film, a
change from (222) to (400) orientation and columnar grains
growing perpendicular to the substrate by increasing the
deposition time to 40 min. It was previously reported that
the morphology and orientation of ITO films depend on the
energy of particles arriving to the substrate have been found.

Figure 5 shows the topography of the ITO thin film de-
posited at room temperature for 40 min. The average film
roughness value calculated from this image is about 20 nm.
According to the literature [27, 28], the average roughness
increases with increasing the film thickness. In the same
way, it has been reported for ITO films prepared by various
techniques [29, 30] that the grain size enlargement is related
with the increase of the film thickness.

3.3. Optical Properties. Several methods have been used to
determine the optical constants of thin films based on the
measurement of the intensity of the reflected, absorbed
and/or transmitted light as a function of wavelength and/or
the angle of incidence. Among these methods, the one given
by Swanepoel is widely used because it is a simple method
and does not need a complicated computer program [31].

TM and Tm, which are the maximum and the minimum
of the transmittance of the envelope of interference, are now
considered to be continuous functions of λ. For any λ, TM has
a correspondent Tm value: The refractive index is calculated
by Manifacier et al. [32]

n =
[
N +

(
N 2 − S2)1/2

]1/2
, (2)



4 International Journal of Photoenergy

10

14.9

19.9

24.9

Figure 5: AFM for ITO thin films deposited using RF power value
of 200 W for 40 min deposition time.

Table 1: Resistivity, thickness and refractive index of ITO thin films
deposited using various RF power for 40 min deposition time.

RF power
(W)

Thickness
(μm)

Refractive
index

Resistivity
(Ω·cm)

50 0.50 1.48 77.15× 10−4

100 0.59 1.49 9.98× 10−4

150 0.63 1.5 3.96 × 10−4

200 1.09 1.506 1.62 × 10−4

250 1.17 1.505 2.32× 10−4

300 1.29 1.509 2.38× 10−4

where N is defined as

N = 2S(TM − Tm)
TMTm

+

(
S2 + 1

)
2

, (3)

where S is the refractive index of the glass substrate.
If n1 and n2 are the refractive indices at two adjacent max-

ima (or minima) at λ1 and λ2, according to the basic equation
of interference fringes,

2nt = mλ, (4)

the thickness t of the film is given by

t = λ1λ2

2(λ1n2 − λ2n1)
. (5)

Table 1 shows an example of the calculated refractive
indices and thicknesses of the ITO samples prepared with
different RF power. With increasing the power value, the
refractive index and the thickness are increased from 1.48
and.5 μm (power value = 50 W) to 1.509 and 1.29 μm (power
value = 300 W), respectively, with increasing the deposition
time, the refractive index and the thickness are increased
from 1.499 and.46 μm (deposition time = 10 min) to 1.506
and 1.09 μm (deposition time = 40 min), respectively.

The measured optical transmittance as a function of the
light wavelength is represented in Figures 6 and 7 for ITO
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Figure 6: Optical transmittance for ITO thin films deposited for 40
min deposition time with various RF power.
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Figure 7: Optical transmittances for ITO thin films deposited using
RF power value of 200 W and various deposition times.

thin films deposited as a function of RF deposition power and
deposition time, respectively. From the results summarized
in Figure 6 for various samples, it is observed that as the
deposition power increases, the transmittance in the near
infrared region decreases, which is explained by the increase
of film’s free electron absorption [4].

Also, the transmittance band edge is shifted to higher
wavelengths as the RF power increases. Figure 7 shows the
optical transmittance for the grown ITO thin films deposited
at various deposition times. The optical transmission de-
creases as the ITO film thickness increases, which is attribut-
ed to the optical scattering arising from longer optical paths
and also to the increased carrier concentration in the films
[25, 27, 28]. The higher the carrier concentration value, the
lower the ITO transmittance in the longer wavelength region.
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Table 2: Resistivity, thickness and refractive index of ITO thin films
deposited using RF deposition power value of 200 W for various
deposition times.

Deposition time
(min)

Thickness
(μm)

Refractive
index

Resistivity
(Ω·cm)

10 0.46 1.499 5.18× 10−4

20 0.52 1.501 4.1× 10−4

30 0.63 1.503 1.92× 10−4

40 1.09 1.506 1.62× 10−4

Such higher free carrier density for thicker layers can be
associated to the observed crystallite-size enhancement with
increasing the film thickness that should reduce the number
of donor sites trapped at the dislocations and grain bound-
aries [28].

3.4. Electrical Properties. Table 1 shows that the resistivity
decreased from 77.15× 10−4 Ω·cm at 50 W to reach its min-
imum value of 1.62 × 10−4 Ω·cm at 200 W then increased
to 2.38 × 10−4 Ω·cm at 300 W. Table 2 shows the resistivity
of the ITO thin films deposited at a power of 200 W and
various deposition times. At the deposition time of 10 min,
the transmittance value is 79% with a high resistivity of
5.18 × 10−4 Ω·cm. At a high deposition time (40 min),
the transmittance values increased to about 91%, and the
resistivity decreased to 1.62× 10−4 Ω·cm.

In the process of Ar sputtering (no oxygen), the oxygen
concentration of the ITO film is lower than that of the target
itself because a part of the oxygen sputtered from the target
will not be incorporated into the film [17]. That is, the films
without oxygen flow show metal-like characteristics with low
transmittance, low resistivity, and higher oxygen vacancy
concentration. On the other hand, as the power increases,
the concentration of oxygen vacancies is drastically decreased
resulting in a higher transmittance and resistivity like an
oxide-insulating thin film [33, 34].

4. Conclusions

The ITO thin films are deposited by RF magnetron sputtering
at room temperature. The film is in its amorphous state at
low RF power. By increasing the deposition power and depo-
sition time crystallization of the films was promoted because
RF sputtering transfers the energy to the growing state by
energetic bombardment and the activation energy for the
crystallization of the film transferred during the deposition.
To improve the electrical properties with low resistivity, ITO
deposition should be processed under room temperature
and low oxygen fraction. A tradeoff between low resistivity
and high transmission exists due to the role that the
oxygen vacancies have in the conduction and transmission.
A higher number of oxygen vacancies facilitate conduction.
The optical and electrical properties are strongly correlated
to the preferred orientation of the films which is changed
from (222) to (400) as the RF power increased (from 50 W to
300 W), and the deposition time increased from 10 to 40 min.

After heat treatment, the preferred orientation changed from
(400) to (222) which is a result of the concentration of oxygen
vacancy and the rearrangement of atoms in close-packed
plane of In2O3 having a body-centered cubic structure.
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Near steady-state photoinduced absorption (PIA) and UV-Vis absorption spectroscopy are used to characterize the pore
filling of spiro-MeOTAD (2, 2′,7, 7′-tetrakis-(N ,N-di-p-methoxyphenylamine)9, 9′-spirobifluorene) into the nanoparticulate
TiO2 electrode of a solid-state dye-sensitized solar cell (ssDSC). The volumetric ratio of filled to unfilled pore volumes, as well as the
optical signature of interacting chemical species, that is, the hole-transfer yield (HTY), are investigated. PIA spectroscopy is used
to measure the HTY, relative to the amount of spiro-MeOTAD present, without needing to determine the extinction coefficients of
the dye and spiro-MeOTAD cation species. The Beer-Lambert law is used to relate the relative PIA signal to the penetration length
of the hole-conductor in the TiO2 film. For the sample thickness range of 1.4–5μm investigated here, the optimum characteristic
penetration length is determined to be 3.1 + 0.46μm, which is compared to 1.4 μm for the 200 mg mL−1 concentration of spiro-
MeOTAD conventionally used. Therefore, doubling the effective penetration of spiro-MeOTAD is necessary to functionalize all the
dye molecules in a ssDSC.

1. Introduction

First generation dye sensitized solar cells (DSCs) are
composed of a high surface area nanoparticulate TiO2

electrode, onto which a ruthenium dye, such as the
Z907 dye (cis-RuLL′(SCN)2 (L= 4,4′-dicarboxylic acid-
2,2′-bipyridine, L′ = 4,4′-dinonyl-2,2′-bipyridine), [1, 2] is
adsorbed, immersed in a liquid electrolyte, typically con-
taining an I−/I−3 redox couple, which conducts holes to
a platinum counter electrode [3]. In the next generation
of dye cells, however, replacement of the liquid electrolyte
with a solid electrolyte is desirable. The liquid electrolyte
presents sealing and module production challenges, espe-
cially because the I−/I−3 redox couple is corrosive to metals
such as Ag, the grid metal, and degradation products from
the electrolyte block the activity of the Pt cathode [4]. The
most widely investigated and successful [5] solid-state elec-
trolyte material to date is the molecular hole-transporting
spiro-MeOTAD [6, 7] but other possibilities for iodine-free

electrolytes [8], including inorganic and polymeric hole-
transporting materials, have also been investigated.

The infiltration of a solid into a nanoporous electrode
emerged as a challenging problem from the start [6, 7]
and has remained [9–11] so in the making of ssDSCs. The
primary characterization tool to date has been scanning
electron microscopy (SEM) [10]. In the best cases, SEM
images roughly indicate the homogeneity of the spiro-
MeOTAD/TiO2 composite at the exposed surface. Unlike
transient absorption spectroscopy (TAS), it cannot quanti-
tatively measure the percentage of dye molecules that are
in effective contact with the hole transporter and therefore
are regenerated, that is, the hole transfer yield (HTY). TAS
optically identifies the signal of an oxidized species and
quantifies it by use of the extinction coefficient.

TAS has been used to observe the kinetics of various
electron transfer processes in the DSC [12–14] and to
compare the HTY of various hole-conducting materials to
spiro-MeOTAD [15]. However, it has not been possible
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to isolate the separate absorption contributions from the
charged dye and the spiro-MeOTAD in an assembled
ssDSC within the spectral range of 500–1000 nm [16]. By
comparing TAS results of both sides of a ssDSC sample, a
concentration gradient in the filling of the spiro-MeOTAD is
generally not observed, except for very low concentrations
of spiro-MeOTAD or very thick TiO2 films [15, 17, 18].
The strong absorption of the oxidized spiro-MeOTAD was
unambiguously identified in the IR region, when TAS
measurements were taken between 600–1500 nm [18].

Snaith et al. [18] proposed that the amount of spiro-
MeOTAD in the pores of the TiO2 is equal to the concen-
tration of spiro-MeOTAD of the starting solution, c, plus
an amount from the wet overlayer, resulting from the spin-
coating, which is driven into the film by a concentration gra-
dient setup during the process of evaporation. They defined
a “filling fraction”, F, as the ratio of the thickness of the
spiro-MeOTAD, tspiro, divided by the equivalent thickness of
the pores, equation (1a), where tspiro depends on the the
thickness of the wet overlayer of spiro-MeOTAD solution,
tWET, the final dry spiro-MeOTAD “overlayer” thickness, tOL,
the thickness of the TiO2 film, tTiO2 , and the porosity of the
titania, p, (1b)

F = tspiro(
p ∗ tTiO2

) , (1a)

tspiro = c∗
(
tWET +

(
p ∗ tTiO2

))− tOL, (1b)

TWET is determined by spin-coating various concentrations
of the spiro-MeOTAD onto flat substrates. After drying,
the film thicknesses were measured with the SEM and the
volume of the dry spiro-MeOTAD film was calculated. The
wet volume results from dividing the dry volume of the spiro-
MeOTAD by the % volume that the spiro-MeOTAD occupies
in the starting solution (calculated from the density and the
starting concentration). The focus is on the change in spun
wet film thickness due to the change in solute concentration,
which has been observed for many solutes and solvents
[16]. Solvation effects are not considered here. Ding et al.
[19] tested (1a) and (1b) with various characterization
techniques, and they were the first to largely validate Snaith’s
equation by quantifying the spiro-MeOTAD, desorbed out of
the ssDSC, with UV-Vis absorption measurements.

In this work, we analyze the volume-based filling fraction
by comparing calculated and experimental spiro-MeOTAD
sample masses. From this analysis, an empirical correction
factor is proposed to bring the filling fraction to more closely
reflect the actual mass infiltrated into the pores. Observation
of the filling fraction is complementary to the information
gained with TAS, that is, the fraction of dye molecules that
are (not) being regenerated by the spiro-MeOTAD.

We propose a method of using photoinduced absorption
spectroscopy (PIA) to relatively determine the dye regener-
ation yield of an ssDSC, and we show its relationship to
the filling fraction. After identifying the separate spectral
contribution of the oxidized solid spiro-MeOTAD in a blend
with phenyl-C71-butyric-acid-methyl ester ([70]PCBM) on
TiO2, we examine the PIA spectra of ssDSCs with various

filling fractions. We demonstrate that a single PIA measure-
ment of a ssDSC at two different wavelengths can be used as
a relative measure for the dye regeneration yield.

2. Experimental

2.1. Sample Preparation. The SnO2:F coated glass substrates
were cleaned with Extran MAO1, sodium hydroxide solution
and ethanol and sintered at 450◦C for 1 hour. The substrates
were then coated with a compact layer of TiO2 by aerosol
spray pyrolysis deposition, at 0.9 bar and ∼470◦C, of
titanium (IV) isopropoxide (1.56 g, Aldrich 97%), acetyl
acetone (2.3 g), and ethanol (113.3 g). A total of 5 layers
produced 80–100 nm of flat compact TiO2 after sintering at
570◦C for 30 min. TiO2 paste (Dyesol screenprint paste DSR
18R-T, 3 g) was diluted with ethanol (3 mL) for 4 micron
thick films this paste was further diluted with ethanol for
thinner films, and was doctor bladed onto the substrates.
They were then dried (20 min at 80◦C) and sintered at
a rate of 900◦C/h until 450◦C where they remained for
30 minutes. After the substrates were cooled down to
approximately 40◦C they were immersed in aqueous TiCl4
solution (40 mM), kept at 70◦C for 30 min, and subsequently
rinsed with deionized water and ethanol. They were sintered
again at 450◦C for 30 minutes. Directly out of the oven,
the TiO2 films were sensitized overnight in a solution
of Z907 Dyesol DNH2 (0.28 mM) in a 1 : 1 mixture of
CH4CN : tBuOH, and subsequently rinsed with CH4CN. The
spiro-MeOTAD solution (Merck SHT-263) was dissolved
overnight at 70◦C in chlorobenzene at concentrations of
25, 45, 90, 100, 180, and 200 mg mL−1. Before spin-coating,
TBP (0.1 μL per mg spiro-MeOTAD) and Li-FSI solution
(175 mg/mL Li-FSI in Acetonitrile; 0.21 μL per mg spiro-
MeOTAD) was added to this solution. The solution was
heated again to 70◦C and then was spin-coated (180 μL or
20 μL/cm2) onto the TiO2 films that had been heated on
a hotplate for 90 seconds at 70◦C. Spin-coating was done
with a Laurell Technologies Corp. spin coater (Model WS-
400B-6NPP/LITE) programmed to wait 1 minute, accelerate
to 2300 rpm for 30 sec, and decelerate to 800 rpm for 30
seconds. After the spiro-MeOTAD was applied, 100 nm thick
gold contacts were thermally evaporated on top of the spiro-
MeOTAD overlayer with a rate of 0.15 nm/s at a pressure of
1× 10−6 mbar.

The spectra of the dye alone was obtained from a TiO2

film sensitized with Z907 dye as described above but without
spin-coating and gold evaporation.

The sample with a blend of [70]PCBM and spiro-
MeOTAD on TiO2 was made using [70]PCBM ([6,6]-
phenyl C71-butyric acid methyl ester, Solenne B.V., used
as received, 6.9 g) and dissolved at 70◦C in chlorobenzene
(100 μL). After the [70]PCBM was fully dissolved, a solution
(100 μL of 180 mg mL−1 spiro-MeOTAD in chlorobenzene)
was added. This [70]PCBM/spiro solution was then spin-
coated as described above on a TCO substrate coated with
80 nm of compact TiO2.

The total thickness (TiO2 + spiro MeOTAD overlayer)
of the ssDSC was measured using a Dektak Profiler after
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a scratch with a scalpel was made in the nonactive region
between the gold contacts.

2.2. IV Measurements. Current-voltage measurements of the
ssDSC were performed using a continuous solar simulator
(Wacom) with a 5 kW Xe lamp (Type WXS-300S-50). The
measurements were performed at STC (Standard Test Con-
ditions: 1000 W m−2, 25◦C and AM1.5 spectrum, inclusive of
a spectral mismatch correction, designed for the liquid DSC
with Z907, utilizing a monocrystalline silicon solar cell with
KG3 filter (Fraunhofer ISE RS-ID 2)) using a home-made
measurement system which included a Keithley 2400 Source
meter. The mismatch factor was not tailored to the ssDSC.
Our experience with Z907 informs us of an error of about
5%.

2.3. Desorption Measurements. UV-Vis spectra were taken
using a HP 8453 spectrometer and cuvettes from Hellma type
117.100-QS. The area of the cut samples was determined
with the aid of a computerized optical microscope (Leica
MZ7.5 Microsystems). Desorption of the samples was done
in a closed flask filled with a known volume of chlorobenzene
for 1 hour.

2.4. Density of Spiro-MeOTAD. A quartz cuvette with an
opening of 4 × 10 mm was filled to the rim with water to
determine the total inner volume of the cuvette. The volume
was calculated by subtracting the weight of the full cuvette
with that of the empty cuvette. To determine the volume of
spiro-MeOTAD, this procedure was done on both an empty
cuvette and a cuvette containing spiro-MeOTAD. After the
volume of the empty cuvette was determined, the cuvette was
filled with a 200 mg/mL spiro solution and heated to 70◦C
for 24 hours to evaporate the chlorobenzene. The weight of
the spiro-MeOTAD was then determined by subtracting the
weight of the cuvette before and after it was filled with spiro
MeOTAD.

2.5. Photoinduced Absorption. Near steady-state photoin-
duced absorption spectra were recorded between 0.5 and
2.5 eV by excitation at 458 (2.71 eV) or 514 nm (2.41 eV)
with a mechanically modulated (275 Hz) continuous wave
argon ion laser pump beam and by measuring the change
in transmission of a tungsten-halogen probe beam through
the sample (ΔT) with a phase sensitive lock-in amplifier
after dispersion with a monochromator and detection
using Si, InGaAs, and cooled InSb detectors. The pump
power was typically 50 mW with a beam diameter of
2 mm. The signal intensity (ΔT T−1) was corrected for
the photoluminescence, which was recorded in a separate
experiment. Samples were measured in ambient atmo-
sphere (290 K). The error is estimated to be <5%, but
depends on the signal intensity and the transmission of
the sample. Any error in the overlap of the beams is
cancelled out by dividing the signals taken at different
wavelengths.

Overlayer of spiro-MeOTAD

Sample 27

Sample 27

ECN SEI 1μm WD15 mm

SnO2:F

15 kV x25,000

Figure 1: SEM cross-section of a ssDSC: the overlayer of the spiro-
MeOTAD is visible on the top of the TiO2 film.

3. Results and Discussion

3.1. SEM Characterization and Filling Fraction Analysis. A
typical example of an ssDSC cross-section is shown in
Figure 1. The SnO2 : F layer on the conducting glass is
clearly visible. The degree of the penetration of the spiro-
MeOTAD into the TiO2 is visually often not apparent and
the composite often appears as a monolithic layer. The spiro-
MeOTAD overlayer however is evident and measurable in
the SEM image. ssDSC cross-sections showing a range of
overlayer thicknesses are shown in Figure 2. The images
A and B in Figure 2 have relatively thick spiro-MeOTAD
overlayers, with visible striations apparently produced in the
spin-coating process step. While the upper edge in Image C
of Figure 2 is smooth, it is not resolvable whether there is
a continuous spiro-MeOTAD overlayer or not. The existence
of this layer was only deduced by the electrical measurements
described below. The topmost edge of the sample in Image
D appears to have a rougher surface, with particles clearly
visible, indicating that there is no overlayer present, or that
the overlayer may be shortened by the particles sticking up.

In order to calculate the filling fraction in (1a) and
(1b), the thicknesses of the spiro-MeOTAD overlayer and
of the TiO2 film were measured by SEM. The porosity was
taken to be 68% [19], which is typical for unsensitized
TiO2 films. The influences on the porosity due to sample
variation, the presence of the dye, double layer or solvation
effects, were not taken into account here. The focus is to
identify the influential parameters and the trends observed
in the pore filling due to the variation of spiro-MeOTAD
concentration. Figure 3 shows the range of filling fractions,
as calculated using (1a) and (1b), plotted as a function of the
concentration of spiro-MeOTAD in solution, for the ssDSC
samples in this study. The relationship of tWET to the spiro-
MeOTAD concentration is plotted in Figure 4(a).

3.2. I-V Characteristics. The short circuit currents and fill
factors are plotted in Figure 4(b) for some samples with
spiro-MeOTAD concentrations of 100 and 200 mg mL−1.
Cells having no overlayer (as for all samples with
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ECN SEI WD 7 mm15 kV Y = 0.578μmSample 12

(a)

ECN SEI 1μm WD 8 mm15 kV x25,000Sample 13

(b)

ECN SEI WD 7 mm100 nm15 kVSample 32 x50,000

(c)

ECN SEI WD 7 mm100 nm15 kV x50,000Sample 15

(d)

Figure 2: SEM cross-sections of ssDSCs with overlayers of (a) 580 nm; (b) 190 nm (C) ∼10 nm and (d) 0 nm.

25 mg mL−1spiro-MeOTAD) are short circuited due to the
direct connection between the TiO2 electrode and the
counter electrode. It is interesting to note, however, that
the sample with an overlayer of only ∼10 nm (as shown in
Figure 2(c)) performs with roughly the same efficiency as
those cells with much thicker overlayers. (See supplementary
material available at doi: 10.1155/2011/513089).

3.3. Desorption to Measure Mass. After dissolving the ssDSC
in chlorobenzene for 1 hour, the concentration of spiro-
MeOTAD was determined using Beer’s law, as pioneered by
Ding et al. [19]. The change in UV-vis absorption, at 390 nm,
of the desorbed sample was measured spectroscopically and
compared to the optical densities, at the same wavelength,
of solutions with known spiro-MeOTAD concentrations.
Lambert-Beer’s law was experimentally verified to be valid
in the range of 25–300 mg mL−1.

3.4. Calculated Mass. As an alternative to using the desorp-
tion measurements to determine the spiro-MeOTAD mass,
the mass was calculated using (2), which involves using three
measured parameters: the thicknesses of the TiO2 and the
overlayer, tTiO2 and tOL, (to express volumes with assumed

areas of 1 mm2), and the density, ρ; one parameter retrieved
from the literature, the porosity, p; the parameter of interest,
the filling fraction, F.

spirocalc mass

= ((tTiO2 1∗ mm2)∗ p ∗ F +
(
tOL ∗ 1 mm2))∗ ρ.

(2)

The calculated mass in the pores is the quantity expressed in
(2) minus the second term, that is, the contribution of the
overlayer. The density of spiro-MeOTAD was determined to
be 1± 0.1 g/cm3, as detailed in the experiment section.

The observed desorbed mass agrees with the calculated
total mass of spiro-MeOTAD (2) at low concentrations, but
is significantly lower at higher concentrations (Figure 5).
One explanation is that the films infiltrated with higher
spiro-MeOTAD concentrations may require a longer des-
orption time than 1 hour to completely desorb all the
spiro-MeOTAD. The desorbed TiO2 films were examined
spectroscopically, but were too scattering to give meaningful
data. On the other hand, Ding et al. [19] also used desorption
times of one hour and confirmed the total desorption of the
spiro MeOTAD by XPS. Another possibility that is explored
below, is that the calculated mass does not take into account
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Figure 3: Filling fraction versus spiro-MeOTAD concentration, cal-
culated according (1a) and (1b), for samples with TiO2 thicknesses
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the effect of increased viscosity at higher spiro-MeOTAD
solution concentrations, which lowers the capillary force to
draw the liquid into the oxide matrix (see (6) below).

3.5. Characteristic Penetration Length. By multiplying the
filling fraction by the thickness of the TiO2 film, a charac-
teristic penetration length (CPL) may be determined:

CPL = F ∗ tTiO2 . (3)

The term “characteristic penetration length” may suggest
that the solution penetrates the film from top to bottom,
infiltrating all the porous spaces equally, but this is not
realistic considering the experimental evidence that there
is typically no concentration gradient across the ssDSC
[15, 17, 18]. The TiO2 particulate film is composed of
pores of various diameters which randomly branch and
neck, and the primary infiltration mechanism is thought
to be capillary action [19], which depends on the pore
diameter. Nevertheless, it is a way of comparing the relative
filling of one film with another. The CPL is found to
be a constant, for all ssDSCs of a given spiro-MeOTAD
concentration, independent of film thickness. (Please see
supporting information for electrical characteristics.)

The mass, m, is related to the CPL through (4), using the
volume (area, A, times length, CPL), porosity, p, and density,
ρ.

m = A∗ CPL∗ ρ ∗ p

= 1 mm2 ∗ (tTiO2 ∗ F
)∗ ρ∗ p.

(4)

Equation (4) is the same as (2) minus the overlayer. In
Figure 5, the experimentally desorbed mass (which includes
the overlayer) for ssDSCs of different spiro-MeOTAD con-
centrations are compared to the calculated total mass, as
well as the calculated mass in the pores (or equivalently, the

CPL times porosity). The filling fraction used in the calcu-
lated quantities overestimates the mass of spiro-MeOTAD
infiltrated in the pores. (Equivalently, we could have used
the desorbed mass (see supplementary materials) and (2)
to compare empirical filling fractions to filling fractions
calculated with (1a) and (1b), with the latter similarly
overestimating the experimental.) While the filling fraction
allows for variations in wet overlayer thicknesses, tWET, it
does not account for the effect of viscosity on the capillary
infiltration force. Therefore a correction based on viscosity is
proposed to bring the CPL, and the filling fraction, F, more
in line with the observed desorbed mass.

The relationship between tWET and the spiro-MeOTAD
concentration is an exponential one, as shown in Figure 4(a),
suggesting that the higher concentrations have a higher
viscosity, requiring more centrifugal force to be spun off than
lower concentrations of spiro-MeOTAD. The film thickness,
as determined by spin-coating at a fixed speed, is a balance
between the drying rate and the radial shear force on the
solution. The viscosity of the solution is the resistance of
the solution to deformation by the shear force. For many
materials, up to concentrations of 50%, the viscosity of
solution increases for higher concentrations of solute [16].
The results show that spiro-MeOTAD in chlorobenzene also
follows this trend.

An empirical correction factor may be proposed to
account for the exponentially thicker layer at higher con-
centrations. Extrapolating the exponential function to a
concentration of 0 mg mL−1 gives a tWET0 of 3.5 microns, the
value at which the CPL-based calculation agrees well with
the calculated mass. The data shows that an increase in the
viscosity with concentration has an inverse impact on the
penetration length. Therefore the CPL may be adjusted with
the ratio of tWET0/tWET to account for this effect. Indeed, an
improved characteristic length which is more in line with
the experimental results is obtained, as indicated in (5), and
plotted in Figure 5

CPLcorr = CPL∗ tWET0

tWET
, Fcorrected = F ∗ tWET0

tWET
. (5)

This may be useful to estimate the extent of filling of
spiro-MeOTAD in the pores of a TiO2 nanoparticulate film.
The penetration of a solution into a wetted capillary, or
porous medium, is described by the Lucas-Washburn [20–
22] equation, in which � is the penetration length, reff is the
effective hydrodynamic pore radius, γ is the surface tension,
η is the viscosity, θ is the contact angle, and t is the time, as
given in (4)

l2 =
(
γ

η

cos θ
2

)
refft. (6)

Equation (6) shows that the penetration length is a function
of the viscosity of the penetrating solution. The application
of this equation requires a determination of the effective
radius in the tortuous particulate TiO2 film, which, for
example, has been performed for alumina packed beds [21].
It clearly shows the relationship of viscosity to penetration
length and may be the focus of future work in understanding
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Figure 5: The scale of the CPL (μm), times the porosity (%), is the
same as the one for the desorbed mass (μg) for spiro-OMeTAD with
a density of 1 g/cm3 (see text). Average calculated and experimental
values of the mass are plotted versus spiro-MeOTAD concentration.
The experimentally determined mass desorbed from the samples
(�) is much lower than the calculated total mass (�) and should
be greater than the calculated mass in the pores (�) because
the former also includes the overlayer. The uncorrected CPL (•)
is equal to the calculated mass in the pores (�). These values
indicate that the filling fraction overestimates the amount of spiro-
MeOTAD which actually infiltrates the pores. The correction for
viscosity effects (©) for higher concentrations of spiro-MeOTAD
gives an improved value for the CPL, or calculated mass in the pores.
(The standard deviation of all CPL and desorbed mass values is
<0.12 μm.)

and optimizing the infiltration of a hole conductor into
a TiO2 film. Understanding the pore filling mechanism
reflected by the filling fraction is a key to optimizing the pore
filling. References to the CPL in this paper from this point on

will refer to the CPLcorr, which is corrected for the effects of
viscosity.

3.6. Photoinduced Absorption Spectroscopy: Relation to Filling
Fraction. The photoinduced absorption spectroscopy tech-
nique allows optical detection of excited species generated
by photoexcitation, such as the oxidized states of the dye,
Z907, and the hole conductor, spiro-MeOTAD, in a ssDSC.
After injection of the electron by the dye into the conduction
band of the TiO2, the dye cation is normally regenerated to
its neutral state by an electron from the spiro-MeOTAD after
a period ranging from less than ps to greater than ns [6]. In
the absence of a hole conductor, an electron from the TiO2

recombines with the oxidized dye cation after a period of
hundreds of microseconds [2], during which the absorption
spectrum of the oxidized dye may be observed.

When spiro-MeOTAD perfectly infiltrates the sensitized
TiO2 film and regenerates the dye, the photoinduced
absorption features of the oxidized dye are replaced with
that of oxidized spiro-MeOTAD [6, 7, 15, 17, 18]. In
the extended visible spectral range (400–1000 nm), many
signals may overlap due to contributions of the oxidized dye
(absorption and bleaching bands) [23], electrons in TiO2

[24, 25], and oxidized spiro-MeOTAD [18]. This confluence
of signals in the visible region makes it very difficult to
analyze spectra. Even when the separate spectral features
of the oxidized dye and spiro-MeOTAD are known, near
steady state photoinduced absorption spectra in the spectral
range of 400–1000 nm cannot always be fitted with a linear
addition of the independent oxidized dye or hole-conductor,
because the electron density of the TiO2 surface may lead
to spectral shifts in the ground state absorption of dyes and
thereby to additional spectral variations near the bleaching
band [17]. Alternatively, the observation window may be
extended to the near infrared region of the spectrum, where



International Journal of Photoenergy 7

oxidized spiro-MeOTAD shows a broad absorption band and
the oxidized ruthenium dyes do not absorb. This strategy
was used by Snaith et al. in a qualitative analysis of their
photoinduced absorption spectra [18].

The PIA spectrum of only the dye Z907 on TiO2 reveals
a positive ΔTT−1 signal (i.e., bleaching) with a maximum
at 515 nm, and a negative signal (i.e., absorption) peaking
between 750–800 nm. (Figure 6(a)). The spectral shape is
very similar to that reported for TiO2 films sensitized
with the well-studied and structurally similar dyes N3
(cis-Ru(dcbpy)2(NCS)2) [12–14, 26] and N719 (its bis-
deprotonated analog) [27]. Therefore, we can safely attribute
the positive signal to the bleaching band of Z907 and the
negative signal to the absorption band of oxidized Z907.
Additionally, a weak absorption tail of electrons in TiO2

− is
present in the visible to near infrared region [24, 25].

Although steady-state spectra of chemically oxidized
spiro-MeOTAD in solution [28, 29] as well as spectroelectri-
cal studies [29] of spiro-MeOTAD in TiO2 films are available,
spectral near steady-state PIA features of optically oxidized
spiro-MeOTAD in the solid state may provide slightly
different absorption features. Therefore [70]PCBM was used
as a photosensitizer to generate a photoinduced absorption
spectrum (Figure 6(a)) of oxidized spiro-MeOTAD in a
solid composite blend with [70]PCBM on TiO2 and in the
absence of dye Z907. [70]PCBM is used because it can be
photoexcited and accept electrons from spiro-MeOTAD [29–
31], as a result of its strong ground state absorption in the
visible region and strong electron accepting properties [32].
The PIA spectrum of the [70]PCBM:spiro-MeOTAD mixture
in TiO2 reveals two absorption bands in the visible region at
ca. 515 nm (2.41 eV) and 700 nm (1.68 eV), and one in the
near infrared at 1500 nm (0.83 eV) as shown in Figure 6(a).
These three bands are attributed to oxidized spiro-MeOTAD,
because of good agreement with previously reported spectra
that were obtained by stepwise chemical oxidation [28, 29]
or in spectroelectrical studies [29, 33]. In dichloromethane
solution, Struijk found two absorption bands in the visible, a
strong band at 521 nm and a less intense band at 678 nm, and
one in the near infrared, at 1514 nm, after stepwise chemical
oxidation [28] A 5–25 nm shift is typically observed when
comparing the spectra of a photoactive species in solution to
one in the solid state and is due to molecular interaction with
the local environment.

Having established the separate contributions of oxidized
Z907 and spiro-MeOTAD, it is possible to analyze PIA spec-
tra of TiO2 films containing both Z907 and spiro-MeOTAD.
For ssDSCs, the PIA spectrum strongly changes with increas-
ing spiro-MeOTAD concentration from 25 to 180 mg mL−1

(Figure 6(b)). For the lowest concentration, the absorption
maximum at 780 nm and the presence of a bleaching band
below 600 nm (Figure 6(b)) are signatures of oxidized Z907.
Contributions of oxidized spiro-MeOTAD are visible from
the band at 1450 nm, and from its absorption between 550
and 800 nm. This latter absorption peak overlaps with the
bleaching band of the dye and thereby causes an altered form
of the positive ΔTT−1 band below 600 nm, as compared
to the dyed film without spiro-MeOTAD (Figure 6(a)). For
the highest concentration of spiro-MeOTAD the absorption

maxima of the bands are 515, 730, and 1450 nm, in good
correspondence to the spectrum obtained for the film
using [70]PCBM as photosensitizer. This indicates that at
the highest concentration, the major part of the dye is
regenerated by spiro-MeOTAD. However, comparison of the
spectrum of the ssDSC, with 180 mg mL−1 spiro-MeOTAD,
with that of the spiro-MeOTAD/PCBM blend (Figure 6(c))
shows that even for the highest concentration of spiro-
MeOTAD (triangles), there is still some oxidized dye present
(visible by the bleaching band at 565 nm and the additional
absorption around 750 nm). Furthermore, the additional
absorption in the region 850–1200 nm may be explained with
the absorption of free electrons in TiO2 [24].

Overall, with increasing spiro-MeOTAD concentration,
two major spectral changes occur: (1) between 750 and
850 nm the ΔTT−1 signal intensity reduces (relative to the
1450 nm peak) and (2) between 525 and 600 nm the positive
(i.e., bleaching) signal turns into a negative (i.e., absorption)
signal (Figure 6(b)). With increasing spiro-MeOTAD con-
tent, both absorption changes are due to lower contribution
of the strong absorption (around 800 nm) and bleaching
(around 565 nm) of oxidized Z907, relative to oxidized spiro-
MeOTAD. By plotting the absorbance at 565 nm versus that
at 825 nm, as in Figure 7(a), a linear relation is found with
increasing spiro-MeOTAD concentration, when the spectra
is normalized at the spiro-MeOTAD 1450 nm peak. This
indicates that the spectral changes are due to the same
photoexcited species, which we conclude is the oxidized dye.

Plotting all the data gives a slope of −2.0, but the
PIA signal (ΔTT−1) of those samples with the lowest
concentration of spiro-MeOTAD are much more scattering
than the rest of the samples. They are a bilayer, in which
the effective refractive index of one layers is the average of
spiro-MeOTAD, TiO2 and air and the other layer is only
an average of TiO2 and air, and is consistent with other
observations of concentration gradients in samples with
low concentrations of spiro-MeOTAD [17]. These samples
clearly scatter the light differently than a single composite
layer of spiro- MeOTAD, TiO2 and air. Highly scattering
samples may dramatically influence the accuracy of the PIA
measurement by lowering the magnitude of both ΔT and
T−1, introducing a large error in their ratio. When these
points are disregarded, the linear fit has a slope of −2.2. A
line with a slope of −2.4 is also plotted to show that this
slope is also within the accuracy of the measurement and/or
the fit. A slope of −2.4 is expected because the ratio of PIA
signal intensities at 565 nm to 825 nm for the dye on TiO2

alone, without spiro-MeOTAD, is −2.4. (Figure 6(a)). The
ratio of the dye cation absorption peak at 825 nm, or at
565 nm, to the spiro-MeOTAD cation peak at 1450 may be
used to extract the relative dye cation concentration from the
absorption spectrum of the ssDSC.

The PIA signal intensities for the 565 nm and 825 nm
peaks, relative to the 1450 nm spiro-MeOTAD peak, are
plotted as a function of filling fraction in the inset of
Figure 7(b). Because the filling fraction is a nondimensional
measure of concentration, it has an exponential relationship
to the transmitted light intensity, as predicted by the
Beer-Lambert law, given in (7), where I is intensity, εi is
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Figure 6: Photoinduced absorption spectra of (a) dye Z907 in TiO2 (©), and [70]PCBM blended with spiro-MeOTAD on TiO2 (�,
multiplied with a factor of 40); (b) TiO2 sensitized with dye Z907, with spiro-MeOTAD, normalized at the peak at 1400–1500 nm (0.83–
0.89 eV), using spiro-MeOTAD concentrations of 25 (�),45 (•), 90 (�), and 180 (�) mg mL−1; (c) spectrum of a ssDSC: sensitized
(Z907) TiO2 infiltrated with a high concentration of spiro-MeOTAD (200 mg mL−1), (�); compared with the spectrum of the spiro-
MeOTAD/PCBM blend, (�). Spectra were recorded using excitation wavelengths of 514 nm (a, c) and 458 nm (b, c). (d) Frequency-
dependent PIA intensities for TiO2 samples sensitized with dye Z907, infiltrated with 45 (�) or 180 (�) mg mL−1 spiro-MeOTAD solution.
The measurements were recorded at 1.05 eV (1180 nm). The solid lines are fits to the data (13) and result in steady-state lifetimes of 115 and
995 μs for the low and the high spiro-MeOTAD concentration, respectively.

the extinction coefficient of species i, ci is the concentration
of species i and l is path lengt.

log
(
I0

I

)
=
∑

εici l

= εdye cation cdye cation l + εspiro MeOTAD cspiro MeOTADl.

(7)

Normalizing the data at the spiro-MeOTAD peak at 1450 has
two effects: (i) the observed signal at the 825 nm peak is now
a ratio of the signals at the 825 and 1450 nm peaks and (ii)
the expression (ε1450

spiro+ ∗ c1450
spiro+ ∗ l) is set to a magnitude of

one. The Beer-Lambert law for the normalized data may be
written as shown in (8) and simplified with the introduction

of constants for the ratio of the extinction coefficients for the
respective peaks, as shown in (9)

log (ΔI)825

log (ΔI)1450

=
(
ε825

spiro+cspiro+ l + ε825
dye+cdye+ l

)
ε1450

spiro+cspiro+ l

=
ε825

spiro+

ε1450
spiro+

+
ε825

dye+cdye+ l

ε1450
spiro+cspiro+ l

(8)
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Figure 7: (a) ΔTT−1 signal intensities relative to the peak at 1450 nm, for 565 nm ((ΔT565 nmT565 nm
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−1), y-axis)
compared to 825 nm ((ΔT825 nmT825 nm

−1)/(ΔT1450 nmT1450 nm
−1), x-axis). The solid line is a linear fit to the data, excluding the highly

scattering points at the lowest concentration: y = −2.2x + 0.5. The dashed line shows y = −2.4 x + 0.55. (b) The ln(relative PIA
signal at 825 nm)/2.3 is plotted against the concentration times length (mol cm L−1). The spiro-MeOTAD concentrations are 45 (�), 90
(�), 100 (	) mg mL−1; 180 (©) mg mL−1; 200 (�) mg mL−1. Inset: ΔTT−1 signal intensity relative to the peak at 1450 nm, for 825 nm
((ΔT825 nmT825 nm
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−1), �) and for 565 nm ((ΔT565 nmT565 nm
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) compared to the filling fraction

obtained in Section 2.1. The data are fitted with exponential functions: y = −2∗exp(−x/0.1) + 1.1 (solid line) and−1∗exp(−x/0.1) + 0.75.

= B+A∗
(
cdye+

cspiro+

)
, where A =

⎛⎝ ε825
dye+

ε1450
spiro+

⎞⎠, B =
⎛⎝ε825

spiro+

ε1450
spiro+

⎞⎠.
(9)

If the extinction coefficients and the concentrations of the
dye and spiro MeOTAD cations are known, then (9) is
quite useful. But, it is also possible to reformulate (8)
so that the normalized PIA signal provides a measure of
the dye cation population, relative to the concentration of
spiro-MeOTAD present, without knowledge of the respective
extinction coefficients or cation concentrations. It is quite
evident that the dye cation population, that is, those dyes that
are not regenerated by the hole conductor, is related to the
concentration of the hole conductor, and so we can let the
ratio of the dye cation density to the spiro-cation density be
a function of the spiro-MeOTAD concentration, as expressed
in (10). Now, a relationship between the normalized PIA
signal and the concentration of spiro-MeOTAD can be
written using an effective extinction coefficient as shown in
(11)

let
cdye+

cspiro+
= f

(
cspiro

)
= ξ ∗ cspiro,

let ε′effective =
ε825

dye+

ε1450
spiro+

∗ ξ

l
,

(10)

log (ΔI)825

log (ΔI)1450
= B + ε′effective ∗ cspiro ∗ l. (11)

It is interesting to apply (11) to the PIA data, using
the CPL (i.e., F ∗ tTiO2 ) in (12), to calculate the effective
extinction coefficient, with units of M−1 cm−1, of the relative
intensity signal at 825 nm, as plotted in Figure 7(b).

cl
[

mol cm
L

]
= ρ

MspiroMeOTAD
∗ p ∗ F ∗ tTiO2

= 1000 g/L
1230 g/moL

∗ 0.68∗ CPL
[
μm
]∗ cm

104 μm
.

(12)

Figure 7(b) shows that the data may be linearly fitted for all
concentrations higher than 25 mg mL−1. The error bars are
based upon the deviation of a group of three measurements,
and the line has an intercept of 0.16 ± 0.02 and the slope,
−814 ± 120. The slope of this line is the effective extinction
coefficient for this system. Here, as in the linear fit of
the optical data plotted in Figure 7(a), the data points for
the very low concentrations of spiro-MeOTAD were not
included in the linear fit. Furthermore, in the event of
a bi-layer (TiO2 + spiro-MeOTAD + air |TiO2+ air), the
relationship between the spiro-MeOTAD concentrations and
the dye and oxidized spirocations, assumed in (10), would
break down. Indeed, as the concentration of spiro-MeOTAD
approaches zero, so will the concentration of spiro-MeOTAD
cation, and the expression for ξ will become undefined
and very near to this singularity, the relationship becomes
superlinear. Despite these considerations, employing this
relationship is useful for interpreting the data in the range
of concentrations from 45 mg mL−1 up through at least
300 mg mL−1.
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It is possible to estimate the magnitude of c ∗ l that is
necessary to eliminate the dye cation signal. By extrapolating
the linear fit in Figure 7(b) to the case where there is no
signal from the dye cation, that is, to y = 0, the abscissa,
c ∗ l, is equal to 1.71 × 10−4 ± 2.6 × 10−5 M cm, which
can be converted to a CPL of 3.1 ± 0.46μm using (12).
The average (corrected) CPL of the samples with spiro-
MeOTAD concentrations of 200 mg mL−1 is 1.4. Comparison
of these two values shows that a doubling of the characteristic
penetration length of spiro MeOTAD is required, than
currently achieved, in order to be able to regenerate, and
thus functionalize, all the dye molecules in a conventionally
sensitized ssDSC.

A sample may have a filling fraction of 90% but if the
10% of the remaining pore space (i.e., narrow pores) contain
a third of the dye molecules then the filling is not optimum.
Usually high filling fractions can be only achieved with
films not greater than 2–2.5 microns. Thicker films would
lead to higher light absorption, higher currents, and higher
efficiencies. Indeed, the liquid electrolyte DSC’s are routinely
made to be 8–10 microns thick. Equation (6) shows that the
penetration depth of the capillary force depends on viscosity,
wetting and the pore radius. (We can assume, as did Snaith
et al. [18] that the chlorobenzene completely wets the TiO2.)
In this case, optimization of the pore filling should address
the viscosity of the concentrated spiro-MeOTAD and/or the
effective pore radius of the TiO2 film, to optimize the amount
of spiro-MeOTAD which can infiltrate into the pores by
capillary action.

The PIA measurements in this work were made at
a frequency of 275 Hz, very near the crossover point of
the two curves in Figure 6(d), at which there is little
variation of signal intensity with spiro MeOTAD concen-
tration, and appropriate for a measurement relative to a
constant spiro MeOTAD contribution and the analysis used
above. However, to quantitatively determine the number
of [non]regenerated cations, or the HTY, the extinction
coefficients of the two species must be independently known,
and the effect of lifetime upon the measurement must
be taken into account. The magnitude of the PIA signal
is proportional to g, the efficiency of generation of the
photoinduced species; I , the pump intensity; τs the lifetime
of a photoexcitation under steady-state conditions, and α =
(2vτs)−1.

− ΔT ∝ gIτsα tanhα
(α + tanhα)

. (13)

This equation can be used to detect τs from chopper
frequency-dependent PIA measurements. This results in
steady-state lifetimes of τs = 115μs for a low spiro-MeOTAD
concentration of 45 mg mL−1 and to τs = 995μs for a four
times higher spiro-MeOTAD concentration. Such nonequal
lifetimes with different hole conductor concentrations com-
plicate quantitative determination of hole transfer yields
using near steady-state photoinduced absorption spectra,
because the lifetimes are shorter than the period of the chop-
per (ν−1 = 3.6 ms). In this case, an increase in lifetime leads
to an increase in PIA intensity. For lifetime-independent
and hence more quantitative detection using near-state PIA

measurements, much higher frequencies would be required.
For example, when measuring at 10 kHz, an increase in
lifetime from 0.1 to 1 ms would lead to an increase in
PIA intensity as a result of the increased lifetime of only
4%.

This analysis shows that a single PIA measurement at two
different wavelengths (825 nm and 1450 nm) can be used as a
measure for the hole transfer yield (HTY). Furthermore, this
method is more robust than the previous method described
by Kroeze et al. [15] In that the quantification may be
obtained from a single measurement set, therefore it is not
necessary to measure the ssDSC before and after filling with
the hole conductor which requires that the light intensities
and sample repositioning must be as identical as possible.

4. Conclusions

We prepared ssDSCs with a range of TiO2 thicknesses
and filling fractions. The calculated mass based on the
filling fraction, as proposed by Snaith, was greater than
the experimentally desorbed mass. Because the effects of
viscosity were observed in the thicknesses of the spiro
MeOTAD films spun on flat substrates, a correction factor
was proposed for the filling fraction to account for the effects
of viscosity in capillary infiltration. According to the Beer-
Lambert law, it was shown that PIA signal is related to the
filling fraction, and the CPL, through an effective extinction
coefficient, which was determined for this material system,
allowing the relative dye cation density to be deduced. The
optimum value of the CPL, for the sample range of 1.4
to 5 μm investigated here, was determined to be 3.1 ± 0.46
microns which is roughly double the average CPL for the
samples used in this study (see supplementary material). This
suggests that a solution with a higher concentration of hole
conductor and a lower viscosity and/or a greater effective
pore radius in the TiO2 film is necessary to minimize the
thickness of the overlayer, increase the penetration length
of the spiro-MeOTAD and to optimally functionalize all the
dye molecules in an ssDSC. In other words, for the solid
electrolyte to achieve the same intimate contact with the dye
molecules as a liquid electrolyte, the infiltration conditions
must be engineered so that a more concentrated solution will
enter the pores, either by altering the viscosity of the spiro-
MeOTAD solution and/or by altering the pore radii of the
TiO2 film.
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Five heteroleptic ruthenium complexes having different β-diketonato ligands, [Ru(tctpy)(dppd)(NCS)] (1), [Ru(tctpy)(pd)(NCS)]
(2), [Ru(tctpy)(tdd)(NCS)] (3), [Ru(tctpy)(mepd)(NCS)] (4), and [Ru(tctpy)(tmhd)(NCS)] (5), where tctpy = 4,4′,4”-tricarboxy-
2,2′:6′,2′′ -terpyridine, pd = pentane-2,4-dione, mepd = 3-methylpentane-2,4-dione, tmhd = 2,2,6,6-tetramethylheptane-3,5-
dione, tdd = tridecane-6,8-dione, and dppd = 1,3-diphenylpropane-1,3-dione, were synthesized and characterized. These
heteroleptic complexes exhibit a broad metal-to-ligand charge transfer absorption band over the whole visible range extending
up to 950 nm. The low-energy absorption bands and the E(Ru3+/2+) oxidation potentials in these complexes could be tuned to
about 15 nm and 110 mV, respectively, by choosing appropriate β-diketonate ligands. Molecular orbital calculation of complex
1 shows that the HOMO is localized on the NCS ligand and the LUMO is localized on the tctpy ligand, which is anchored to
the TiO2 nanoparticles. The β-diketonato-ruthenium(II)-polypyridyl sensitizers, when anchored to nanocrystalline TiO2 films for
light to electrical energy conversion in regenerative photoelectrochemical cells, achieve efficient sensitization to TiO2 electrodes
with increasing activity in the order 5 < 4 < 3 ≈ 2 < 1. Under standard AM 1.5 sunlight, the complex 1 yielded a short-circuit
photocurrent density of 16.7 mA/cm2, an open-circuit voltage of 0.58 V, and a fill factor of 0.64, corresponding to an overall
conversion efficiency of 6.2%. A systematic tuning of HOMO energy level shows that an efficient sensitizer should possess a
ground-state redox potential value of > +.53 V versus SCE.

1. Introduction

Dye-sensitized solar cells (DSCs) have attracted a great deal
of attention as one of the promising solar-to-electricity
power conversion devices because of their high efficiency and
their potential of low-cost production [1–6]. The properties
of photosensitizers are one of the most important factors
that influence the solar cell performance. Two outstanding
Ru(II) polypyridyl sensitizers for nanocrystalline TiO2 solar
cells so far reported are [Ru(dcbpy)2(NCS)2{(C4H9)4N}2]
and [Ru(tctpy)(NCS)3{(C4H9)4N}3], where dcbpy is 4,4′-
dicarboxy-2,2′-bipyridine and tctpy is 4,4′,4′′-tricarboxy-
2,2′:6′,2′′-terpyridine, yielding solar to electric power con-
version efficiency of over 11% under standard AM 1.5

condition [5, 7–9]. To get an efficient solar cell performance,
the sensitizer should fulfill several requirements, including
that (i) the dye’s absorption spectrum should overlap with
the solar spectrum to get maximum power conversion, (ii)
the excited state should have enough thermodynamic driving
force for the injection of electrons into the conduction band,
and (iii) the redox potential should be sufficiently positive
so that the neutral sensitizer can be regenerated via electron
donation from the redox electrolyte. Molecular design of
new sensitizers for nanocrystalline TiO2 solar cells that can
absorb all solar radiation is a challenging task. The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) have to be maintained at the
levels where photoinduced electron transfers into the TiO2
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conduction band. Moreover, the regeneration of the dye by
iodide can take place practically at 100% yield is another
challenge [10].

We have reported a series of ruthenium polypyridyl
complexes where the LUMO energy level of the sensitizer is
systematically tuned, and we show that a sensitizer should
possess excited-state oxidation potential of −0.8 V versus
SCE for efficient charge injection [11–17]. So far, terpyridine
ruthenium(II) complex having one triphenylamine-substi-
tuted β-diketonato chelating ligand exhibits a broad absorp-
tion spectrum covering the visible and near-IR regions and
a high molar extinction coefficient [14]. However, there is no
report of systematic tuning of the HOMO energy level to
elucidate the threshold ground-state redox potential for
efficient dye regeneration. Thus we developed novel sensi-
tizers, where we have systematically tuned the HOMO energy
level by changing the electron donor ability of the β-dike-
tonato ligands such as pentane-2,4-dione (pd), 3-methyl-
pentane-2,4-dione (mepd), 2,2,6,6-tetramethylheptane-3,5-
dione (tmhd), tridecane-6,8-dione (tdd), and 1,3-diphenyl-
propane-1,3-dione (dppd) compared to our previous com-
plex [Ru(4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine)(1,1,1-tri-
fluoropentane-2,4-dionato)(NCS)](R1) as a reference [13].
The molecular structures of the five new terpyridine-
ruthenium(II) complexes [Ru(tctpy)(dppd)(NCS)] (1),
[Ru(tctpy)(pd)(NCS)] (2), [Ru(tctpy)(tdd)(NCS)] (3),
[Ru(tctpy)(mepd)(NCS)] (4), and [Ru(tctpy)(tmhd)(NCS)]
(5) are shown in Figure 1. The photovoltaic performance and
the threshold ground-state redox potential for efficient dye
regeneration in DSCs are discussed.

2. Experimental Details

2.1. Materials. The following chemicals were purchased
and used without further purification: hydrated ruthenium
trichloride (from Aldrich), ammonium thiocyanate (from
TCI), pentane-2,4-dione (pd), 3-methylpentane-2,4-dione
(mepd), 2,2,6,6-tetramethylheptane-3,5-dione (tmhd), tri-
decane-6,8-dione (tdd), and 1,3-diphenylpropane-1,3-dione
(dppd; from Aldrich). Solvents used in synthesis were of
reagent grade. Chromatographic purification was performed
by gel permeation on Sephadex LH-20 (from Sigma). Ru(4,
4′,4′′-trimethoxycarbonyl-2,2′:6′,2′′-terpyridine)Cl3 [7] was
synthesized using literature procedures.

2.1.1. Synthesis of [Ru(tctpy)(dppd)(NCS)] (1). To a solu-
tion of complex Ru(4,4′,4′′-trimethoxycarbonyl-2,2′:6′,2′′-
terpyridine)Cl3 (307 mg, 0.5 mmol) in methanol (100 mL)
were added dppd (448 mg, 2.0 mmol) and Et3N (0.5 mL).
The reaction mixture was refluxed for 8 h, and the solvent
was allowed to evaporate on a rotary evaporator. The
crude complex Ru(4,4′,4′′-trimethoxycarbonyl-2,2′:6′,2′′-
terpyridine)(dppd)Cl was purified on a Sephadex LH-20
column using methanol as eluent. The green color band
was collected and the solvent was allowed to evaporate on
a rotary evaporator. The solid mass obtained was dissolved
in 30 mL of DMF under nitrogen. To this solution 5 mL of an
aqueous solution of NaSCN (300 mg, 3.7 mmol) was added.
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Figure 1: Molecular structures of complexes 1–5 (this work) and
complexes R1–R5 (previous work).

After refluxing for 8 h, 10 mL of Et3N was added and the
solution refluxed for a further 24 h to hydrolyze the ester
groups on the terpyridine ligand. The reaction mixture was
allowed to cool and the solvent volume reduced on a rotary
evaporator to around 5 mL. Water was added to the flask
and the insoluble solid was filtered and dried under vacuum.
The complex Ru(tctpy)(dppd)(NCS) was further purified by
loading onto a Sephadex LH-20 column with water as eluent.
Yield 65%. MS (ESIMS): m/z: 248.2 (M-3H)3−, 372.6 (M-
2H)2−. 1H NMR (300 MHz, D2O-NaOD): δ 8.56 (4H, s),
8.53 (2H, d), 8.02 (2H, d), 7.69 (2H, d), 7.51 (H, d), 7.41
(2H, t), 7.39 (H, t), 6.92 (4H, sm), 6.34 (H, s). Anal. Calcd for
C34H22N4O8SRu·(H2O): C, 53.33; H, 3.16; N, 7.32. Found:
C, 53.03; H, 3.20; N, 7.40.

2.1.2. Synthesis of [Ru(tctpy)(pd)(NCS)] (2). Complex 2 was
synthesized by the method used for 1 using ligand pentane-
2,4-dione (pd). The title compound was obtained as a dark
green powder. [Ru(tctpy)(pd)(NCS)] (2). Yield was 60%. MS
(ESIMS): m/z: 206.7 (M-3H)3−, 310.4 (M-2H)2−. 1H NMR
(300 MHz, D2O-NaOD): δ 8.59 (2H, s), 8.58 (2H, d), 8.51
(2H, d), 7.77 (2H, d), 5.45 (H, s), 2.31 (3H, s), 1.25 (3H,
s)..Anal. Calcd for C24H18N4O8SRu·(H2O)2: C, 43.70; H,
3.36; N, 8.49. Found: C, 43.20; H, 3.45; N, 8.50.

2.1.3. Synthesis of [Ru(tctpy)(tdd)(NCS)] (3). Complex 3 was
synthesized by the method used for 1 using ligand tridecane-
6,8-dione (tdd). The title compound was obtained as a dark
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green powder. [Ru(tctpy)(tdd)(NCS){(C4H9)4N}] (3). Yield
was 56%. MS (ESIMS): m/z: 244.1 (M-3H)3−, 367.4 (M-
2H)2−. 1H NMR (300 MHz, D2O-NaOD): δ 8.41 (4H, s),
8.31 (2H, d), 7.63 (2H, d), 5.21 (H, s), 2.33 (2H, t), 1.60
(2H, m), 1.29 (2H, t), 1.18 (4H, m), 0.65 (2H, t), 0.51 (3H,
m), 0.38 (2H, m), 0.13 (2H, t), 0.02 (3H, m). Anal. Calcd for
C32H35N4O8SRu: C, 52.17; H, 4.79; N, 7.60. Found: C, 51.85;
H, 4.81; N, 7.85.

2.1.4. Synthesis of [Ru(tctpy)(mepd)(NCS)] (4). Complex 4
was synthesized by the method used for 1 using ligand 3-
methylpentane-2,4-dione (mepd). The title compound was
obtained as a dark green powder. [Ru(tctpy)(mepd)(NCS)]
(4). Yield was 35%. MS (ESIMS): m/z: 211.8 (M-3H)3−,
313.3 (M-2H)2−.1H NMR (300 MHz, D2O-NaOD): δ 8.60
(2H, s), 8.58 (2H, d,), 7.78 (2H, d), 2.45 (3H, s), 1.78 (3H, s),
1.32 (3H, s). Anal. Calcd for C25H20N4O8SRu: C, 47.09; H,
3.16; N, 8.79. Found: C, 46.74; H, 3.23; N, 8.86.

2.1.5. Synthesis of [Ru(tctpy)(tmhd)(NCS)] (5). Complex
5 was synthesized by the method used for 1 using
ligand 2,2,6,6-tetramethylheptane-3,5-dione (tmhd). The
title compound was obtained as a dark green powder.
[Ru(tctpy)(tmhd)(NCS)] (5). Yield was 55%. MS (ESIMS):
m/z: 234.6 (M-3H)3−, 352.7 (M-2H)2−, 707.0 (M-H)−.1H
NMR (300 MHz, D2O-NaOD): δ 8.26 (4H, s), 8.13 (2H, d),
7.44 (2H, d), 5.40 (H, s), 1.03 (9H, s), 0.00 (9H, s). Anal.
Calcd for C30H31N4O8SRu · (H2O): C, 49.65; H, 4.44; N,
7.72. Found: C, 49.77 H, 4.62N, 7.89.

2.2. Spectroscopic Measurements. UV-visible spectra were
recorded on a Shimadzu UV-3101PC spectrophotometer.
Steady-state emission spectra were recorded using a grating
monochromator (Triax 1900) and a CCD image sensor. The
spectral sensitivity of the spectrophotometer was calibrated
using a bromine lamp (Ushio IPD100 V 500 WCS). The
emission lifetimes were measured by exciting the sample with
a∼7 ns pulse at 500 nm from an optical parametric oscillator
(Surelite OPO) pumped at 355 nm by a Nd : YAG laser
(Continum Surelite II). The emission decay was followed
on a Tektronix TDS680C digitizing signal analyzer, having
used a Hamamatsu R928 photomultiplier to convert the light
signal to a voltage signal. Dewar vessel was used for the
measurements at 77 K. 1H NMR spectra were recorded by
a Varian 300 BB spectrometer. Electrospray ionization mass
spectra (ESIMS) were obtained on a Micromass Quattro II
mass spectrometer.

2.3. Electrochemical Measurements. The redox potential of
the complexes was measured using a standard three-
electrode apparatus. The counter electrode was a platinum
wire, the working electrode was a ruthenium-complex-
adsorbed conducting nanocrystalline TiO2 film, and the
reference electrode was an Ag/AgCl (saturated aqueous KCl)
in contact with a KCl salt bridge. Cyclic voltammograms
were collected using an electrochemical analyzer. Scan rates
were 0.05–0.5 Vs−1. Acetonitrile was used as solvent and
the supporting electrolyte was 0.1 M tetrabutylammonium

perchlorate. Electrode potential values were calibrated to the
saturated calomel electrode (SCE).

2.4. Preparation of TiO2 Electrode. Nanocrystalline TiO2

photoelectrodes of around 20 μm thickness (area: 0.25 cm2)
were prepared using a variation of a method reported by
Nazeeruddin et al. [7]. Fluorine-doped tin oxide-coated glass
electrodes (Nippon Sheet Glass Co., Japan) with a sheet
resistance of 8–10 ohm−2 and an optical transmission of
>80% in the visible range were used. Anatase TiO2 colloids
(particle size ∼13 nm) were obtained from commercial
sources (Ti-Nanoxide D/SP, Solaronix). The nanocrystalline
TiO2 thin films of approximately 20 μm thickness were
deposited onto the conducting glass by screen-printing. The
film was then sintered at 500◦C for 1 h. The film thickness
was measured with a Surfcom 1400 A surface profiler (Tokyo
Seimitsu Co. Ltd.). The electrodes were impregnated with
a 50 mM titanium tetrachloride solution and sintered at
500◦C. The dye solutions (2 × 10−4 M) were prepared in
1 : 1 acetonitrile and tert-butyl alcohol solvents. Deoxycholic
acid as a coadsorbent was added to the dye solution at a
concentration of 20 mM. The electrodes were immersed in
the dye solutions and then kept at 25◦C for 20 h to adsorb
the dye onto the TiO2 surface.

2.5. Fabrication of Dye-Sensitized Solar Cell. Photovoltaic
measurements were performed in a two-electrode sandwich
cell configuration. The dye-deposited TiO2 film was used as
the working electrode, and a platinum-coated conducting
glass was used as the counter electrode. Two electrodes were
separated by a surlyn spacer (40 μm thick) and sealed up by
heating the polymer frame. The electrolyte was composed of
0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M
I2, and 0.1 M LiI in acetonitrile (AN).

2.6. Photovoltaic Characterization. The working electrode
was illuminated through a conducting glass. The current-
voltage characteristics were measured by using the previously
reported method [18] with a solar simulator (AM-1.5,
100 mW/cm2, WXS-155S-10: Wacom Denso Co. Japan).
Monochromatic incident photon-to-current conversion effi-
ciency (IPCE) for the solar cell, plotted as a function
of excitation wavelength, was recorded on a CEP-2000
system (Bunkoh-Keiki Co. Ltd.). Incident photon-to-current
conversion efficiency (IPCE) at each incident wavelength was
calculated from (1), where Isc is the photocurrent density at
short circuit in mA cm−2 under monochromatic irradiation,
q is the elementary charge, λ is the wavelength of incident
radiation in nm, and P0 is the incident radiative flux in W
m−2

IPCE(λ) = 1240

(
Isc

qλP0

)
. (1)

3. Results and Discussion

3.1. Photophysical Properties. The absorption, emission, and
electrochemical properties of complexes 1–5 and reference
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Table 1: Absorption, luminescence, and electrochemical properties of the ruthenium complexes.

Sensitizer Absorption, aλmax/nm (ε/103 M−1 cm−1) Emission λmax
b /nm Emission τb/ns E (Ru3+/2+)c E∗(Ru3+/2+)d

298 K 77 K 298 K 77 K /versus SCE /versus SCE

1 294 (34.7), 329 (41.7), 440 (16.8), 615 (7.2) 990 930 13 225 +0.57 −0.89

2 293 (22.8) 330 (19.2), 433 (9.8), 622 (4.9) 995 950 11 170 +0.54 −0.89

3 293 (23.9), 331 (23.1), 438 (13.4), 629 (6.5) 1010 960 10 150 +0.53 −0.88

4 293 (32.0), 331 (18.7), 433 (12.2), 620 (5.5) 1010 960 8 147 +0.49 -0.91

5 293 (19.0), 332 (18.7), 435 (9.7), 630 (5.0) 1010 970 ∼7 130 +0.46 −0.92

R1e 293 (27.6), 331 (22.7), 422 (14.7), 606 (7.0) 940 16 +0.68
a
Measured in 4 : 1 v/v ethanol:methanol at room temperature.

bThe emission spectra and emission lifetime were obtained by exciting into the lowest MLCT band in 4 : 1 v/v ethanol:methanol.
cHalf-wave potentials assigned to the Ru3+/2+couple for ruthenium sensitizers bound to nanocrystalline TiO2 film, measured in 0.1 M LiClO4 acetonitrile
solution.
dCalculated from E∗ (Ru3+/2+)) = E (Ru3+/2+) − E0−0; E0−0 values were estimated from the 5% intensity level of the emission spectra at 77 K.
eData taken from [13].

complex [Ru(4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine)(1,1,
1-trifluoropentane-2,4-dionato)(NCS)] (R1) are summa-
rized in Table 1. The absorption spectra of complexes 1,
3, 5, and R1 in ethanol-methanol solution are shown in
Figure 2.The absorption spectra of the sensitizers 1–5 are
dominated in the visible region by absorption between 433
and 630 nm, and in the UV region between 293 and 332 nm.
The bands in the visible region are assigned to metal-to-
ligand charge-transfer transitions (MLCT) and in the UV
region to ligand π–π ∗ transitions of 4,4′,4′′-tricarboxy-
2,2′:6′,2′′-terpyridine [19]. In complexes 1–5, the molar
extinction coefficient of the lowest energy MLCT band
shows in the range of 5000–7200 M−1 cm−1. The low-energy
MLCT absorption bands of complexes 1–5 are red-shifted
from that of R1 complex. The lower energy MLCT band
maximum of complex 1 is observed at 615 nm, which is
red-shifted by around 9 nm compared to that of complex
R1. The molar absorption coefficient of this low-energy
band is 7200 M−1 cm−1 and can absorb entire visible range
of solar emission wavelengths. Substitution of the 1,1,1-
trifluoropentane-2,4-dionato (tfac) ligand with the 1,3-
diphenylpropane-1,3-dione (dppd) in complex 1 destabilizes
the ground state by electron donation to Ru, causing an
increase in the energy of the t2g metal orbital compared to
that of complex R1 and thus red-shifts the lowest-energy
MLCT band. When compared to the complex 1, which shows
a maximum at 615 nm, the lowest MLCT band of complex
5 is red-shifted by around 15 nm because of the stronger
electron-donating nature of the methyl groups present in the
2,2,6,6-tetramethylheptane-3,5-dione ligand of complex 5.

In this study, we have tuned the low-energy MLCT
absorption band of the complexes 1–5 around 25 nm com-
pared to R1 with variation of the diketonato ligands having
different electron-donating strengths (Table 1). The donor
properties of the diketonato ligand decreases in the following
order tmhd > mepd > pd ≈ tdd > dppd > tfac. In the red-
light region, the diketonato complexes 1–5 show a distinct
shoulder at around 720 nm, which is assigned to metal-to-
ligand charge transfer (MLCT) transition (Figure 2) [20].
The enhanced red absorption of these complexes renders
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Figure 2: UV-vis absorption spectra of complexes 1, 3, 5, and R1 in
ethanol-methanol (4 : 1) solution.

them attractive candidates as panchromatic charge transfer
sensitizers for DSCs.

It is well known that the excited-state responsible for
the luminescence of the Ru(II)-polypyridine compounds
is the lowest-energy triplet metal-to-ligand charge-transfer
(3MLCT) state [21]. When excited at the charge transfer
absorption band, complexes 1–5 show an intense emission
at the 77 K ethanol-methanol glass matrix with a maximum
between 930 and 970 nm. In degassed ethanol-methanol
solution at 298 K, the emission spectra become weak and
broad with a small shift to the lower-energy end. All
complexes 1–5 show an emission at 298 K with a maximum
between 990 nm and 1010 nm. The blue shift that occurs for
all of the complexes in the transition from fluid solution
to frozen solvent glass is a common rigidochromic effect
observed in many metal diamine complexes [21, 22]. The
emission spectra of complex 1 in ethanol-methanol mixed
solvents at 77 and 298 K are presented in Figure 3. At 298 K,
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Figure 3: Emission spectra of complex 1 in ethanol-methanol (4 : 1)
solution at 77 K (a) and 298 K (b).

complex 1 exhibits an emission maximum at 990 nm, which
is 50 nm red-shifted compared to that of the R1 emission
and consistent with the shift in the lowest-MLCT absorption
band. The luminescence data are gathered in Table 1. At
77 K, complexes 1–5 displayed excited-state lifetimes ranging
from 225 to 130 ns. The lifetimes decrease significantly with
the increase in temperature, to 7–13 ns in fluid solution at
298 K. The very short-lived excited state in fluid solution
may be caused by efficient nonradiative decay via low-lying
ligand-field excited states [21]. The excited-state lifetime of
all the complexes is long enough for the process of electron
injection into the conduction band of the TiO2 electrode
to make it efficient enough [23, 24]. To become a suitable
sensitizer in DSCs, the band structure of the metal complex
should match the conduction band of the semiconductor
electrode and the redox potential of the electrolyte. The
electrochemical data of the complexes measured in methanol
solution are summarized in Table 1. All the complexes exhibit
quasireversible oxidation wave for the Ru3+/2+ couple ranging
from +0.46 to +0.57 V versus SCE. The formation of an
MLCT excited state of these complexes formally involves the
oxidation of a HOMO having metal t2g orbital character
and reduction of a diimine-based LUMO. Table 1 shows
that the ground-state oxidation potentials (Ru3+/2+) of the
β-diketonato complexes 1–5 are more negative than those
of the complex R1. In these complexes, the energy of the
acceptor orbital (LUMO) remains nearly constant and the
decrease in MLCT transition energy arises mainly from the
increase in the energy of the metal t2g orbital (HOMO).

The excited-state oxidation potential, E∗ (Ru3+/2+), is a
measure of the loss of the electron that is placed in the
π ∗ (terpyridine) LUMO upon excitation. For complexes
1–5, E∗ (Ru3+/2+) values are estimated using equation (2),
where E (Ru3+/2+) is the oxidation potential of the ground
state and E0−0 is the energy difference between the lowest

HOMO

(a)

LUMO

(b)

Figure 4: Graphic representation of the frontier molecular orbitals
of complex 1.

excited and ground states. The resulting E∗ (Ru3+/2+) values
are shown in Table 1. The excited states of complexes 1–5
lie above the conduction band edge (–0.82 V versus SCE)
of the nanocrystalline TiO2 [2]. Efficient electron injection
into the conduction band of the TiO2 is thus possible for
all of complexes 1–5. The oxidation potential values of the
complexes 1–5 lie above the I−3 /I− redox couple (0.07 V versus
SCE) [25]

E∗
(

Ru3+/2+
)
= E∗

(
Ru3+/2+

)
− E0−0. (2)

To get an insight into the electron distribution of this new
series of complexes for better understanding of the charge
injection and dye regeneration process, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of complex 1 were calculated
by using Gaussian-03 program package (Figure 4). The
HOMO of complex 1 is delocalized on Ru metal and
NCS ligand, and the amplitude is primarily delocalized on
the sulfur atom within the NCS ligand. The NCS group
pointing in the direction of the electrolyte may facilitate
reduction of the oxidized dye (Ru3+) through reaction with
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Figure 5: Photocurrent action spectra obtained with complexes 1
(a), 2 (b), and 4 (c) attached to nanocrystalline TiO2 film. The
incident photon-to-current conversion efficiency is plotted as a
function of wavelength. A sandwich type sealed cell configuration
was used to measure this spectrum. The electrolyte composition was
0.6 M DMPII, 0.05 M I2, and 0.1 M LiI in acetonitrile.

I−. The β-diketonato ligand has a negligible contribution to
HOMO. The LUMO has homogeneous amplitudes on the
terpyridine ligand, facilitating the electron injection from the
photoexcited sensitizer to the TiO2 semiconductor.

3.2. Photovoltaic Properties. The photovoltaic performance
of complexes 1–5 on nanocrystalline TiO2 electrode was
studied under standard AM 1.5 irradiation (100 mW cm−2)
using an electrolyte with a composition of 0.6 M
dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, and
0.1 M LiI in acetonitrile. Figure 5 shows the photocurrent
action spectra for complexes 1, 2, and 4 where the incident
photon to current conversion efficiency (IPCE) values is
plotted as a function of wavelength. The maximum IPCE
values of complexes 1–5 are listed in Table 2. Complexes 1–3
achieved efficient sensitization of nanocrystalline TiO2 over
the whole visible range extending into the near IR region.
The most efficient sensitizer in this series was complex 1
that shows an IPCE value of 70% in the plateau region.
Taking into account the reflection and absorption losses
by the conducting glass, the photon-to-current conversion
efficiency in this range reaches around 85%. One of the
possible explanations for this low IPCE value of complex 1
is the aggregation of sensitizer molecules on TiO2 surface.
The red response was improved by replacing dppd with tdd
while injection efficiencies were very low throughout the
visible region (Figure 5). The maximum IPCE values of these
β-diketonato complexes 1–5 decreases with the decrease
in the ground-state oxidation potentials (Ru3+/2+) values.
Complexes 4 and 5 showed a drastically reduced IPCE value

Table 2: Photovoltaic properties of ruthenium polypyridyl sensiti-
zersa.

Sensitizer IPCEmax Jsc (mA cm−2) Voc (V) FF η (%)

1 70 16.7 0.58 0.64 6.2

2 61 14.2 0.57 0.66 5.3

3 54 13.0 0.58 0.70 5.3

4 30 7.6 0.56 0.70 3.0

5 24 6.2 0.45 0.71 2.0

R1b 70 18.3 0.57 0.64 6.7
a
Conditions: sealed cells; coadsorbate, DCA 40 mM; photoelectrode, TiO2

(20 μm thickness and 0.25 cm2); electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2

in AN; irradiated light, AM 1.5 solar light (100 mW cm−2). Jsc, short-circuit
photocurrent density; Voc, open-circuit photovoltage; FF, fill factor; η, total
power conversion efficiency; IPCE, incident photon-to-current conversion
efficiency.
bData taken from [13].

(i.e., <30%) in the plateau region, and this reduction may
be due to the decrease in the dye regeneration rate after
tuning the ground-state oxidation potential toward more
negative range. The recombination rate of injected electrons
with the oxidized dye is an important factor that affects
the electron collection efficiency. The recombination rates
will increase by changing the oxidation values toward more
negative potential. After electron injection, a competition is
setup between charge recombination and iodide oxidation
by oxidized dye. Considering the relative driving force
of these complexes, the charge recombination rates will
increase in the order of 1 < 2 ≈ 3 <4 ≈ 5. The low injection
efficiencies (IPCEmax = 24–30%) of the complexes 4-5
compared to the complexes 1–3 can be explained by the fact
that these complexes have more negative Ru3+/2+ ground
state oxidation potential compared to those of the complexes
1–3 and the back reaction of injected electrons with Ru(III)
competes to regeneration of Ru(II) through reaction with
iodide. The ground-state potential of complex 3 (+0.53 V
versus SCE) offers a minimum limit for the ground-state
redox potential of the dye in the current configuration of the
electrochemical cell and redox couple.

Figure 6 shows the photocurrent-voltage curves obtained
under AM1.5 simulated illumination of the various dye
coated TiO2 electrode systems studied in this work. The
short-circuit photocurrent density (Jsc), open-circuit voltage
(Voc), fill factors (FF), and overall cell efficiencies (η)
for each dye-TiO2 electrode are summarized in Table 2.
The dppd complex 1 shows the best performance in this
series. The solar cell sensitized with complex 1 showed
a photocurrent density of 16.7 mA cm−2, an open circuit
potential of 0.58 V, and a fill factor of 0.64, corresponding to
an overall conversion efficiency (η) of 6.2%. The complexes
4-5 showed poor cell performance (η < 3%) compare to those
of complexes 1–3. The low injection efficiencies (IPCEmax

= 24–30%) of complexes 4-5 decrease the short-circuit
photocurrent density (Jsc), and thus the decrease of overall
cell efficiencies.

Thus, this class of diketonato ruthenium complexes
serves as a basis for further design of new potential sensitizers
by introducing suitable substituents on the diketonato ligand
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Figure 6: Photocurrent voltage characteristics of DSCs sensitized
with the complexes 1 (a) and 2 (b) at AM 1.5 illuminations (light
intensities: 100 mW cm−2. The redox electrolyte consisted of a
solution of 0.6 M DMPII, 0.05 M I2, and 0.1 M LiI in acetonitrile.

to adjust a desired electronic environment on the metal
center for efficient dye regeneration. Since the modifications
of electronic and steric environments in the sensitizing
molecules are possible by changing the substituents on the
diketonate ligand, further improvement in the solar cell
efficiency will be accomplished in the near future.

4. Conclusions

Five new panchromatic photosensitizers based on 4,4′,4′′-
tricarboxy-2,2′:6′,2′′-terpyridine -ruthenium(II) complexes
with one β-diketonato chelating ligand, pentane-2,4-
dione (pd), 3-methylpentane-2,4-dione (mepd), 2,2,6,6-
tetramethylheptane-3,5-dione (tmhd), tridecane-6,8-dione
(tdd), or 1,3-diphenylpropane-1,3-dione (dppd) were devel-
oped, and systematically characterized using electrochemical
and spectroscopic methods. The low-energy MLCT tran-
sitions in these complexes have been tuned by increasing
the donor strength of the β-diketonato ligand to extend
the spectral response of nanocrystalline TiO2 electrodes
to a range of longer wavelengths. The decrease in MLCT
transition energy arises mainly from the negative shift in
the ground state oxidation potential, that is, the energy
of the metal t2g orbital (HOMO).The complexes achieved
efficient sensitization of nanocrystalline TiO2 over the whole
visible range extending into the near IR region (ca. 950 nm).
The photovoltaic data of these new complexes shows 6.2%
power conversion efficiency under standard AM 1.5 irra-
diation (100 mW cm−2). Though complexes 4 and 5 have
superior panchromatic light-harvesting properties compared
to the complex 1, they show poor overall photovoltaic
performance. A sluggish halide oxidation rate and a fast
recombination of injected electron with the oxidized dye due
to unfavorable HOMO energy level are perhaps responsible
for the low cell efficiency of these complexes.
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We designed and developed a new class of thiocyanate-free cyclometalated ruthenium sensitizers for sensitizing nanocrystalline
TiO2 solar cells. This complex shows appreciably broad absorption range. Anchoring to nanocrystalline TiO2 films for light to
electrical energy conversion in regenerative photoelectrochemical cells achieves efficient sensitization to TiO2 electrode. With this
new sensitizer, there were a power conversion efficiency of 4.76%, a short-circuit photocurrent density of 11.21 mA/cm2, an open-
circuit voltage of 0.62 V, and a fill factor of 0.68 obtained under standard AM 1.5 sunlight.

1. Introduction

A molecular system that consists of a wideband gap semi-
conductor photoanode, typically TiO2, an anchored molec-
ular photosensitizer, a redox electrolyte, and a platinized
photocathode is called dye-sensitized solar cells (DSCs)
[1–5]. Among these elements, the sensitizers play a vital
role in DSC. A lot of Ru-complex sensitizers [6–16] and
organic sensitizers have been developed in DSC [17]. So far,
sensitizers such as black dye, N719, and N3 are known as
best sensitizers in DSC. Black dye sensitized nanocrystalline
TiO2 solar cells yielding solar to electric power conversion
efficiency of over 11% under standard AM 1.5 conditions
[12, 13]. Much effort has been made to increase photovoltaic
performance (stability) of a device, towards the development
of sensitizers, electrode, and photoanode material. A way to
improve the stability is the development of a dye without
thiocyanate (SCN) donor ligands because monodentate SCN
is believed to provide the weakest dative bonding within
the metal complexes, making the sensitizer unstable. Few
efforts have been made to replace the SCN donor ligands with
effective pyridyl pyrazolate chelating chromophores [18]
and 2,4-difluorophenyl pyridinato ancillary ligands [19].
More recently, cycloruthenated compounds have been used

as sensitizers for efficient DSC devices [19–24]. Although
the preliminary attempts gave only limited success [20–
24], a superior power conversion efficiency is now achieved
with a novel thiocyanate-free cyclometalated sensitizer [19].
However, further development of new sensitizer is still a
challenging issue for DSC to improve the efficiency. Here,
we report on the new class of thiocyanate-free cyclometalated
ruthenium(II) complex for sensitizing nanocrystalline TiO2

solar cells.

2. Experimental

2.1. Materials. All the solvents and chemicals were of reagent
grade and used as received unless otherwise noted. Chro-
matographic purification was performed by gel permeation
on Sephadex LH-20 (from Sigma).

Synthesis of Complex HIS1. cis-Dichlorobis (4,4′-dicar-
boxy-2,2′-bipyridine)ruthenium (180 mg, 0.27 mmol) and
5-phenyl-3-(trifluoromethyl)-1H-pyrazole (117 mg, 0.55
mmol) were dissolved in ethylene glycol (30 mL), and the
reaction mixture was heated to 170◦C under argon for 2 h.
Then tetrabutyl ammonium hydroxide (1.1 g, 1.37 mmol)
was added to the reaction mixture and further heated to
170◦C under argon for 2 h. After evaporating the solvent,
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Scheme 1: Synthetic route for Bis(4,4′-dicarboxy-2,2′-bipyridine) 5-phenyl-3-(trifluoromethyl)-1H-pyrazole Ruthenium (II).

the resulting solid was dissolved in water (15 mL) and was
titrated with 0.2 M HNO3 to pH 3.8. The reaction mixture
was kept in a refrigerator overnight and allowed to warm
to 25◦C. The resulting precipitation was collected on a
sintered glass crucible by suction filtration. The solid was
dissolved in a basic water solution (pH 10-11) and purified
on a Sephadex LH-20 column by eluting with water. The
yield, 167 mg. 1H NMR (CD3OD with a drop of NaOD): δ
9.04–8.86 (m, 5H), 8.06 (d, 1H), 7.9 (d, 1H), 7.89 (d, 1H),
7.8 (d, 1H), 7.67 (d, 2H), 7.55 (d, 2H), 7.27 (t, 2H), 7.13 (t,
1H), and 6.92 (s, 1H).

2.2. Fabrication of Dye-Sensitized Solar Cell. A nanocrys-
talline TiO2 photoelectrode of 20 μm thickness (area:
0.25 cm2) was prepared by screen printing on conducting
glass as previously described [25]. The films were further
treated with 0.05 M TiCl4 and 0.1 M HCl aqueous solutions
before examination [26]. Coating of the TiO2 film was
carried out by immersing for 45 h in a sensitizer solution of
3× 10−4 M acetonitrile/tert-butyl alcohol (1/1, v/v) solution.
Deoxycholic acid (20 mM) was added to the dye solution as a
coadsorbent to prevent aggregation of the dye molecules [27,
28]. Photovoltaic measurements were performed in a two-
electrode sandwich cell configuration. The dye-deposited
TiO2 film and a platinum-coated conducting glass were used
as the working electrode and the counterelectrode, respec-
tively. The two electrodes were separated by a surlyn spacer

(40 μm thick) and sealed by heating the polymer frame.
The electrolyte was composed of 0.6 M dimethylpropyl-
imidazolium iodide (DMPII), 0.05 M I2, TBP 0.3 M, and
0.1 M LiI in acetonitrile.

3. Results and Discussion

Scheme 1 shows the synthetic approach for the synthesis
of thiocyanate-free cyclometalated ruthenium (II) complex
HIS1.

The absorption spectrum of the complex HIS1 is domi-
nated by metal to ligand charge transfer transitions (MLCTs)
and shows MLCT bands in the visible region at 546 nm with
a molar extinction coefficient of 12 × 103 M−1 cm−1. There
are high-energy bands at 380 nm due to ligand π-π∗ charge
transitions. A comparison of UV-vis spectra of the HIS1 and
N719 complexes is displayed in Figure 1.

To get an insight into the electron distribution of this new
series of complexes for better understanding of the charge
injection and dye regeneration process, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of complex HIS1 were calcu-
lated using Gaussian-09 program package (Figure 2). The
HOMO of cyclometalated complexes of type [Ru(N∧N∧N)
Ru(N∧N∧C)] and [Ru(N∧N)2(C∧N)+] is typically extended
over the metal and, to a lesser extent, the anionic portion of
the cyclometalating ligand [29]. The LUMO typically resides
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Figure 3: Incident photon-to-current conversion efficiency (IPCE)
spectra of complex HIS1 (black line) and N719 (red line).

on the neutral polypyridyl ligands along with low-lying
excited states delocalized over the polypyridyl portion(s)
cyclometalating ligand (Figure 2).

Ionization potential of complex HIS1 bound to nano-
crystalline TiO2 film was determined using a photoemission
yield spectrometer (Riken Keiki, AC-3E). The ground-state
oxidation potentials (Ru3+/2+) value of−5.95 eV obtained for
sensitizer HIS1 was low enough for efficient regeneration of
the oxidized dye through reaction with iodide. The excited-
state oxidation potential, E∗ (Ru3+/2+), of sensitizer HIS1 was
estimated to be −4.18 eV.

Monochromatic incident photon-to-current conversion
efficiency (IPCE) for the solar cell, plotted as a function of
excitation wavelength, was recorded on a CEP-2000 system
(Bunkoh-Keiki Co. Ltd.). IPCE at each incident wavelength
was calculated from (1), where Isc is the photocurrent
density at short circuit in mA cm−2 under monochromatic
irradiation, q is the elementary charge, λ is the wavelength of
incident radiation in nm, and P0 is the incident radiative flux
in Wm−2,

IPCE(λ) = 1240

(
ISC

qλP0

)
. (1)

The photocurrent density-voltage curves and incident
photon-to-current efficiency (IPCE) spectra of the cells
based on sensitizer HIS1 under the illumination of air mass
(AM) 1.5 sunlight (100 mW/cm2, WXS-155S-10: Wacom
Denso Co., Japan). Figure 3 shows the action spectra of
monochromatic incident photon-to-current conversion effi-
ciency (IPCE) for DSC composed of complex HIS1 sensitized
nanocrystalline TiO2 electrode and an iodine/triiodide redox
electrolyte with reference to N719-based DSC constructed
under comparable conditions. Although complex HIS1
shows somewhat lower IPCE values, this problem could be
solved using structural modification of complex HIS1, a
subject for future research. We observed an IPCE of 68%
in complex HIS1, while in the case of N719, the IPCE
was 76%. The dye-sensitized solar cell based on sensitizer
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HIS1 achieves a conversion efficiency (η) of 4.76%, a short-
circuit photocurrent density of 11.21 mA/cm2, an open-
circuit voltage of 0.62 V, and a fill factor of 0.68 obtained
under standard AM 1.5 sunlight. N719-sensitized solar cell
under the same cell fabrication and efficiency measuring
procedures achieves a conversion efficiency (η) of 7.56%,
a short-circuit photocurrent density of 15.83 mA/cm2, an
open-circuit voltage of 0.65 V, and a fill factor of 0.73. The
photo-induced voltage (Voc) is determined by the difference
between the quasi-Fermi level of TiO2 and redox potential of
the electrolyte and is able to be enhanced as a slow recom-
bination process of injected electrons in TiO2 with oxidized
species and a negative shift of band edge. tert-butylpyridine
(TBP) is known to increase Voc of DSC due to an enhanced
electron lifetime and a negative shift of band edge [30, 31].
Hence, the higher Voc with electrolyte containing 0.3 M TBP
is (0.62 V) and without TBP 0.50 V observed.

4. Conclusions

In summary, a new class of thiocyanate-free cyclometa-
lated ruthenium-based dye HIS1 was strategically designed
and synthesized. This complex shows appreciably broad
absorption range. Anchoring to nanocrystalline TiO2 films
for light to electrical energy conversion in regenerative
photoelectrochemical cells achieves efficient sensitization to
TiO2 electrode. With this new sensitizer power, there were a
conversion efficiency of 4.76%, a short-circuit photocurrent
density of 11.21 mA/cm2, an open-circuit voltage of 0.62 V,
and a fill factor of 0.68 obtained under standard AM 1.5
sunlight. Further improvement in the solar cell efficiency
as well as the dynamic study of electron injection and
recombination in complex HIS1 sensitized nanostructured
TiO2 is currently on progress in our lab and will be disclosed
in due course.
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Titanium dioxide (TiO2) paste was prepared by sol-gel and hydrothermal method with various precursors. Nanostructured
mesoporous TiO2 thin-film back electrode was fabricated from the nanoparticle colloidal paste, and its performance was compared
with that made of commercial P25 TiO2. The best performance was demonstrated by the DSSC having a 16 μm-thick TTIP-TiO2

back electrode, which gave a solar energy conversion efficiency of 6.03%. The ability of stong adhesion on ITO conducting glass
substrate and the high surface area are considered important characteristics of TiO2 thin film. The results show that a thin film
with good adhesion can be made from the prepared colloidal paste as a result of alleviating the possibility of electron transfer loss.
One can control the colloidal particle size from sol-gel method. Therefore, by optimizing the preparation conditions, TiO2 paste
with nanoparticle and narrow diameter distribution was obtained.

1. Introduction

Titanium dioxide (TiO2) has attracted tremendous attention
from researchers worldwide due to its potential applications
in environmental protection and energy generation [1]. It
has demonstrated unique properties such as high adsorption
ability and good photocatalytic activity. Recently, TiO2 has
been applied largely in dye-sensitized solar cell (DSSC) due
to its nanocrystalline mesopore nature that translates to high
surface area for dye adsorption. The adsorbed dye molecules
can then be excited by the solar energy to generate electron-
hole pairs that are subsequently separated and transported
within the lattice of TiO2 [2]. Burnside et al. [3] reported a
dye-sensitized solar cell that comprises a black-dye-adsorbed
TiO2 working electrode, which achieved a high solar energy
conversion efficiency (η) of 10.4% [4]. The nanoparticle film
is 16 μm thick, and the anatase TiO2 was prepared by the
hydrolysis of titanium(IV) isopropoxide.

The TiO2 film working electrode is an important part of
DSSC. It can be prepared by various methods such as sol-
gel [5–7], chemical vapor deposition (CVD) [8, 9], and sput-
tering [10–12]. Sol-gel process is a favorable method for

preparing TiO2 nanoparticles since the composition, particle
size, film thickness, and porosity of TiO2 can be easily con-
trolled by adjusting parameters such as sol concentration,
hydrothermal growth temperature, and sintering condition.
Hydrolysis of titanium(IV) isopropoxide in acidic solution
was performed by Dolmatov et al. [13] and Jerman et al.
[14]. The process produced several types of Ti(OH)x(4-x)+

hydroxocomplexes in equilibrium with x < 4. The value of x
changed with reactant concentration, pH, and temperature.
When temperature was increased, particle size of TiO2

increased, leading to the formation of precipitate. Yoldas [15]
has studied the gelatination process of titanium dioxide. The
influence of reactant on hydrolysis and condensation was dis-
cussed. They discovered that when an alkyl, as the reactant,
was increased, the hydrolytic reaction and the diffusion rate
were both slowed down. As a result, the gelatination product
formed was smaller, which contained lower concentration of
oxide compound.

The addition of some acidic compounds, such as HCl,
HNO3, and CH3COOH in Si(OR)4, may be used to control
the speed of hydrolysis [16]. Some literature on solar cells
[17–20] has mentioned the ideal nanocrystal sizes, ranging
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Table 1: Comparison of different preparation methods for titanium dioxide nanoparticle colloidal paste from TiCl4.

Sample Hardness BET surface area (m2/g) Pore diameter (Å) Pore volume (cm3/g) dBET dSEM

P25 HB∼F 51.69 104.71 0.17 29.1 —

ETIP-TiO2 6H 60.54 129.29 0.19 24.8 28

H-ETIP-TiO2 HB 52.78 74.32 0.13 28.4 45

TTIP-TiO2 H 71.40 136.92 0.21 21.0 30

H-TTIP-TiO2 F 72.05 232.01 0.13 20.8 30

TiCl4-TiO2 HB 83.10 125.49 0.26 — 105

from 10 to 25 nm, in achieving high cell efficiency. During
the preparation of TiO2 powder, primary single-crystal par-
ticles may agglomerate to form secondary polycrystalline
particles of various sizes, and such process is dependent on
the synthesis routes. Shen et al. [21] had conducted a series
of studies on the optical absorption and electron transfer of
TiO2 with different particle and pore sizes. TiO2 powder with
large pores as well as small particle sizes seemed to show high
efficiency.

The dye adsorption and charge transport of TiO2 nano-
particle thin film coated with a substrate (e.g., ITO-or FTO-
coated glass) have been studied extensively in recent years.
The transport of photogenerated electrons or efficiency of
device will be dependent on the adhesion of TiO2 thin
film. In this study, pencil hardness technique was adopted
to test the adhesion of TiO2 film prepared. Furthermore,
nanocrystallites will beneficially influence the photocatalytic
properties of TiO2 film by increasing the number of active
sites, which reduces the risks of charge carrier recombina-
tion. In order to efficiently separate and collect photogen-
erated electrons and holes, TiO2 thin film must offer an
environment that has high electron-transferring rate and less
carrier traps. According to the results of recent studies on
dye-sensitized solar cell, metal oxide is the main constituent
for making the thin film. Among the various metal oxides,
titanium dioxide is most often selected [22, 23].

Here, three types of precursors were used in the sol-
gel method to prepare TiO2 working photoelectrode. The
purpose is to control the film thickness and produce a meso-
porous TiO2 film. The previously reported mesoporous films
were only few micrometers thick. Such thin films provide
insufficient surface areas for dye adsorption. On the other
hand, a thick film with large BET surface areas will harvest
more light, which translates to higher efficiency. The TiO2

film prepared in this study was sensitized by commercial N3

dye and was applied as the photoelectrode in dye-sensitized
solar cell.

2. Experimental

2.1. Materials. P-25 TiO2 (70% anatase, 30% rutile, pri-
mary particle size 30 nm, Degussa) powder purchased from
Aldrich was used for comparison purpose. Titanium(IV)
isopropoxide (TTIP, 97%, Aldrich), titanium(IV) ethoxide
(TTIE, ACROS), and titanium tetrachloride (TiCl4, Merck)
were precursors for preparing titanium dioxide by sol-gel

method. The adjustment of pH was done by adding reagent
grade NaOH (Merck). Triton X-100 (Merck) and polyethy-
lene glycol (PEG M.W = 20,000, Fluka) were used as binders,
and N3 dye (Ruthenium 533 bis-TBA, Solaronix) was used
as the sensitizer. The R150 redox electrolyte was purchased
from the Solaronix Commercials. Acetic acid and ethanol
were purchased from Merck. All other solvents and reagents
were analytical-grade quality, purchased commercially, and
used without any further purification.

ITO-conducting glass (20∼30Ω/cm2, Merck, Co., ltd.)
was selected as the substrate for TiO2 film. Wolff-wilborn
hardness pencil test was adopted for the TiO2 film adhesion
test. The crystalline property of TiO2 film was modified
using the hydrothermal method with a bomb-type autoclave.
In order to avoid the contamination of colloidal paste and
protect the autoclave, a teflon beaker was lined in the stainless
steel bomb.

2.2. Preparation Methods and Measurement

2.2.1. Sol-Gel and Hydrothermal Preparation Methods. A
series of TiO2 nanoparticles were prepared by sol-gel method
using acetic acid and nitric acid as the catalytic agent. The
sol-gel was prepared from three precursors including ti-
tanium(IV) isopropoxide (TTIP), titanium(IV) ethoxide
(TTIE), and titanium tetrachloride (TiCl4). The solvent used
was ethanol to give a solvent/precursor molar ratio of 1/1.
High-purity helium (99.99%) was flowed through the reac-
tor. This solution was added dropwise to the mixture con-
taining 5.2 moles of acetic acid and 50 moles of DI water
(deionized water) cooled at 5◦C under helium gas purging
and vigorous stirring. In order to increase the stability of
TTIP and control the particle size [24], the sol-gel was pre-
pared at 5◦C under helium gas purge. Fresh sol-gel solution
was transparent without any precipitate. After hydrolysis and
condensation, the mixture was heated at 80◦C in a water bath
for 8 h. After that, the temperature was gradually decreased
to room temperature. The resulting sol-gel was placed into
an autoclave to undergo the hydrothermal process, which
heated the mixture at 190◦C for 12 h. After hydrothermal
process, the mixture became thick and concentrated. TiO2

catalysts prepared were denoted as Y-TiO2, where Y repre-
sents the precursor of titanium added. To further study the
effect of acid used during hydrolysis, acetic acid was replaced
by HNO3, and the catalysts prepared were denoted as X-Y-
TiO2. The preparation conditions of TiO2 photocatalysts are
listed in Table 1.
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2.2.2. Characterization. The mesoporous TiO2 thin film was
characterized by nitrogen sorption, Nano-ZS, XRD, SEM,
and UV-vis. The efficiencies of photoelectrodes fabricated by
these TiO2 thin films were also tested with a solar simulator.

Particle size distribution of the colloidal paste was meas-
ured by a nanoparticle analyzer (Malvern zetasizer Nano-
ZS).

Powder X-ray diffraction (XRD) measurements were
taken using a Bruker-D8-ADVANCE powder diffractometer
with Cu-Kα radiation (40 kV, 30 mA). The sample was
scanned over the 2θ range of 20–60◦ at a rate of 0.05◦ min−1

to identify the crystalline structure. Sample for XRD was pre-
pared as a thin layer on a sample holder.

BET surface areas were obtained by physisorption of
nitrogen at −197◦C using a micromeritics ASAP-2020 in-
strument. Prior to measurement, the samples were degassed
to 0.1 Pa at 100◦C. The surface areas were calculated in a
relative pressure range 0.05 < p/po < 0.2 assuming a cross-
sectional area of 0.162 nm2 for the N2 molecules.

Scanning electron microscopy (SEM) images were ob-
tained with a Hitachi 4800 field emission microscope using
an acceleration voltage of 20 kV. Samples were placed on
a stage especially made for SEM. They were coated with
Pt prior to analysis and imaged directly. SEM images were
recorded at magnification that ranged from 50000 X to
110000 X. The magnification was calibrated in pixel/nm on
the camera. The chemical composition of the sample was
determined by scanning electron microscopy-X-ray energy-
dispersive spectrum (SEM-EDS) with accelerating voltage of
20 kV.

The diffuse reflectance UV-vis spectra were measured
with a UV 3101PC UV-visible spectrophotometer. Powder
samples were loaded in a quartz cell with suprasil windows,
and spectra were collected in the range from 300 nm to
800 nm against quartz standard.

2.2.3. Preparation and Analysis of Mesoporous Titania Film
Working Photoelectrode. Dye-sensitized solar cell prepared
was consisted of a TiO2 working electrode coated with
ITO conducting glass, a counter electrode, and electrolyte
dispersed in between. TiO2 film working electrodes prepared
from different titanium precursors (e.g., TTIP-TiO2, TTIE-
TiO2, and TiCl4-TiO2) were coated on ITO glass (20 mm ×
10 mm) by doctor-blade method [25]. The thickness of TiO2

film after calcination was measured by Tencor α-step profiler,
which gave more reliable results than those in previous report
[26]. The size and thickness of solar cell were controlled by
3 M tape. The area of photoelectrode was about 0.25 cm2

(0.5 cm × 0.5 cm), and the thickness was about 15 μm before
calcination. The N3 dye was adsorbed onto the working
electrode by soaking TiO2 film in 0.2 M dye solution using
ethanol as the solvent. The amount of N3 dye adsorbed
on TiO2 film was determined by UV-vis spectrophotometer,
where the chemisorbed dye on TiO2 film was desorbed by
adding a mixture of NaOH and ethanol (1 : 1), and the
resulting solution was measured.

Counter electrode was made by sputtering a layer of
platinum on ITO glass. The photovoltaic property of the cell
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Figure 1: Effect of surfactant addition on the P25 thin film hard-
ness.

was measured by solar simulator (i.e., AM 1.5, 100 mW/cm2,
YAMASHITA YSS-80A). The light intensity of solar simula-
tor was calibrated by standard silicon solar cell (223 mV).

3. Results and Discussion

3.1. Structural and Morphological Characteristics of TiO2 Thin
Film. For dye-sensitized solar cell (DSSC), the adhesion of
titania film on ITO glass is an important criterion that
will impact the cell performance. This is because cracking
of titania film tends to influence the interfacial transfer of
charge carriers [27]. To prevent such phenomenon from
happening, a surfactant such as PEG and triton X-100 was
added to improve the adhesion of TiO2 thin film. In addition,
PEG could also increase the thickness of TiO2 thin film and
further enhance its light-absorbing ability [28, 29].

Figure 1 shows the effect of surfactant addition on the
hardness of P25 thin film. From the figure, it is noted that
TiO2 film with 20 wt% PEG demonstrated the best adhesion
property. On the other hand, the addition of triton X-100
showed insignificant effect in improving the adhesion of
TiO2 film. The formation of fine bubbles observed while
mixing TiO2 paste with triton X-100 might be the reason for
the poor adhesion.

Furthermore, adding surfactant has the effect of increas-
ing the thickness of TiO2 film. This will prevent film cracking
since thin film tends to crack more easily due to the shrinkage
effect, that is, the change of TiO2 volume due to evaporation
and decomposition of organic substances, which induces
considerable stress on the film [30].

Since the alkoxide titanium will quickly react with water
to generate titanium hydroxide, the reaction was kept at 5◦C
during hydrolysis and followed by the acidification reaction.
The acidification reaction can enhance the crystalline prop-
erty of the nanoparticle. The mixture at the moment was
not considered a paste since the particle size and solvent
constituent must be further conditioned by the hydrothermal
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Figure 2: Colloidal nanoparticle size distribution before hydrother-
mal treatment.

treatment at a temperature of 190◦C. Dominant factors that
will influence the characteristics of the thin film include
particle size, particle morphology, and solvent constituent
of the paste [31, 32]. The experimental results show that
TTIE-TiO2 colloidal paste with the controllable particle size
from 1 to 10 nm can be obtained with good reproducibility.
Figure 2 indicates the typical particle size distribution of
TTIE-TiO2 sol-gel before hydrothermal treatment, which is
similar to that of the original sol-gel colloidal solution. A
mixture of alcohol and water is a suitable dispersion solution
for measuring nanoparticle size distribution. Originally, the
particle size of colloidal solution was below 10 nm. However,
both the particle size and the crystallinity of the colloid were
increased after carrying out the hydrothermal treatment.

3.2. SEM. The SEM images in Figures 3, 4, 5, 6, and 7 show
the average diameter of TiO2 particles, which is about 28, 30,
105, 30 and 45 nm for TTIE-TiO2, TTIP-TiO2, TiCl4-TiO2,
H-TTIP-TiO2, and H-TTIE-TiO2, respectively. The BET
surface area of P25 is 51.69 m2/g. However, from the result of
nitrogen adsorption-desorption isotherm, the prepared TiO2

paste showed higher surface area than that of commercial
P25 powder.

The differences in morphology and particle size among
the prepared TiO2 paste were observed by SEM. Nanoparti-
cles of both TTIE-TiO2 and TTIP-TiO2 displayed spherical
shape with apparent boundary. In contrast, nanoparticles of
TiCl4-TiO2 had a rod-like shape. Obviously, differences in
morphology or shape of the TiO2 nanoparticles prepared
with different precursors and acids were observed. The
porous structure of TiO2 film was clearly observed from the
SEM images.

As shown in Table 1, the BET surface area of TTIP-TiO2

and TTIE-TiO2 is 71.4 m2/g and 60.54 m2/g, respectively,
whereas that of TTIP-TiO2 and TTIE-TiO2 prepared with
HNO3 is 72.05 m2/g and 52.78 m2/g, respectively. Assuming
the particles are spherical and nonporous, the average
particle size can be estimated by the following equation:
d(nm) = (6/SBETρ)× 103, where SBET is the surface area and
ρ is the density of a particle using the value of 4.0 g/cm3( the
density of titania). The average particle size calculated from
BET surface area is 21 nm, 24.8 nm, 20.8 nm, and 28.4 nm for
TTIP-TiO2, TTIE-TiO2, H-TTIP-TiO2, and H-TTIE-TiO2,
respectively. The results indicated that all particles are in
nanoscale. It should be noted that the average particle size
was overestimated because the catalyst under measurement
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Figure 3: TTIE-TiO2 thin film morphology after annealing at
500◦C.

was pretreated at 120◦C before nitrogen sorption, which
could cause metal sintering to some extent.

3.3. XRD. All TiO2 films prepared in this study have
nanosize particles. Figure 8 shows the XRD pattern of the
TiO2 film that was coated on ITO glass by doctor blending
followed by calcination at 500◦C for 1 h.

The XRD patterns of different samples prepared under
temperature of 190◦C are shown in Figure 8. Only anatase
peaks at 2θ of around 25, 38, 48, and 55◦ were observed.
Therefore, the selection of different precursor (TTIE and
TTIP) for preparing TiO2 will not affect its crystalline struc-
ture.
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Figure 4: TTIP-TiO2 thin film morphology after annealing at
500◦C.

The XRD results show that TTIP-TiO2 (500) and TTIE-
TiO2 (500) were composed of both anatase and rutile phases.
The rutile phase was formed during high-temperature calci-
nation at 500◦C. The main peaks of TTIP-TiO2 and TTIE-
TiO2 became sharper as the calcination temperature was
increased, indicating an increase in its crystallinity. The XRD
patterns of TiCl4-TiO2 (500) show both rutile and anatase
phases; however, no change in peak sharpness has been
observed. Nevertheless, the XRD patterns show that these
TiO2 have the structure with short-range mesophase order,
which is a typical characteristic of TiO2 [24].

3.4. Photoelectrode Characteristics. The photoconversion ef-
ficiency of solar cells fabricated from various TiO2 working
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Figure 5: TiCI4-TiO2 thin film morphology after annealing at
500◦C.

electrodes were investigated in this study. The thickness of
TiO2 film after calcination was estimated to be 8∼9 nm.
The photocurrent generated by the solar cell is directly
proportional to the amount of dye adsorbed on TiO2 film
[19] which can be seen in Figure 9. It is noted that the
amount of dye adsorbed on TiO2 increases with the film
thickness. This is also in agreement with the increase in BET
surface area as shown in Table 1.

The amount of dye chemisorbed on H-TTIP-TiO2 film
electrode was tested. Despite the fact that H-TTIP-TiO2

exhibited high surface area, its dye adsorption behavior was
very poor. This can be explained by the small pore volume of
H-TTIP-TiO2 (0.13 cm3/g) as shown in Table 1 which limits
its dye adsorption ability.
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Figure 6: H-TTIP-TiO2 thin film morphology after annealing at
500◦C.

The H-TTIE-TiO2 film prepared was composed mostly
of spherical primary particles and some ellipse-like sec-
ondary particles. The use of TTIP precursor to react
with different solvent and reactant will change the rate of
hydrolysis and primary particle growth [33]. In other words,
the primary and secondary particle size, surface morphology,
composition, and porosity of TiO2 will be influenced by the
concentration and type of precursor used.

Figure 10 shows photocurrent voltage characteristics of
the cell made from various TiO2 calcined at 500◦C for 0.5 h.
It is noted that the resistance of ITO conducting glass after
calcination was increased to about 85∼110Ω. This will cause
a big impact on the efficiency of the solar cell since ITO
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Figure 7: H-TTIE-TiO2 thin film morphology after annealing at
500◦C.

functions to transfer electrons that are photogenerated from
dye-incorporated TiO2. From Table 2, it is obvious that the
solar cell made from TTIP-TiO2 thin film produces the
largest short-circuit current (Jsc).

High photocurrent could be generally related to high
surface area, which results in an increase in the amount of dye
adsorbed if the film thickness and light irradiation intensity
were kept constant. It might also be due to the presence of
more anatase TiO2, which facilitates the electron transport
[34]. This can be explained by the large pore size and high
surface area of TTIP-TiO2 electrode as revealed by SEM and
BET analyses. In Tanaka’s study, as the titania particle gets
bigger, the chance of electron/hole recombination gets lower
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Table 2: Performances of various TiO2 thin film electrodes for DSSC.

Sample Thickness (μm) Jsc (mA/cm2) Voc (V) Fill factor η (%)

P25 10-11 ± 0.5 6.25 0.64 52.64 2.19

TTIE-TiO2 8-9 ± 0.5 5.63 0.70 62.18 2.45

H-TTIE-TiO2 8-9 ± 0.5 4.25 0.69 68.45 1.90

TTIP-TiO2 8-9 ± 0.5 13.13 0.76 44.96 4.45

H-TTIP-TiO2 8-9 ± 0.5 5.13 0.65 68.15 2.25

TiCl4-TiO2 8-9 ± 0.5 2.13 0.64 74.09 0.99

TTIP/TTIP∗ 15-16 ± 0.5 15.50 0.67 57.89 6.03
∗

Double layer of TTIP-TiO2 for efficiency test.
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[35]. The cell performance depends on the thickness of the
TiO2 film. Therefore, we have made a double-layer TTIP-
TiO2 thin film electrode that has a thickness of 16 μm [4]. By
incorporating this double-layer electrode into a solar cell, a
photoconversion efficiency as high as 6.03% can be reached.
The sufficient film thickness will create large pore size and
enough space which allow more redox electrolyte to diffuse
into the film.

TiCl4-TiO2 shows the highest surface area; however, its
solar energy conversion efficiency is only 0.99% with low
Jsc of 2.13 mA/cm2. It is attributed to the poor adhesion of
TiO2 on ITO glass observed. The pH of TiCl4-TiO2 paste
is around 1∼2, which might cause a corrosion problem on
ITO conducting glass. Furthermore, TiCl4-TiO2 film showed
poor adhesion when immersed in the iodine electrolyte
after calcination. Although TiCl4-TiO2 showed poor perfor-
mance, it displayed nanotube-like structure. If the adhesion
problem can be eliminated, low-cost and high-efficiency
solar cell may be fabricated.
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4. Conclusion

In this study, various TiO2 pastes were prepared with
different precursors and acids. There are many factors that
will influence the performance of DSSC, for instance, the
nature of dye, semiconductor electrode, and activity of redox
electrolyte, and so forth. In DSSC, TiO2 is the key component
in determining the device efficiency. TiO2 prepared by sol-
gel and hydrothermal method has the advantage of tuning
its composition, particle size, and pore size distribution.
The criteria of making an effective TiO2 working electrode
include high surface area, appropriate band gap, and good
adhesion [36]. TiO2 working electrode having high anatase
content can facilitate electron transport due to its superior
conductivity [34]. It is essential to increase the surface area
of TiO2 nanoparticles in order to increase the amount of dye
adsorbed. In this study, a double-layer TTIP-TiO2 working
electrode with a thickness of 16 μm has been presented. The
solar cell incorporating such double-layer working electrode
has demonstrated a photoconversion efficiency as high as
6.03%.
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A hybrid solar cell is designed and proposed as a feasible and reasonable alternative, according to acquired efficiency with the
employment of TiO2 (titanium dioxide) and Mn-doped TiO2 thin films. In the scope of this work, TiO2 (titanium dioxide) and
Mn:TiO2 hybrid organic thin films are proposed as charge transporter layer in polymer solar cells. Poly(3-hexylthiophene):phenyl-
C61-butyric acid methyl ester (P3HT: PCBM) is used as active layer. When the Mn-doped TiO2 solar cells were compared with
pure TiO2 cells, Mn-doped samples revealed a noteworthy efficiency enhancement with respect to undoped-TiO2-based cells. The
highest conversion efficiency was obtained to be 2.44% at the ratio of 3.5% (wt/wt) Mn doping.

1. Introduction

Main criteria in choosing material for photovoltaic devices
are feasibility and environmental convenience, as well as
compatibility to solar spectra and easy and cheap production
[1]. Organic-based materials are promising for photovoltaic
applications [2–4] with advantageous features such as low
cost, easy production, and flexible application. Therefore,
organic solar cells are serious candidates in place of silicon
solar cells [5]. Although organic-based materials are satisfy-
ing with most of these mentioned criteria, charge transport
properties of these materials are not so good and their
efficiency is still quite low. To overcome this problem, in
recent studies, bulk heterojunction structure of the n-type
PCBM and p-type P3HT materials was used [6–9] and 4-
5% efficiencies were obtained [10]. The PEDOT:PSS used
as an anode buffer layer in this kind of cells is acidic and
hygroscopic. Also, ITO is quite susceptible against the acidic
corrosions [11]. Therefore, PEDOT:PSS-based solar cells are
known to be unstable in air conditions and under light
illumination [12–14]. Moreover, in these devices, electron
collecting a metal cathode (e.g., Al, Ca) with low work
function must be used but they are easily oxidized and lead
to deterioration in performance. In order to get rid of these

problems, inverted solar cells have been used with inorganic
materials [15–18]. In inverted organic solar cells, the anode
is an air-stable high-work-function metal collecting holes
such as Ag. The ITO is also used as the cathode to collect
electrons. Previous works reveal that conventional solar cells
could merely endure for 4 days while inverted solar cells
still preserve almost 80% of their efficiency even 40 days
later [19]. However, power conversion efficiencies of inverted
solar cells are less than those of the conventional organic
solar cells. One of the reasons is the bad quality of interface
in these inverted designs. These worse interface conditions
deteriorate exciton formation and separation [20]. There are
various studies to cope with mentioned interface problems
[21].

When the polymer active layer in organic solar cell
is exposed to the light, excitons begin to form. Excitons
diffuse to donor-acceptor interface. In here, they dissociate
to form bound electron-hole pair. To separate this pairs into
free holes and electrons, there should be an electric field.
With the effect of the electric field produced by the work
function difference of both electrodes, these free charges
are transported to positive and negative electrodes. Since
the polymer has a disordered structure, there exists charge
carrier loss during transportation through polymer skeleton.
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Inorganic materials are used with organics so that ordered
continuous paths are provided to charge transfer. This kind
of designs are called hybrid systems, and for this aim, various
inorganic materials are used in solar cells such as ZnO [22],
CdTe [23], PbS [24], and so forth. TiO2 [20, 25, 26] is also
an attractive alternative among these materials. Usage of
TiO2 electrode in dye-based solar cell by Gratzel et al. could
be given as a successful application of this material [27].
There are various works to understand the structural changes
occurred when TiO2 is doped by metal ions. In particular,
photocatalytic and magnetic properties were investigated
by [28, 29]. In the result of such investigations, it was
understood that photoreactivity, charge carrier recombina-
tion rates, and interfacial electron transfer rates were changed
by metal ion doping [30]. Doped TiO2 is widely used in solar
cell applications, and there are several comparative works.
In one of them, it has been reported that power conversion
efficiency was achieved to be 8% with the dye-based solar
cells prepared by nitrogen-doped TiO2 while 6% efficiency
with pure TiO2 [31]. Also, K. H. Ko et al. performed another
work in which TiO2 was doped with Al and W elements for
dye-based solar cells. In Al-doped cells, while open-circuit
voltage (VOC) has increased, short-circuit current (ISC) has
decreased. As for W-doped cells, a behavior opposite to Al-
doped cells was observed [32].

In this work, hybrid solar cells were produced and char-
acterized with ITO/TiO2/P3HT : PCBM/Ag configuration.
The novelty and goal of this work comes from the employ-
ment of Mn+2 ions for the first time with this configuration,
in which different amounts of Mn were incorporated to
TiO2and cell parameters were investigated in terms of doping
amount. It was explicitly observed that solar cell efficiency
was being improved with Mn doping until a certain doping
amount, which is 3.5%. One of the inspirations of choosing
Mn+2 ion in our aim comes from some works such as [33],
which reveals the fact that although the Mn+2 ion is slightly
larger than Ti+4, the general crystal structure is not changed
with doping but light interaction of modified TiO2.

2. Experimental

P3HT (Aldrich) and PCBM (Aldrich) were used in the struc-
ture of active layer without any further purification. Their
chemical formulas are given in Figure 1. P3HT and PCBM
were firstly mixed in chlorobenzene with 1 : 0.8 (wt/wt)
ratio at 60◦C for a night. In order to prepare TiO2 sol-gel
mixture, titanium n-butoxide, ethanol, isopropanol alcohol,
and acetic acid were mixed with (1 : 20 : 20 : 0.15) molar ratio,
respectively, for two days at room temperature. Also, MnCl2
was added into a solution containing a mixture of ethanol,
isopropanol alcohol, and acetic acid. This solution of mixture
was stirred for two hours at room temperature, and then
titanium n-butoxide was added to this sol-gel mixture so
that Mn-doped TiO2 sample was prepared. Ti amount in the
solution of mixture is proportional to the amount of Mn,
at ratio of their weights. The Mn amounts in samples were
prepared as 0.5%, 1.5%, 3.5%, 8.5%, 15%, and 25%.

In regard to the solar cell fabrication process, ITO-
coated glass was firstly subject to a standard cleaning process

S
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n
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O

OCH3
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Figure 1: Chemical formulas of (a) P3HT and (b) PCBM.
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Figure 2: Absorption spectra of pure, 0.5%, 1.5%, 3.5%, 8.5%,
15%, and 25% doped TiO2 films.

with acetone, ethanol, and distilled water in ultrasonic
bath for 15 minutes to each cleaning agent. Later, TiO2-
and Mn-doped TiO2 gels were coated with spin coater
at 3500 rpm. These thin films were annealed at 400◦C
for 30 min, which was reached in steps of 10◦C/min. The
solar cells were designed with ITO/TiO2/P3HT : PCBM/Ag
and ITO/TiO2 : Mn/P3HT : PCBM/Ag configuration. TiO2
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Figure 3: SEM pictures of pure (a), 0.5% (b), 1.5% (c), 3.5% (d), 8.5% (e), 15% (f), and 25% (g) doped TiO2 films.

and doped TiO2 films were coated with the mixture of
P3HT : PCBM as active layer at 2500 rpm. After this, Ag
contact layers were deposited at approximately thickness of
100 nm with thermal evaporator. Current-voltage character-
istics of the samples were analyzed with (Keithley 4200 SCS)
semiconductor characterization system and (Thermo Oriel)
Solar Simulator under AM1.5 G (100 mW/cm2) standard
characterization regulations. Solar Simulator was calibrated
with reference photodiode.

3. Result and Discussion

Figure 2 depicts the UV-Vis absorbance spectra of TiO2-
and Mn-doped TiO2 films. As the doping percentage of Mn
increases, the absorbance curves shift to visible region. In
fact, it is supposed that this shift is caused by the diffusion of
Mn atoms into TiO2 lattice. The shift implies that the energy
levels of Mn atoms placed in TiO2 lattice are between the
band gap of TiO2 and the contribution to the light-induced
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solar cells under dark circumstances (before any illumination
process).
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Figure 5: J-V characteristic curves for TiO2- and Mn-doped TiO2

solar cells under dark circumstances (after 60-minute illumination).

charge transfer [34]. Also, these kinds of red shifts are related
to the charge transfer between d-electrons of metal ions and
valance or conduction band of TiO2 [35]. The SEM pictures
of TiO2- and Mn-doped TiO2 films are given in Figure 3.
The SEM pictures show the growing of weak skeletons in the
case of Pure TiO2 as shown in Figure 3(a). As the Mn doping
percentage is further increased, branches of the skeleton are
getting stronger and these stronger branches are yielding an

obvious fiber structures particularly as seen in Figures 3(f)
and 3(g).

Figure 4 shows the dark J-V characteristic curves of
solar cells prepared by Mn-doped and pure TiO2 films. The
forward bias current of pure-TiO2-based cells is bigger than
that of the Mn-based cells. That is, injection current is more
in pure TiO2 cells. This indicates the presence of an injection
barrier imposed by Mn doping. The same cells are subject
to the same measurements under dark conditions again,
but this time these cells are exposed to illumination for
60 minutes before dark J-V measurements (Figure 5). This
time, the obtained results are entirely different from previous
measurements. Forward bias current has increased in all
cells, but this increase is much more in 0.5%, 1.5%, 3.5%, and
8.5% doping percentages. In the case of 15% and 25% Mn-
doped TiO2 cells, the increasing tendency of the forward bias
current is disrupted. This indicates that there is a threshold
value of the Mn doping in our solar cell design. When the
cells are exposed to illumination, both photoexcitation and
thermal-excitation play an important role in increasing the
number of charge carriers in (P3HT : PCBM) active layer and
highly photoreactive TiO2 layers. This could be recognized
to be the cause of the increase in current. Also, the injection
barrier mentioned for the Mn-doped cells is eliminated when
the cells are waited under illumination, so forward bias
currents are becoming more with respect to the pure TiO2

based cells.
The highest forward bias current and maximum power

conversion efficiency were observed in 3.5% Mn-doped solar
cell. The J-V plots of pure TiO2 and Mn-doped TiO2-
based solar cells under illuminated conditions are shown
in Figure 6. The power conversion efficiency parameters
obtained from these graphs are given in Table 1. There is
no improvement in the pure TiO2 solar cell when the cell is
subject to a light illumination even if forward bias current
slightly changes due to the heating of the cell. Whereas,
even very little amount of Mn doping, for example 0.5%,
causes an S-shape in reverse bias in the J-V curves, as soon
as illumination starts. In this study as the solar cells were
exposed to continuous illumination, the S-shape disappears.
After two minutes, it converted conventional solar cell shape
for % 0.5 Mn doped. This was observed in all Mn-doped
TiO2 cells. In a work, this kind of S-shape curves was
previously explained with electrical dipoles occurred at the
interface [36]. In another study, it is expressed that the reason
for S-shaped curve is charge accumulation near one of the
electrodes [37]. As for our cells, the reason for S-shaped
curve (Figure 6) was the accumulation of the charge occuring
in TiO2 due to Mn doping.

ITO/TiO2/P3HT : PCBM/Ag solar cells are actually the
inverted structures, and light is absorbed in P3HT active
layer. The excitons, which are produced in polymer active
layer, are separated at P3HT/PCBM interface, and free
electrons are diffused to ITO side by passing through
TiO2while the free holes are diffused to Ag side as represented
in Figure 7. It is obvious that the reason of S-shaped curve is
the Mn(II) ions, since there is no such a shape in pure-TiO2-
containing cells, as seen in Figure 6. In regard to possible
mechanism of this event, one can think that either the
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Figure 6: Continued.
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Figure 6: J-V characteristic curves for TiO2- and Mn-doped TiO2 solar cells under illumination.

Table 1: Designed solar cells power conversion parameters.

Mn doped FF (%) VOC (Volt) ISC (mA/cm2) η (%)

0% Mn 41 0.51 8.18 1.71

0.5% Mn 45 0.53 7.19 1.74

1.5% Mn 51 0.53 8.41 2.27

3.5% Mn 51 0.53 9.03 2.44

8.5% Mn 50 0.56 7.37 2.06

15% Mn 36 0.50 4.34 0.78

25% Mn — — — —
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Figure 7: Schematic representation of the energy levels in our solar
cell design (inset: the proposed solar cell assembly).

production of an electric dipole at the TiO2/P3HT : PCBM
interface or energy levels of Mn(II) ions are close to the
valance band in the band gap of TiO2 [38].

As the light illumination time is prolonged, this S shape
disappears and the power conversion efficiency reaches
2.44% in 3.5% Mn2+-doped sample. Also dependency of the
increase of the stabilization period on Mn amount reveals the

presence of a reaction between Ti and Mn atoms. Actually
Saponjic and his coworkers propose the following reaction
for this event [33]:

TiO2 : Mn(II) ⇐⇒
hv

Mn(III) + xe−cb + (1− x)Ti(III)latt (1)

For this reason, the injection barrier of the TiO2/P3HT:
PCBM interface disappears and those electrons produced in
active layer diffuse to TiO2. However, there exists a decrease
in conversion efficiency in the case of 8.5% Mn doping,
although the light exposure duration is at the order of
20 minutes. Consistently, 15% Mn doping amount causes
further decrease in the efficiency even after 30 minutes of the
light exposure duration and solar cell parameters were lost in
25% Mn-doped sample.

In terms of dependence on the doping amount and light
exposure, reasons of the S-shaped curve were tried to be
clarified by inspirations from previous works done for both
Mn and TiO2 for other purposes. In regard to the evaluation
of them in our case, the Mn(II) ions, embedded in the
TiO2 lattice, are excited by light resulting in that Mn(II) is
converted to Mn(III). Then, the excited electrons are trapped
producing in Ti(III). In this solar cell device, we can suppose
that the electrons produced in active layer follow a path from
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the TiO2 to the ITO. As the light falls on the cell, the Mn
(III) traps in the TiO2 lattice occur for the electrons from the
active layer. These electrons should pass to ITO side, but Mn
(III) traps in the TiO2 lattice capture them. The real reason
of the observed S-shaped curve can be these Mn (III) traps.
As long as the device is waited under the light illumination,
electrons fill these trap levels. After the filling of the trap
levels, the electrons transfer towards ITO effectively. In our
opinion, the use of transition metal ions in hybrid solar cell
is a serious candidate for the applications according to the
results obtained experimentally.

4. Conclusion

The goal of this work is to exploit transition metal ions in
hybrid organic solar cell. The Mn(II) ions were successfully
adapted to TiO2-based solar cells for the first time.

The S-like shape, which is observed occasionally, in the
proposed solar cells, is attained in the scope of our hybrid
design. The S-like shape is dependent on the Mn doping
amounts and light exposure time (it disappears after long
exposure time) for yielding an efficient solar cell. Maximum
power conversion efficiency was obtained to be η = 2.44%
for 3.5% Mn-doped TiO2 solar cell. Isc value is considered
to be 9.03 mA/cm2, which is a maximum in this efficient cell
and Voc value is 0.53 V, which is a constant in all cells. This
efficient cell reaches stability after 10-minute illumination.
But further doping with Mn(II) ions resulted in decaying
of the efficiency despite having longer stability periods. 25%
Mn-doped cell could not reach desired stability and the cell
parameters could not be measured for it even after 45-minute
illumination.
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[24] S. Günes, K. P. Fritz, H. Neugebauer, N. S. Sariciftci, S.
Kumar, and G. D. Scholes, “Hybrid solar cells using PbS
nanoparticles,” Solar Energy Materials and Solar Cells, vol. 91,
no. 5, pp. 420–423, 2007.

[25] Q. Qiao, Y. Xie, and J. T. McLeskey Jr., “Organic/inorganic
polymer solar cells using a buffer layer from all-water-solution
processing,” Journal of Physical Chemistry C, vol. 112, no. 26,
pp. 9912–9916, 2008.

[26] L. Shena, X. D. Zhang, W. B. Guo, C. X. Liu, W. Dong, and S. P.
Ruan, “Performance improvement of inverted polymer solar
cells using V2O5 as an anode buffer layer,” Materials Science
Forum, vol. 663–665, pp. 865–868, 2011.

[27] B. O’Regan and M. Grätzel, “A low-cost, high-efficiency solar
cell based on dye-sensitized colloidal TiO2 films,” Nature, vol.
353, no. 6346, pp. 737–740, 1991.

[28] K. Zhang, W. Xu, X. Li, S. Zheng, and G. Xu, “Effect of dopant
concentration on photocatalytic activity of TiO2 film doped
by Mn non-uniformly,” Central European Journal of Chemistry,
vol. 4, no. 2, pp. 234–245, 2006.

[29] J. P. Xu, Y. B. Lin, Z. H. Lu et al., “Enhanced ferromagnetism in
Mn-doped TiO2 films during the structural phase transition,”
Solid State Communications, vol. 140, no. 11-12, pp. 514–518,
2006.

[30] W. Choi, A. Termin, and M. R. Hoffmann, “The role of
metal ion dopants in quantum-sized TiO2 correlation between
photoreactivity and charge carrier recombination dynamics,”
Journal of Physical Chemistry, vol. 98, no. 51, pp. 13669–13679,
1994.

[31] Y. Wang, Y. Hao, H. Cheng et al., “Photoelectrochemistry of
transition metal-ion-doped TiO2 nanocrystalline electrodes
and higher solar cell conversion efficiency based on Zn2+-
doped TiO2 electrode,” Journal of Materials Science, vol. 34, no.
12, pp. 2773–2779, 1999.

[32] K. H. Ko, Y. C. Lee, and Y. J. Jung, “Enhanced efficiency of dye-
sensitized TiO2 solar cells (DSSC) by doping of metal ions,”
Journal of Colloid and Interface Science, vol. 283, no. 2, pp. 482–
487, 2005.

[33] Z. V. Saponjic, N. M. Dimitrijevic, O. G. Poluektov et al.,
“Charge separation and surface reconstruction: a Mn2+ doping
study,” Journal of Physical Chemistry B, vol. 110, no. 50, pp.
25441–25450, 2006.

[34] W. Choi, A. Termin, and M. R. Hoffmann, “The role of metal
ion dopants in quantum-sized TiO2: correlation between
photoreactivity and charge carrier recombination dynamics,”
Journal of Physical Chemistry, vol. 98, no. 51, pp. 13669–13679,
1994.

[35] J. Moser, M. Grätzel, and R. Gallay, “Inhibition of electron-
hole recombination in substitutionally doped colloidal semi-
conductor crystallites,” Helvetica Chimica Acta, vol. 70, pp.
1596–1604, 1987.

[36] A. Kumar, S. Sista, and Y. Yang, “Dipole induced anomalous
S-shape I-V curves in polymer solar cells,” Journal of Applied
Physics, vol. 105, no. 9, Article ID 094512, 2009.

[37] D. Gupta, M. Bag, and K. S. Narayan, “Correlating reduced fill
factor in polymer solar cells to contact effects,” Applied Physics
Letters, vol. 92, no. 9, Article ID 093301, 2008.

[38] T. Umebayashi, T. Yamaki, H. Itoh, and K. Asai, “Analysis of
electronic structures of 3d transition metal-doped TiO2 based
on band calculations,” Journal of Physics and Chemistry of
Solids, vol. 63, no. 10, pp. 1909–1920, 2002.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2011, Article ID 757421, 7 pages
doi:10.1155/2011/757421

Research Article

Amphiphilic Ruthenium(II) Terpyridine Sensitizers with
Long Alkyl Chain Substituted β-Diketonato Ligands:
An Efficient Coadsorbent-Free Dye-Sensitized Solar Cells

Ashraful Islam,1, 2 Surya Prakash Singh,1 Masatoshi Yanagida,1

Mohammad Rezaul Karim,2 and Liyuan Han1

1 International Center for Materials Nanoarchitectonics (MANA) and Advanced Photovoltaics Center,
National Institute for Materials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

2 Center of Excellence for Research in Engineering Materials (CEREM), College of Engineering, King Saud University,
Riyadh 11421, Saudi Arabia

Correspondence should be addressed to Ashraful Islam, islam.ashraful@nims.go.jp

Received 16 October 2010; Accepted 3 December 2010

Academic Editor: Mohamed Sabry Abdel-Mottaleb

Copyright © 2011 Ashraful Islam et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Three alkyl-substituted β-diketonato-ruthenium(II)-polypyridyl sensitizers with different alkyl chain lengths, [Ru(tctpy)(tfpd)
(NCS)] (A1), [Ru(tctpy)(tfdd)(NCS)] (A2), and [Ru(tctpy)(tfid)(NCS)] (A3), were designed and synthesized for dye-sensitized
solar cells (DSCs) to investigate the effect of bulky alkyl chain substituents on the photovoltaic performances (where tctpy = 4,4′,4′′-
tricarboxy-2,2′:;6′,2′′-terpyridine, tfpd =1,1,1-trifluoropentane-2,4-dione, tfdd = 1,1,1-trifluorodecane-2,4-dione, and tfid =1,1,1-
trifluoroicosane-2,4-dione). These complexes exhibit a broad metal-to-ligand charge transfer absorption band over the whole
visible range extending up to 950 nm. All complexes were examined in the presence and absence of the coadsorbent deoxycholic
acid (DCA) in dye-bath solutions. These sensitizers, when anchored to nanocrystalline TiO2 films, achieve efficient sensitization
to TiO2 electrodes. Under standard AM 1.5 sunlight, the complex A3 containing long alkyl chain length of C16 yielded a short-
circuit photocurrent density of 18.0 mA/cm2, an open-circuit voltage of 0.64 V, and a fill factor of 0.66, corresponding to an overall
conversion efficiency of 7.6% in the absence of DCA. The power conversion efficiency of A1 sensitized DSCs was significantly
increased upon the addition of DCA as compared to that in the absence of DCA. However, the photovoltaic performance of A3
was not dependent on DCA at all, probably due to the inherent structural nature of the A3 molecule.

1. Introduction

In general, dye-sensitized solar cells (DSCs) comprise a
nanocrystalline titanium dioxide (TiO2) electrode modified
with a dye and fabricated on a transparent conducting
oxide TCO, a platinum counter electrode, and an elec-
trolyte solution with a dissolved iodide ion/triiodide (I−/I−3 )
redox couple between the electrodes [1–5]. Among these
elements, the photosensitizer plays a vital role for the light
harvesting efficiency. Many sensitizers, including organic
sensitizers [6] and transition metal complexes [7–16], have
been employed in DSCs. Ru(II) polypyridyl sensitized
nanocrystalline TiO2 solar cells yielding solar to electric
power conversion efficiency of over 11% under standard
AM 1.5 condition [13, 14]. This is because of their intense

charge-transfer (CT) absorption in the whole visible range,
and the absorption properties can be tuned by changing
the donor-acceptor properties of the ligand in a controlled
manner. Photoexcitation of the charge-transfer (CT) excited
states of the adsorbed dye leads to an efficient injection of
electrons into the conduction band of the TiO2.

Ru(II) 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine based
dyes show efficient panchromatic sensitization of nanocrys-
talline TiO2 solar cell that make these class of sensitizers
as potential candidates for near-IR dye development [7, 9,
13, 15, 16]. We have reported a series of Ru(II) 4,4′,4′′-
tricarboxy-2,2′:6′,2′′-terpyridine based dye containing β-
diketonato ligand that efficiently sensitized nanocrystalline
TiO2 over the whole visible range extending into the
near IR region [10, 12, 15, 16]. An important feature of
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β-diketonato ligand is its structural versatility due to pres-
ence of three substituents on the ligand. Therefore, a desired
electronic environment on the metal center, improvement of
light harvesting efficiency by extending π-conjugated system,
and also introduction of bulky substituent to suppress dye
aggregation on TiO2 surface is possible by molecular design-
ing of the three substituents on the β-diketonato ligand.

Coadsorbents are usually added in the dye solutions
to suppress aggregate formation resulting in an improved
performance of DSCs through increasing both the short-
circuit photocurrent density (Jsc) and the open-circuit
voltage (Voc) [10, 12, 13, 15–23]. Such aggregate formation
has been suggested to promote unwanted intermolecular
energy transfer or nonradiative decay pathways, thus
reducing the electron injection efficiency. Organic dyes
have been found to be more susceptible to aggregate
formation compared to Ru-polypyridine based dye [19–
23]. Conversely, Ru-bipy ridyl based dye has been shown
not to form aggregates and addition of coadsorbent in
dye-bath solutions only yields a modest or no increase in
photocurrents [8, 14]. Although Ru(II) 4,4′,4′′-tricarboxy-
2,2′:6′,2′′-terpyridine based panchromatic sensitizers
containing NCS and/or β-diketonato ligand show potential
candidates for further improvement of device efficiency, they
are susceptible to aggregate formation resulting in a poor
device performance without additive in dye-bath solutions
[7, 9–13, 15, 16]. In addition, some works showed that the
power conversion efficiency of DSCs can be further improved
by introducing bulky alkyl chains into the dye structure
to obtain an insulating effect of dye layer on the TiO2

surface [19, 24–27]. Considering the high potentiality of
efficient DSCs based on Ru(II)-terpyridine dyes, a strategic
structural modification of these dyes is an effective approach
to improve light harvesting efficiency in the near-IR region
and also suppression of aggregate formation resulting in a
coadsorbent-free efficient device processing. Recently we
have reported that a β-diketonato ruthenium(II)-tricarboxy-
2,2′:6′,2′′-terpyridine sensitizer with extended π-conjugated
system by introducing a triphenylamine substituted
β-diketonato ligand shows efficient sensitization of
nanocrystalline TiO2 over the whole visible range extending
up to 1000 nm [16]. Here we report the synthesis and
characterization of terpyridine-ruthenium(II) complexes
with β-diketonato ligands having different substituted alkyl
chain lengths 1,1,1-trifluoropentane-2,4-dione (tfpd), 1,1,1-
trifluorodecane-2,4-dione (tfdd), and 1,1,1-trifluoroicosane-
2,4-dione (tfid) and investigated their effects on DSCs
performance in the presence and absence of deoxycholic
acid (DCA) as a coadsorbent, with the aid of photophysical,
and photoelectrochemical measurements. The molecular
structures of the complexes [Ru(tctpy)(tfpd)(NCS)] (A1),
[Ru(tctpy)(tfdd)(NCS)] (A2), and [Ru(tctpy)(tfid)(NCS)]
(A3), and DCA are shown in Figure 1.

2. Experimental Details

2.1. Materials. The following chemicals were purchased
and used without further purification: hydrated ruthe-
nium trichloride (from Aldrich), ammonium thiocyanate

(from TCI), 1,1,1-trifluoropentane-2,4-dione (tfpd) (from
Aldrich), and LH-20 Sephadex gel (from Sigma). 1,1,1-
trifluorodecane-2,4-dione (tfdd) [28], 1,1,1-trifluoroicos-
ane-2,4-dione (tfid) [28] and Ru(H3tctpy)Cl3 [11] were
synthesized using the literature procedures. Complexes
[Ru(tctpy)(tfpd)(NCS)] (A1) and [Ru(tctpy)(tfid)(NCS)]
(A3) were prepared using the literature procedure [15].

Synthesis of [Ru(tctpy)(tfdd)(NCS)] (A2). Using the same
conditions as for complex A1, and starting from ligand 1,1,1-
trifluorodecane-2,4-dione (tfdd), the title compound was
obtained as a dark green powder, [Ru(tctpy)(tfdd)(NCS)]
(A2). Yield was 60%: MS (ESIMS): m/z: 249.3 (M-3H)3−,
374.5 (M-2H)2−. 1H NMR (300 MHz, D2O-NaOD): δ 8.76
(2H, s), 8.72 (2H, d), 8.52 (H, d), 8.46 (H, d), 7.85
(H, d), 7.78 (H, d), 5.84 (0.5H, s), 5.82 (0.5H, s), 2.53
(2H, m), 1.55–0.80 (8H, m), 0.50 (3H, m), Anal. Calcd
for C29H28F3N4O8RuS·(H2O)2: C, 44.27; H, 4.10; N, 7.12,
found: C, 45.01; H, 4.21; N, 6.88.

2.2. Analytical Measurements. UV-visible spectra were
recorded on a Shimadzu UV-3101PC spectrophotometer.
Steady-state emission spectra were recorded using a grating
monochromator (Triax 1900) with a CCD image sensor.
The redox potential of the complexes was measured using a
standard three-electrode apparatus.

2.3. Preparation of TiO2 Electrode and Dye-Loading Mea-
surements. Nanocrystalline TiO2 photoelectrodes of about
20 μm thickness (area: 0.25 cm2) were prepared using a
variation of a method reported by Nazeeruddin et al. for solar
cells measurements [11]. We also prepared transparent TiO2

film of 7 μm thicknesses to check the adsorption properties of
the complexes on to TiO2 film using the same method. The
dye-loading measurement on TiO2 films was carried out by
desorbing the dye into 0.1 M NaOH, solution in CH3OH and
the dye load on the TiO2 film was estimated by means of an
ultraviolet-visible absorption spectroscopy.

2.4. Fabrication of Dye-Sensitized Solar Cell. Two-electrode
sandwich cell configurations were used for photovoltaic
measurements. The dye-deposited TiO2 film was used as the
working electrode and a platinum-coated conducting glass
as the counter electrode. The two electrodes were separated
by a surlyn spacer (40 μm thick) and sealed up by heating
the polymer frame. The electrolyte was composed of 0.6 M
dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, and
0.1 M LiI in acetonitrile (AN).

3. Results and Discussion

3.1. Photophysical Properties. The absorption, emission, and
electrochemical properties of complexes A1, A2, and A3
are summarized in Table 1. All the complexes show sim-
ilar absorption spectra in ethanol-methanol solution as
shown in Figure 2. The bands in the visible region are
assigned to metal-to-ligand charge-transfer (MLCT) tran-
sitions and in the UV region to ligand π-π∗ transitions
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Figure 1: Molecular structures of complexes A1, A2, A3, and DCA.

Table 1: Absorption, luminescence, and electrochemical properties of the ruthenium complexes.

Sensitizer Absorption, aλmax/nm (ε/103 M−1 cm−1)
Emission λmax

b/nm Emission τb/ns E (Ru3+/2+)c /
versus SCE

E∗ (Ru3+/2+)d/
versus SCE

298 K 77 K 298 K 77 K

A1 280 (27.6), 331 (22.7), 422 (14.7), 606 (7.0) 940 905 16 160 +0.68 −0.90

A2 280 (28.2), 331 (23.1), 418 (13.6), 605 (7.1) 945 900 15 214 +0.70 −0.95

A3 280 (30.0), 331 (23.6), 422 (14.7), 606 (7.0) 950 910 16 152 +0.70 −0.95
a
Measured in 4 : 1 v/v ethanol : methanol at room temperature.

bThe emission spectra and emission lifetime were obtained by exciting into the lowest MLCT band in 4 : 1 v/v ethanol : methanol.
cHalf-wave potentials assigned to the Ru3+/2+ couple for ruthenium sensitizers bound to nanocrystalline TiO2 film, measured in 0.1 M LiClO4 acetonitrile
solution.
dCalculated from E∗ (Ru3+/2+) = E (Ru3+/2+) − E0−0; E0−0 values were estimated from the 5% intensity level of the emission spectra at 77 K.

of 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine [29]. The low-
energy MLCT band maximum of complex A1 is observed
at 606 nm with the molar extinction coefficient of about
7000 M−1 cm−1. The emission spectra of complex A3 in
ethanol-methanol mixed solvents at 77 and 298 K are
presented in Figure 3. The luminescence data are displayed in
Table 1. At 77 K, complexes A1, A2, and A3 displayed excited-
state lifetimes ranging from 152 to 214 ns. The lifetimes
decreased significantly with increasing temperature, to 15-
16 ns in fluid solution at 298 K. The very short-lived excited
state in fluid solution may be caused by efficient nonradiative
decay via low-lying ligand-field excited states [30]. The
excited-state lifetime of all the complexes is long enough
for the process of electron injection into the conduction
band of the TiO2 electrode to be efficient [31]. To be a
suitable sensitizer in DSCs, the band structure of the metal
complex should match the energy level of the semiconductor
anode and the redox electrolyte or the hole conductor. The
electrochemical data of the complexes measured in methanol
solution are summarized in Table 1. All the complexes exhibit
quasireversible oxidation wave for the Ru3+/2+ couple ranging
from +0.68 to +0.70 V versus SCE. The formation of an

MLCT excited state of these complexes formally involves the
oxidation of a HOMO having metal t2g orbital character and
reduction of a terpyridine-based LUMO.

3.2. Dye Adsorption Behavior. Figure 4 shows the absorption
spectra of complexes A1, A2, and A3 adsorbed onto a
nanocrystalline 7 μm thick TiO2 film. All the complexes
show almost similar absorption spectra on TiO2 film but the
absorbance decreases with increasing alkyl chain length of
the substituted β-diketonato ligands. We compare the UV-
vis absorption spectra for the A1 dye-loaded TiO2 films, with
and without the addition of DCA during the dye-loading
process. When DCA was added in the dye solution, the dye-
sensitized TiO2 film cografted along with DCA and showed
a similar absorption spectrum. The absorbance at around
570 nm decreased by 18% compared with that of without
DCA. The competition of DCA with the dye for binding
to the TiO2 surface is responsible for the decrease in dye
adsorption. The adsorbed amount of dye on the TiO2 film
with and without DCA was listed in Table 2. It was noticed
that the amount of dye adsorbed onto the TiO2 surface was
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Table 2: Adsorbed amount of dye and cell performancea of A1, A2, and A3 sensitizers with and without DCA.

Sensitizer DCA (mM) IPCEmax Jsc (mA cm−2) Voc (V) FF η (%) Dye loadb (10−8 mol cm−2)

A1 0 67 15.9 0.53 0.63 5.31 11.5

15 74 18.5 0.56 0.64 6.63 7.6

A2 0 69 17.2 0.57 0.63 6.18 9.4

15 72 18.1 0.58 0.65 6.82 7.2

A3 0 72 18.0 0.64 0.66 7.60 7.3

15 70 17.4 0.64 0.67 7.46 6.6
a
Conditions: sealed cells; coadsorbate, DCA 0 or 15 mM; photoelectrode, TiO2 (20 μm thickness and 0.25 cm2); electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2 in

AN; irradiated light, AM 1.5 solar light (100 mW cm−2). Jsc: short-circuit photocurrent density; Voc: open-circuit photovoltage; FF: fill factor; η: total power
conversion efficiency; IPCE: incident photon-to-current conversion efficiency.
bSurface concentration of the dye molecules on TiO2 film.
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Figure 2: UV-vis absorption spectra of complexes A1, A2, and A3
in ethanol-methanol (4 : 1) solution.

reduced in the presence of DCA, as compared to that without
DCA in the dye bath. For complex A1, the difference between
the amount of dye adsorbed onto the TiO2 surface in the
presence and absence of DCA in the dye bath is 34%. This
is maybe due to the suppression of dye aggregation in the
presence of DCA. For complex A3, having long alkyl chain
length, the amount of dye adsorbed onto the TiO2 surface in
the absence of DCA decreases compared to that of A1. There
was a small decrease in dye load when DCA was added into
the dye bath. The amount of complex A3 adsorbed onto the
TiO2 surface decreased by only 9% in the presence of DCA,
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Figure 3: Emission spectra of complex A3 in ethanol-methanol
(4 : 1) solution at 77 K (——) and 298 K (– – –).

whereas the complex A1 load was reduced about 34%. The
long alkyl chain present on complex A3, may be suppress the
aggregate formation onto the TiO2 surface and works like
DCA. It is suggested that A3 form an ordered dye layer on
TiO2 surface and binds more strongly to the TiO2 surface
than DCA.

3.3. Photovoltaic Properties. The photovoltaic performance
of complexes A1, A2, and A3 on nanocrystalline TiO2

electrode was studied under standard AM 1.5 irradia-
tion (100 mW cm−2) using an electrolyte with a composi-
tion of 0.6 M dimethylpropyl-imidazolium iodide (DMPII),
0.05 M I2, and 0.1 M LiI in acetonitrile in the presence
and absence of DCA in the dye bath. The short-circuit
photocurrent density (Jsc), open-circuit voltage (Voc), fill
factors (FF), and overall cell efficiencies (η) for each dye-
TiO2 electrode are summarized in Table 2. Figure 5 shows
the photocurrent action spectra for complexes A1 and A3 in
the presence and absence of DCA, where the incident photon
to current conversion efficiency (IPCE) values is plotted as
a function of wavelength. All complexes achieved efficient
sensitization of nanocrystalline TiO2 over the whole visible
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Figure 5: Photocurrent action spectra obtained with complexes A1
and A3 with and without DCA addition during the sensitization
process. Incident photon-to-current conversion efficiency is plotted
as a function of wavelength. A sandwich type sealed cell configura-
tion was used to measure this spectrum. The electrolyte composi-
tion was 0.6 M DMPII, 0.05 M I2, and 0.1 M LiI in acetonitrile.

range extending into the near IR region. The maximum IPCE
values of complexes A1–A3 are given in Table 2.

As shown in Table 2, a solar cell containing complex
A1 yielded a short-circuit photocurrent density (Jsc) of
15.9 mA cm−2, an open-circuit photovoltage (Voc) of 0.53 V,
and a fill factor (FF) of 0.63, corresponding to an overall
conversion efficiency (η) of 5.3% in the absence of DCA. The
addition of DCA gave a pronounced efficiency enhancement
up to 6.6% with a short-circuit photocurrent density of
18.5 mA cm−2 and an open-circuit photovoltage of 0.56 V.
Although the amount of complex A1 adsorb on the TiO2 film
decreased to 34% with the addition of DCA during the dye-
loading process, the values of Jsc, Voc, and, thus, the efficiency
were increased as compared to the case without DCA
addition. As shown in Figure 5, complex A1 shows the IPCE
value of 67% in the plateau region in the absence of DCA,
and the maximum IPCE value increased up to 74% with
the addition of DCA during the dye-loading process. The
observed changes in Jsc agreed well with the corresponding
IPCE spectra for A1-sensitized DSCs with and without the
addition of DCA. The main possible explanation is that the
coadsorption of DCA prevents dye aggregation, which can
cause intermolecular energy transfer and sequentially result
in the excited-state quenching of the dyes [19]. As a result, the
reduction of dye load on the TiO2 surface in the presence of
DCA consequently results in more efficient electron injection
from the excited dyes to the TiO2 conduction band [19]. A
more efficient electron injection thus compensates for the
less amount of dye adsorption.

It is interesting to find that A3-sensitized DSCs having
a long alkyl chain, in the absence of DCA, give a high
overall conversion efficiency of 7.6% with a short-circuit
photocurrent density of 18.0 mA cm−2 and an open-circuit
photovoltage of 0.64 V. The photovoltaic performance of A3-
sensitized DSCs is higher than that of A3-sensitized DSCs
with the addition of DCA during the dye-loading process.
This indicates that the photovoltaic performance of bulky
alkyl chain substituted sensitizer A3 was not dependent on
additive DCA. It is expected that the injection of electron
into the TiO2 conduction band and the recombination of
electrons in the TiO2 film with the oxidized species in
the redox electrolyte is unaffected in A3-sensitized DSCs
with and without DCA addition. As shown in Table 2,
the amount of adsorbed A3 on TiO2 surface with and
without DCA addition is almost the same and also shows
similar photovoltaic performance which suggest a self-
assembly property of complex A3 due to the presence of
a bulky alkyl chain substitute in the structure. A self-
assembly property of the dye during the sensitization of TiO2

film is important to obtain efficient surface coverage and
efficient electron injection and thus obtain high photovoltaic
performance of DSCs [19]. Figure 1 showed that the A3
sensitizer contains long alkyl chain in the β-diketonato
ligand which may produce surface blocking through steric
hindrance, preventing the access of electrons to the redox
electrolyte, which will be in favor of higher Voc. On the
other hand, this bulky alkyl group may not only facilitate
the ordered molecular arrangement on the TiO2 surface but
also keep dye molecules at a distance, which may suppress
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possibly intermolecular dye interaction, favoring higher Jsc

[19]. The protection by the alkyl chain is proven to be more
efficient as compared to the coadsorption of DCA under
the examined conditions. However, the less efficient surface
protection in A1 sensitizer resulted in poor photovoltaic
performance. In conclusion, higher power conversion effi-
ciencies were obtained for DSCs based on A3 with bulky
alkyl substituent due to the inherent properties of the dye
molecule.

As illustrated in Figure 1, A2 sensitizer has an alkyl chain
length of C6 on the β-diketonato ligand which is shorter than
A3 sensitizer (C16). Thus, an expected intermediate perfor-
mance for A2-sensitized DSCs was obtained in comparison
with A1 and A3 under both conditions, with and without the
DCA addition. From Table 2, it is clear that the dye load of
A2 dropped by about 23% due to the addition of DCA in the
dye bath. However, the value of Jsc increased with decreasing
dye coverage, probably due to the same reason as mentioned
for A1.

The A3 sensitizer having long alky chain substituent on
the β-diketonato ligand shows the best performance in this
series. Thus, this class of diketonato ruthenium complexes
serves as a basis for further design of new potential sensitizers
by introducing suitable substituents on the diketonato ligand
to prevent surface aggregation of the sensitizer for efficient
injection efficiencies and furthermore to enhance the molar
extinction coefficient of the sensitizer.

4. Conclusions

Three panchromatic photosensitizers A1, A2, and A3 based
on 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine-ruthenium(II)
complexes with one β-diketonato chelating ligand con-
taining different bulky alkyl chain lengths between C1–
C16 were developed and systematically characterized using
electrochemical and spectroscopic methods. The complexes
achieved efficient sensitization of nanocrystalline TiO2

over the whole visible range extending into the near
IR region (ca. 950 nm). These dyes showed gradually
enhanced photovoltaic performance with increasing the
alkyl chain length. The photovoltaic data of these new
complexes show 7.6% power conversion efficiency under
standard AM 1.5 irradiation (100 mW cm−2). To understand
the effect of the bulky substituent on the photovoltaic
performance of DSCs, we investigated the photovoltaic
performances of A1-, A2-, and A3-sensitized DSCs with
and without DCA addition in the dye bath. We notice
that the photovoltaic performance of A3-sensitized DSCs
containing bulky alkyl chain length of C16 was independent
of the DCA, while the A2 bearing alkyl chains length of
C6 and A1 without alkyl chain showed 10% and 24%,
respectively, improvement in photovoltaic performance in
the presence of the DCA. Without DCA, A3-based DSCs
were still superior to both A1 and A2 in the presence of
DCA. This is probably due to the inherently structural
nature of A3 molecule, functionalized with bulky alkyl
chain substituent, which resulted in excellent photovoltaic
performance.
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Highly efficient, large mesoporous carbon is fabricated as a metal-free counter electrode for dye-sensitized solar cells. The
mesoporous carbon shows very high energy conversion efficiency of 7.1% compared with activated carbon. The mesoporous
carbon is prepared and characterized by nitrogen adsorption, scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). The nitrogen adsorption data reveals that the material possesses BET specific surface area ca.1300 m2/g and
pore diameter 4.4 nm. Hexagonal rod-like morphology and ordered pore structure of mesoporous carbon are confirmed by
electron microscopy data. The better performance of this carbon material is greatly benefited from its ordered interconnected
mesoporous structure and high surface area.

1. Introduction

Global energy demand is likely to increase with the expansion
of economy, even though great efforts are made to increase
the energy utilization efficiency. In recent years, fuel cells and
solar cells have contributed remarkably for the development
of renewable energy technologies. Photovoltaic cells such
as dye-sensitized solar cells (DSCs) have attracted much
attention as an alternative energy source for future require-
ments [1], which composed of porous nanostructured oxide
film with adsorbed dye molecules as a dye-sensitized anode,
an electrolyte containing iodide/triiodide redox couple,
and a platinized fluorine-doped tin oxide (FTO) glass as
the counter electrode [2–4]. DSCs have advantages over
traditional Si-solar cells due to low cost, easy fabrication,
and high energy conversion efficiency [5, 6]. For additional
improvement in energy efficiency and commercialization of
DSCs [7, 8], further cost reduction is necessary. Therefore,
efforts have been made to lower the production cost of DSCs

by using flexible ITO-coated polyester film, metal foil [9],
and organic dyes or metalorganic complex dyes [10]. In
DSCs the platinum counter electrode is very crucial towards
catalytic reduction of tri-iodine. But the platinum is an
expensive metal and takes large portion of fabrication cost
of DSCs, which retards commercialization of the process.
To reduce to the cost of DSCs process various carbon
materials such as carbon black [11], activated carbon [12],
carbon nanotubes, porous carbon [13], and graphite [14]
have been investigated as counter electrode. However, energy
conversion efficiency of reported carbon counter electrode
of DSCs is still low. Therefore, further enhancement of
efficiency is necessary. Among the other carbon materials,
mesoporous carbon materials have received much attention
due to their large internal surface area and pore volume,
tunable and narrow pore diameter [15, 16]. Templated
synthesis method of mesoporous carbon, which is also
known as “nanocasting” has been extensively used due to
the obtained material possesses uniform and interconnected
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pores. This synthetic technique involves impregnation of
silica templates with an appropriate carbon source, car-
bonization of carbon precursor, and subsequent removal
of silica. The resulting carbon is inverse replica of ordered
mesoporous silica. Herein, ordered high specific surface area
and large porous carbon is synthesized using large porous
silica as a template and dye-sensitized solar cells properties
of synthesized carbon are investigated as a metal-free counter
electrode.

2. Experimental

2.1. Preparation of Large Porous Carbon (LPC) Counter
Electrode. Ordered mesoporous carbon material referred to
as LPC is synthesized by pyrolysis of sucrose inside the
large porous silica (LPS) synthesized at 130◦C using P123
surfactant. In a typical synthesis of mesoporous carbon, 1 g
of LPS is added to a solution obtained by dissolving 0.75 g
of sucrose and 5.0 g of water, and keeping the mixture in an
oven for 6 h at 100◦C. Subsequently, the oven temperature
was raised to 160◦C for another 6 h. In order to obtain fully
polymerized and carbonized sucrose inside the pores of silica
template, 0.5 g of sucrose, 0.06 g of H2SO4, and 5.0 g of water
are again added to the pretreated sample, and the mixture
is again subjected to thermal treatment as described above.
Carbonization is performed at 900◦C for 5 h under N2-
atmosphere. The resulting carbon/silica composite is treated
with HF acid (5 wt%) at room temperature to selective
removal of silica. The finally obtained mesoporous carbon
paste is coated on FTO glass using doctor blade technique
[17, 18].

2.2. Fabrication of Dye-Sensitized Solar Cell. A nanocrys-
talline TiO2 photoelectrodes of 20 μm thickness (area:
0.25 cm2) were prepared by screen printing on conducting
glass as previously described [19]. The films were further
treated with 0.05 M TiCl4 and 0.1 M HCl aqueous solutions
before examination [20]. Coating of the TiO2 film was
carried out by immersing for 45 h in a sensitizer solution
(N719) of 3 × 10−4 M acetonitrile/tert-butyl alcohol (1/1,
v/v) solution. Deoxycholic acid (20 mM) was added to the
dye solution as a coadsorbent to prevent aggregation of the
dye molecules [21, 22]. Photovoltaic measurements were
performed in a two-electrode sandwich cell configuration.
The dye-deposited TiO2 film and a large pore mesoporous
carbon on conducting glass were used as the working
electrode and the counter electrode, respectively. The two
electrodes were separated by a surlyn spacer (40 μm thick)
and sealed by heating the polymer frame. The electrolyte
was composed of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2, TBP 0.5 M, and 0.1 M LiI in acetonitrile.

3. Results and Discussion

The unit cell parameters for the LPC and LPS materials are
evaluated from the XRD data, which are summarized in
Table 1. The hexagonal unit cell a0 parameter is calculated
using the formula a0 = 2d100/

√
3. It was observed that the

Table 1: Textural parameters of large pore silica and carbon
materials.

Sample a0/nm ABET/m2·g−1 Vp (cm3/g) dp, BJH (nm)
adsorption

LPC 9.02 1317 1.31 4.4

LPS 10.42 530 1.17 10.3

unit cell constant of these LPC material decreases to 9.02 nm
compare with unitcell constant of 10.42 for LPS due to
structural pore shrinkage after removal of the template.
Nitrogen adsorption-desorption isotherms are measured at
77 K on a Quantachrome Autosorb 1 volumetric adsorption
analyzer. Before the adsorption measurements, all samples
are out gassed at 250◦C in the port of the adsorption analyzer.
The position of the maximum on pore size distribution
is referred to as the pore diameter, which was calculated
from adsorption branches by Barrett-Joyner-Halenda (BJH)
method. The nitrogen adsorption-desorption isotherm of
LPC along with BJH pore size distribution (inset) is shown
in Figure 1(a). The isotherm is of type IV and exhibited a H2
type hysteresis loop. As the relative pressure increases (P/P0 >
0.4), the isotherm exhibits a sharp capillary condensation
step of nitrogen within uniform mesopores, where the
P/P0 position of the inflection point is correlated to the
diameter of the mesopore. The BET specific surface area was
obtained from adsorption branches in the relative pressure
range of 0.05–0.20. The total pore volume was estimated
from the amount of nitrogen gas adsorbed at a relative
pressure of 0.98. The position of the maximum on pore
size distribution is referred to as the pore diameter, which
was calculated from adsorption branch by Barrett-Joyner-
Halenda (BJH) method. The specific surface area amounts to
530 m2/g for LPS and increases to 1317 m2/g for LPC, while
the specific pore diameter decreases from 10.3 nm to 4.4 nm
for the same samples. The large pore carbon LPC material
possesses pore volume 1.31 cm3/g, which is higher than large
pore silica LPS material. The specific surface area and specific
pore volume are higher for LPC than the LPS template,
which facilitates for application in dye-sensitized solar cells.
It is interesting to note that structural order is retained even
after the removal of the template by acid treatment. The
HRTEM images are obtained with JEOL JEM-2100F. Hitachi
S-4800 HR-FESEM is used to observe the morphology of
the material. SEM image in Figure 1(b) reveals that the
LPC has hexagonal rod like morphology, which is similar
to the morphology of mesoporous silica. Highly ordered
linear array of pore channels and pore structure of LPC
was confirmed by high resolution transmission electron
microscopy (Figures 1(c) and 1(d)).

Monochromatic incident photon-to-current conversion
efficiency (IPCE) for the solar cell, plotted as a function of
excitation wavelength, was recorded on a CEP-2000 system
(Bunkoh-Keiki Co. Ltd.). IPCE at each incident wavelength
was calculated from (1), where Isc is the photocurrent
density at short circuit in mA cm−2 under monochromatic
irradiation, q is the elementary charge, λ is the wavelength of
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Figure 1: (a) Nitrogen adsorption isotherm (• adsorption, ◦ desorption) and BJH pore-size distribution (in set) of LPC material. (b) SEM
image of LPC material. (c, d) TEM images of LPC.

incident radiation in nm, and P0 is the incident radiative flux
in Wm−2

IPCE(λ) = 1240

(
ISC

qλP0

)
. (1)

The photocurrent density-voltage curves and incident
photon-to-current efficiency (IPCE) spectra of the cells are
based on N719 dye under the illumination of air mass (AM)
1.5 sunlight (100 mW/cm2, WXS-155S-10: Wacom Denso
Co. Japan).

Photovoltaic performances of DSCs based on the meso-
porous carbon and activated charcoal are shown in Figure 2.
The short circuit current (Jsc), the open-circuit voltage (Voc),
the fill factor (FF), and the overall conversion efficiency (η)
are summarized in Table 2. The results indicate that the
activated charcoal shows poor performance compare with
mesoporous carbon. The LPC counter electrode shows Jsc of
12.07 mA/cm2, Voc of 0.80 V and FF of 0.66% superior over
Jsc of 12.07 mA/cm2, and Voc of 0.76 V and FF of 0.15% of
activated charcoal material. The overall conversion efficiency

Table 2: Photovoltaic parameters of DSCs based on mesoporous
carbon and activated carbon electrodes.

Sample Jsc/mA cm−2 Voc/V FF% η/%

LPC 13.41 0.80 0.66 7.1

AC 12.07 0.76 0.15 1.4

achieved is 7.1% and 1.44% for LPC and AC, respectively.
The higher FF and η indicate that LPC is more efficient than
AC material.

4. Conclusions

High surface area and large mesoporous carbon LPC with
ordered pore structure has been explored as the metal-free
counter electrode for DSCs. Nitrogen adsorption isotherm
measurement indicates that LPC material shows very high
surface area and large pore volume than mesoporous silica
LPS material. SEM and TEM analyses confirm that LPC
material retain morphology and order pore structure of
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Figure 2: Photocurrent-voltage characteristics of dye-sensitized
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the template LPS even after acid treatment. Large porous
structure of LPC helps for the penetration of electrolyte and
high-specific surface area of ca. 1300 m2/g, interconnected
pore structure facilitate for high energy conversion efficiency
than activated charcoal.
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The photocatalytic depolymerization of Dagang vacuum residue (DVR) was carried out with H2O2 over TiO2 in a photochemical
reactor. Most of the organic matter in DVR was converted into oxygen-containing organic compounds. The yields of carboxylic
acids, oxalates, epoxy compounds, and hydroxyl compounds from DVR oxidation are 40.6%, 36.4%, 17.86%, and 13.5%,
respectively. In addition, the oxidation causes significant decrease in viscosity and chromaticity of DVR. The related reaction
mechanisms are discussed according to the experimental results.

1. Introduction

Heavy oil becomes more and more important with rapid
reduction of light oil and drastic increase of liquid fuels [1–
5]. As typical heavy oil in China, Dagang vacuum residue
(DVR) has high viscosity and chromaticity [6].

Photo-catalytic oxidation (PCO) has been widely applied
to many aspects such as solar energy transformation,
environmental protection and the syntheses of coating,
cosmetic and printing ink, food-packaging materials, gas
sensors and functional ceramics [7–15]. Almost all the
organic matter (OM) in aqueous solution can be converted
into carbon dioxide and water by PCO; hydroxyl oxidation
and electron-hole pair oxidation are principal processes in
the course of oxidation [16–18]. However, selective PCO
of heavy oil in organic solvent has not been reported to
our knowledge. In the present study, we found that OM
in DVR can be converted into oxygen-containing organic
compounds (OCOCs), which can be used as industrial
raw materials for the synthesis of dyes and medicines.
Particularly, dialkyl oxalates in the OCOCs are reactive
intermediates for preparing chemical cold light source [19–
22].

2. Experimental Section

2.1. Samples and Reagents. DVR, the residue of crude oil
vacuum distillated later and collected from Dagang Oil
Field, Tianjin Municipality, China, was preserved in sealed
condition. Table 1 shows the elementary properties and
ultimate analysis of DVR. Cyclohexane, acetone, and hydro-
gen peroxide (30% wt) are commercial purchased analytical
reagents, and all organic solvents used in the experiment
were distilled prior to use. Titanium dioxide as photocatalyst
was prepared by Sol-Gel method and characterized by
ultraviolet visible (UV-VIS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM) (as shown in
Figures SI-1, 2, 3, and 4 and Table SI-1, see Supplementary
Materials available at doi:10.1155/2011/869589), implying
the homemade powders are anatase nanometer particles, and
its particle radius is no more than 20 nm, and its properties
are similar to the commercial reagent P-25 [23].

2.2. Instruments and Equipment. The SGY-1 multifunctions
photochemistry reactor with the function of rotating and
with 500 W low-pressure mercury lamp as light source,
which can emit around 85% ultraviolet light with wavelength
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Figure 1: Procedure for DVR oxidation, subsequent treatment, and products analysis.

of 365 nm (its energy distribution as shown in Table SI-
8), was made in Nanjing Sidongke Electric Equipment Co.
of China. The reactor was used to study the quantum
yield of photochemistry reaction, especially the synthesis
of new materials or the degradation of organic contami-
nations (as Figure SI-7). The instruments for analyses of
products are a Nicolet Magna IR-560 Fourier transform
infrared (FTIR) and a Hewlett-Packard 6890/5973 gas chro-
matography/mass spectrometer (GC/MS) equipped with a
capillary column coated with HP-5 (cross-link 5% PH ME
siloxane, 30 m × 0.25 mm i.d., 0.25 μm film thickness) and a
quadrupole analyzer and operated in electron impact (70 eV)
mode.

2.3. Photochemical Treatment and Analyses Method. As
shown in Figure 1, 0.005 g of DVR was dissolved in 10 mL
cyclohexane and mixed with TiO2 (amount of 0.01 g) and
H2O2 (ca. 0.5 mL). The mixtures were dispersed under
ultrasonic for 10 min and illuminated with 500 watt low-
pressure ultraviolet mercury lamp for 13 hours in electro-
magnetic stirring. Then the reaction mixture was filtered
and separated and eluted with cyclohexane and acetone,
respectively. The cyclohexane-soluble fraction (CSFODVR)
and the acetone-soluble fraction (ASFODVR) were analyzed
with GC-MS or FTIR. The residue was calcined to obtain
the service life of catalyst. The chemical oxygen demand
(COD) of the aqueous soluble was determined using titration
with potassium dichromate. In addition to the model
compounds such as liquid paraffin, decahydronaphthene and
tetrahydronaphthalene were oxidized by UV light to analyze
the depolymerization mechanism of DVR photo-catalytic
oxidation under the same condition. The reaction results of
model compounds were shown in Tables SI 3, 4 and 5. And
the reaction results of DVR were also discussed with FTIR
analyses.

3. Results and Discussion

3.1. Analysis of Cyclohexane Photo-Oxidation. Different sol-
vents have different polarity and stability, especially when
they are illuminated by UV light. DVR mainly consists of
low-polarity alkyl saturated hydrocarbon. Hence, cyclohex-
ane with lower polarity and stability to UV light is selected
as solvent in PCO according to similar dissolve mutually
theory. Of course, the products from the PCO of cyclohexane
may have effect on the analysis result of ODVR. So in
order to eliminate the interference, the cyclohexane was
oxidized alone by photo-catalytic oxidation and with GC/MS
analyses. The result is exhibited in Figure 2, the oxidation
products are listed in Table SI-2. As shown Figure 2,
in total six products were identified, including cyclohex-
anol, cyclohexanone, cyclohexyl formate, cyclohexylcyclo-
hexane, (cyclohexyloxy)cyclohexane, and cyclohexyl hex-
anoate. Among the oxidation products the relative contents
of compound 6 ((cyclohexyloxy)cyclohexane) and com-
pound 2 (cyclohexanol) are higher and account for 14.30%
and 5.76%, respectively. However, no 1-cyclohexylcyclohex-
1-ene, cyclohexene, and cyclohexy-lidenecyclohexane were
detected, implying active hydrogens in cyclohexane ring
can be substituted partly by hydroxyl radicals to form
cyclohexane derivatives, but the derivatives are difficult to
eliminate and to form the products of cyclohexane ring
opening or unsaturated compounds. The mechanism of
product formation is represented in Scheme 1. Where the
solvent is not oxidized under the mild conditions, present
selection of solvent is more appropriate.

3.2. Effect of TiO2 on DVR Oxidation by FTIR Analysis. As
shown in Figure 3, no absorbance at 3480 cm−1 was observed
in EI (the system of DVR cyclohexane solution) and EII

(the system of DVR cyclohexane solution oxidized with
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Table 1: Property and ultimate analyses of DVR.

DVR property Elemental composition (wt%, daf)

RC (%) D (g cm−3) V (mPas) MM C H N S O∗

17.02 0.9796 2074 1008 85.91 11.43 0.61 0.24 1.81

RC: residual carbon; D: density; V: viscosity; MM: molecular mass; ∗by difference.

Table 2: Alkenes detected in the products from CSFDVR and
ASFODVR.

Peak Alkene
Detected in

CSFDVR ASFODVR

54 (E)-icos-7-ene 2.2

68 Octadec-1-ene 1.0

71 Docos-1-ene 0.2

76 (E)-octadec-7-ene 1.2

86 (E)-henicos-10-ene 0.7

93 Nonadec-1-ene 3.8 0.5

104 Squalene 8.0
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Figure 2: Total ion chromatograms of oxidation cyclohexane.

H2O2), but a broad absorption band in EIII (the system of
DVR cyclohexane soluble oxidized with H2O2 over TiO2),
which suggests that the concentration of hydroxyls produced
by the synergistic effect of TiO2 and H2O2 is higher. The
absorbance at 1730 cm−1 is found in EII, and EIII and the
peak is stronger in EIII than in EII, indicating C=O as a
functional group in oxidation products, and the oxidation
effect is obvious in EIII. This shows that oxidation of DVR

requires both TiO2 and peroxide for successful oxidation.
Peaks at 3480 cm−1, 2930 cm−1, 2860 cm−1, 1370 cm−1, and
1460 cm−1 are very strong, only with different strength,
suggesting that −CH3 and =CH2 exist in CSFDVR, CSFODVR,
and ASFODVR and with different contents. It proved the
formation of –OH, and the existence of hydroxyl oxidation
was included in EII and in EIII. As far as two systems, the
absorbances at 1730 cm−1 were attributed to the carbonyl
compounds, but the intensity in EIII is stronger than in EII,
indicating higher concentration of carbonyl groups and the
oxidation effect of DVR more obviously. The absorbance
at 2380, 2330 cm−1 in cyclohexane and EI, but not in EII,
was found, illustrating that C=C has been converted into
saturation hydrocarbon or other OOCs. Hence, most of OMs
in DVR have been converted into high-polarity compounds.
Especialy, the conversion in EIII is the most effective because
of the synergistic effect. The conclusion also depends on
GC/MS analyses and verification.

3.3. GC/MS Analysis of DVR and Oxidation Products. The
compounds detected in CSFDVR, CSFODVR, and ASFODVR

were listed in Tables 2–11 and Tables SI-3 and 4. The
total ion chromatograms (TICs) were presented in Figures
SI-5 and 6. 27 species compounds in CSFDVR, 21 species
compounds in CSFODVR, and 73 species compounds in
ASFODVR were detected. Their parent compounds can be
classified normal alkanes (NAs), branched-chain alkanes
(BAs), esters, carbonyl acids, alkenes, arenes, ketones, alco-
hols, phenols and epoxy compounds (ECs). Compounds
99, 51, and 5 are the most abundant in CSFDVR, CSFODVR,
and ASFODVR, respectively; they are dotriacontane, allyl
tetradecyl oxalate, and 4-oxopentanoic acid, in sequence
accounting for 10.02%, 13.47%, and 25.14%. As shown in
Figures SI-5 and 6 and Tables 2–10, OMs in CSFDVR were
converted into polar OOCs in CSFODVR or in ASFODVR via
PCO.
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Table 3: Monobasicacidesters detected in the products from
ASFODVR.

Peak Monobasic acid ester Detected in

14
Dihydro-4-hydroxyfuran-2(3H)-

one
2.1

17
Dihydro-5-

(hydroxymethyl)furan-2(3H)-
one

1.2

19 2-hydroxycyclohexyl acetate 0.7

24 4-hydroxycyclohexyl acetate 0.6

31
(3Z,11Z)-octadeca-3,11-dienyl

acetate
0.3

35 4-methylpentyl pentanoate 5.2

36 Octan-4-yl hexanoate 2.0

38
5,6-dihydro-4-(2-methylprop-1-

enyl)pyran-2-one
0.2

48 Sec-butyl phenyl carbonate 0.1

72 Heptadecyl 2,2,2-trifluoroacetate 0.4

79 Etradec-13-enyl acetate 0.2

Table 4: Dialkyl alkanedioates in the products from CSFODVR and
ASFODVR.

Peak Dialkyl alkanedioate
Detected in

CSFODVR ASFODVR

22 Trans-cyclohexane-1,4-diyl-diacetate 0.4

49 Dodecyl isobutyl oxalate 7.2

51 Allyl tetradecyl oxalate 13.5

58 Cyclobutyl octadecyl oxalate 4.7

63 Dicyclohexyl malonate 1.0

73 Cyclobutyl pentadecyl oxalate 3.7

77 Isobutyl pentadecyl oxalate 5.7

84 Hexadecyl isobutyl oxalate 5.8

As listed in Table SI-3, in total 18 NAs (C14–C36) were
affirmed in CSFDVR, CSFODVR, and ASFODVR. As Figures SI-
5 and 6 show the TICs spectra of CSFDVR, CSFODVR, and
ASFODVR, 16 NAs were identified in CSFDVR, accounting
for 65.67%, indicating DVR mainly composed of NAs. It
is considered that it is difficult for NAs to oxidize in mild
condition, but the RC of NAs in CSFODVR and ASFODVR

was reduced dramatically. Only 8 NAs in CSFODVR and 5
NAs in ASFODVR were detected, accounting for 41.55% and
2.1%, respectively. So we assumed that the NAs have been
converted into other OOCs in the experiment. Through the
photo-catalytic oxidation degradation of model compounds,
liquid paraffin indicates that NAs can be converted into
OOCs including alcohols and α-unsaturated chain hydrocar-
bons.

As shown in Tables SI-4 and 5 BAs, accounting for
12.22%, were detected in CSFDVR. After PCO about a quarter
BAs were reduced in CSFODVR in relative to in CSFDVR, less
than 2% BAs was detected in ASFODVR. These data indicate
that BAs participated in the reaction of photo-oxidation.
BAs with large amounts of active hydrogen were subject to
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Figure 3: FTIR spectra of cyclohexane and DVR oxidized before
and later.

substituting by hydroxyl free radicals formation hydroxyl
compounds (HCs) or eliminating dehydration by electron-
hole pairs in the process of PCO. It is obvious that part BAs
may be formed in the course of PCO degradation, so BAs can
be detected in CSFODVR and ASFODVR though they are easy to
be degraded.

As shown in Table 2, alkenes is a vital component
in CSFDVR, only 4 alkenes, accounting for 15.19%, were
detected. The RC of alkenes in ASFODVR was 2.4% though
4 alkenes were determined, while no alkenes were observed
in CSFODVR. The analysis result of GC/MS indicate that
these alkenes with high-ploarity in contrast to cyclohexane
are unstable under UV light irradiation, they participate in
photo-oxidation degradation reaction by two processes of
the oxidation of hydroxyl radicals and Michael’ addition
reaction.

As shown in Tables 3–5, in total 23 esters were deter-
mined in CSFODVR and ASFODVR and no OEs was detected
in CSFDVR, suggesting that OEs are the main oxidation
products. In them, 6 OEs (including dodecyl isobutyl
oxalate, allyl tetradecyl oxalate, cyclobutyl octadecyl oxalate,
cyclobutyl pentadecyl oxalate, isobutyl pentadecyl oxalate,
and hexadecyl isobutyl oxalate) were identified in CSFODVR,
and the total RC is 40.55%, indicating the formation of
oxalate functional groups in PCO (as shown in Figure 4,
the mass spectra of the oxalic esters). In addition, 16.34%
of 17 OEs were also detected in ASFODVR, indicating that
heavy oil has been converted successfully by PCO. Because of
the existence of carbonyl acids (CAs) and alcohols as shown
in Tables 8 and 9, OEs are possibly generated through the
esterification of acids and alcohols. It is unlikely generation
from the openingring of ACs’ hydroxylation derivatives
because the photo-catalytic oxidation degradation of model
compounds did not discover the open-loop product (as
shown in Tables SI-5 and 6 PCOs of decahydronaphthene
and tetrahydronaphthalene). And the formation of OEs
proved that DVR can be converted into OOCs successfully
through several methods. OEs, as terminal OOCs, are easy
to isolate from nonpolar materials, so they are important
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Table 5: Dialkyl phthalates detected in the products from ASFODVR.

Peak Dialkyl phthalate Detected in Peak Dialkyl phthalate Detected in

52 Diethyl phthalate 0.5 74 Butyl octyl phthalate 0.4

57 Diisobutyl phthalate 0.9 91 Bis(6-methylheptyl)phthalate 0.1

Table 6: Acids detected in the products from ASFODVR.

Peak Acid Detected in Peak Acid Detected in

2 Hexanoic acid 0.4 33 Oxepane-2,7-dione 3.7

5 4-oxopentanoic acid 25.1 40 Dodecanoic acid 0.2

12 5-oxohexanoic acid 1.6 45 Tridecanoic acid 0.3

13 3-(ethoxycarbonyl)propanoic acid 0.8 47 Tetradecanoic acid 0.4

15 1,3-dioxol-2-one 0.4 56 Pentadecanoic acid 0.3

23 Succinic acid 0.1 64 n-hexadecanoic acid 0.3

27 Glutaric acid 3.0 65 Palmitic acid 0.3

Table 7: Alcohols detected in the products from CSFDVR, CSFODVR and ASFODVR.

Peak Alcohol
Detected in

CSFDVR CSFODVR ASFODVR

6 (1R,2R)-cyclohexane-1,2-diol 2.9

11 2,2-dimethyloctan-3-ol 5.9

16 4-methylheptan-3-ol 1.0

29 2,5-dimethylhex-4-en-3-ol 0.2

30 Tridecan-7-ol 0.4

39 2-octadecylpropane-1,3-diol 0.7

60 Hexadecane-1,2-diol 0.2

62 2-methyl-5,5-diphenylpenta-3,4-dien-2-ol 0.3

90 2-(octadecyloxy)ethanol 2.0 1.9

Table 8: Phenols detected in the products from ASFODVR.

Peak Phenol Detected in

3 Phenol 0.1

88 2,4-bis (2-phenylpropan-2-yl)phenol 1.4

industrial raw materials. Among them, oxalates always are
considered as a main intermediate to make the cold light
illuminator or other military supplies. Hence, the conversion
of compounds in PCO provides an effective approach to
make the DVR utilization effective.

As listed in Table 6, CAs are one of the OOCs and merely
detected in ASFODVR, suggesting that CAs as final products
are strongly polarity matters. As Figure 5 has shown that the
RC of CAs is 36.4%, and compound 5 (shown in Figure SI-6
and in Figure 5) is the most abundant account for 25.58% in
ASFODVR. OKs and ACs were also detected only in ASFODVR,
as shown in Tables 9 and 10, and the RC of them is 8.79%
and 1.13%, respectively, indicating that carbonyl compounds
have been formed in the reaction, and the primary products
can react continuously with each other through the addition
reaction cyclopolymerization. From the upper analysis result,
we suppose that the solvent participated in the reaction but
without the formation of ring opening components. The

formation of compounds containing cyclohexane provided
a proof that the active hydrogens were attacked by hydroxyls
and obtained the production of cyclohexyl free radicals.

As illustrated in Tables 7 and 8, in total 10 HCs (including
alcohols and phenols) were detected, among them, one HC
in CSFDVR, 2 HCs in CSFODVR and 7 HCs in ASFODVR. In
ASFODVR 2,2-dimethyloctan-3-ol (compound 11 in Figure
SI-6) is the most abundant, accounting for ∼5.94% of
OMs, while ∼1.86% of OMs in CSFODVR. The formation of
(1R,2R)-cyclohexane-1,2-diol suggests that OMs in DVR can
be oxidized by hydroxyl substitution besides cyclohexane.
These facts indicate that hydroxyl oxidation is a main
step in photo-oxidation process. It must be considered
as the mechanism causing the ring-opening reaction of
cyclohexane, but the products of ring opening were almost
not detected in the products of pure cyclohexane oxidation,
so it is sure that active hydrogen in DVR has been substituted
by hydroxyl free radicals and led to the formation of these
HCs. The RC of HCs in CSFODVR is less than that in
ASFODVR, indicating the HCs with high polar. In addition,
one HC exists in CSFDVR, and it is unsteady and easy to
depolymerization.

As listed in Table 11, in total 11 ECs were detected 2-
((dodecyloxy)methyl)oxirane appeared both in CSFDVR and
CSFODVR simultaneously, whereas 10 ECs were detected in
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Figure 4: Mass spectra of the dialkyl oxalates detected in CSFODVR.
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Table 9: Ketones detected in the products from ASFODVR.

Peak Ketone Detected in Peak Ketone Detected in

1 Cyclohex-2-enone 0.6 32 3-hydroxycyclohexanone 7.2

8 Cyclohexane-1,4-dione 0.3 38 5,6-dihydro-4-(2-methylprop-1-enyl)pyran-2-one 0.2

10 4-hydroxycyclohexanone 0.3 75 Anthracene-9,10-dione 0.6

Table 10: ACs detected in the products from ASFODVR.

Peak AC Detected in Peak AC Detected in

9 (4as,8as)-decahydronaphthalene 0.7 55 Phenanthrene 0.1

53 Anthracene 0.2 81 9,10-dichloroanthracene 0.1

Table 11: ECs detected in the products from CSFDVR, CSFODVR and ASFODVR.

Peak Epoxy compound
Detected in

CSFDVR CSFODVR ASFODVR

4 dihydrofuran-2,5-dione 6.7

7 2-propylfuran 0.4

18 3,4-dimethylfuran-2,5-dione 0.3

21 4,5-dimethyl-2-pentadecyl-1,3-dioxolane 0.4

25 tetrahydro-3-methyl-5-oxofuran-2-carboxylic 5.8

26 isobenzofuran-1,3-dione 1.5

28 tetrahydro-5-oxofuran-2-carboxylic acid 0.5

34 5-heptyl-dihydrofuran-2(3H)-one 1.4

46 dihydro-5-(hydroxymethyl)furan-2(3H)-one 0.5

87 3-(tetrahydro-5-oxofuran-2-yl)propanoic 0.3

97 2-((dodecyloxy)methyl)oxirane 4.9 6.3

ASFODVR and most of them are rich with pentaheterocycles
(such as furan, lactone, and acid anhydrides). The reason
is that the electron pair in hydroxyl oxygen atoms attacked
the active hydrogen in the same link and formed a ring
and then formed the stable structure in organic molecular
on account of losing the proton. This is the electrophilic
substitution reaction. Furthermore, the relative content
of penta-heterocycles is the highest (account for 17.82%)
mainly because of the small ring strain and the stable ring
structure [24].

3.4. Mass Spectra Analyses of Oxalate in CSFODVR. As
exhibited in Figure 4, six oxalates in CSFODVR were identified
with large number of RC. These compounds in peaks 49,
51, 58, 73, 77, and 84 (as shown in Figure SI-5) seem to
be oxalate containing because of the fragments at m/z 207.
The molecular ions M+ at m/z 356 are compounds 73 and
77, and compound 49 is at m/z 314 and compound 51 is
at m/z 326, but the molecular ions of the compounds 58
and 84 disappear. If the peak at m/z 207 was considered
as column loss or other impurity peaks, the mass spectra
shape of oxalates should be similar to that of NAs. However,
the oxalates were determined with GC/MS analyses and
acquired processes using Chemstation software with NIST05
library data. In addition, the structure of compounds 58
and 73 is cis-, but the structures of compounds 49, 51, 77,
and 84 are trans-, indicating the cis-formation of oxalates

with cyclobutane as branched-chain more stable than the
corresponding trans-forms. However, the trans-formation of
oxalates with branched chain alkanes or unsaturated is more
stable than the corresponding trans-forms. The possible
reason is that the substitutions meet with different steric
hindrance. The stereohindrance effect of cyclobutane and the
repulsion force between a pair of electrons cause the carbon-
carbon bond formation in oxalate rotation.

3.5. Mechanics of Photo-Oxidation Degrading DVR. As
shown in Figure 5, five species OMs in CSFDVR were
converted into five species of OMs in CSFODVR and nine
species of OMs in ASFODVR, presenting the diversified
products formed. Key steps of the products transformation
are as follows. Firstly, the active hydrogen from methyl or
methylene in NAs, BAs or branched-chain aromatics could
be substituted by the hydroxyls generated on the surface of
TiO2 with H2O2 in the process priority, and lead to form
HCs. Some HCs eliminate water molecular to form UCs, and
UCs in ASFODVR product easily undergo Michael addition
reaction and generate lactone rings or cyclic ethers (such as
furan or acid anhydrides). In addition, some HCs or UCs
can also be converted into OKs or CAs and other OEs by
hydroxyl radicals attack. The facts proved that alkanes, not
only BAs or ACs with branched chain, can be oxidized in the
processes. Secondly, the biomarkers through bond breaking,
ring opening, and small molecules eliminated could be
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Figure 5: Distributions of group components in solution of
CSFDVR, CSFODVRand ASFODVR.

oxidized into ACs. Thirdly, deep oxidation or elimination
proved that HCs and UCs have been converted into CAs or
OEs. Fourthly, esterification of CAs and HCs causes the yield
of OEs. Finally, the reaction between UCs and HCs is Michael
addition reaction.

4. Conclusions

Most of OMs in DVR was depolymerized and converted into
high-polarity OOCs successfully, which are soluble species
in cyclohexane or acetone through PCO, and their relative
contents reach above 92%. Even NAs can be also oxidized to
form HCs in PCO, and their contents decrease from 65.67%
to 44.55%.

Main products of OOCs, including CAs, OEs, HCs, and
OKs, are all essential industry materials. As for oxalates, it
can be used as the intermediate to make chemical cold-light
illuminator. So PCO depolymerization of DVR is an effective
way, not only to analyze the structure of DVR but also to
realize the effective conversion or application of DVR.

The color of system and the viscosity of DVR were
reduced gradually with the generating of hydroxyl radicals
in the photo-catalytic oxidation reaction. The change of
DVR color, viscosity, and polarity is favorable to solve
environmental protection question, which is caused by heavy
oil in the course of transportation, reserving, and utilizing.

The synergistic effect of TiO2 and H2O2 is the most effective
to the reaction.
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The nanosized cadmium sulfides (CdSs) containing different phase structures were synthesized via the complex compound
thermolysis method using different molar ratio of thiourea to acetate cadmium (S/Cd) and characterized by XRD, TEM, UV-
Vis, and IR spectra. The results of photocatalytic degradation of rhodamine B (RB) show that the activity order of CdS concerning
the phase compositions is of cubic > hexagonal > cubic + hexagonal, where the CdS with the cubic phase has the best photocatalytic
degradation activity of RB due to its larger abilities of adsorption and absorbance and smaller particle size of about 10∼13 nm.

1. Introduction

Nanomaterials are assemblies with particles or crystal size
between 1 nm and 100 nm, which include different types
of nanoparticles, nanowires, nanotubes, and nanofilms and
other nanobulk materials. Nanomaterials possess many
unique physical and chemical properties different from their
bulk counterparts due to the obvious quantum size effect
and small size effect [1, 2]. Photocatalysis is one of the key
technologies to solve both energy and environmental prob-
lems using solar energy, in which an efficient photocatalyst
is necessary. Although remarkable progress has been made
in recent years for photocatalysts working under ultraviolet
light, there are limitations for the photocatalysts to be
applied under visible light. The problem could be resolved
by using visible light-induced photocatalysts with proper
band gap energy, such as CdS, WO3, or Fe2O3. Although
CdS is a good candidate for photocatalytic water reduction
and pollutant oxidation, it has the fatal photocorrosion
problem due to the oxidation of itself by the photogenerated
hole [3]. Usually, CdSs are of cubic phase and hexagonal
phase and the cubic phase can transform into hexagonal
one when heated to certain temperatures [4]. At present,
there are many studies on the synthesis of hexagonal CdS.
Lin et al. [5] and Bao et al. [6] found that the hexagonal

CdS nanoparticles synthesized via solvothermal method
have much better photocatalytic activity for degradation of
methylene blue and better hydrogen production activity for
water photolysis, using thiourea and cadmium acetate as raw
materials. Jing and Guo [7] reported a CdS catalyst system
with a high hydrogen production activity for water photolysis
using cadmium acetate as cadmium source and H2S as sulfur
source. The CdS synthesized under solvothermal or heating
conditions is usually of stable hexagonal phase, but there are
a few reports on the synthesis of metastable cubic CdS. Many
factors can influence the photocatalytic activity of CdS, such
as phase composition, crystallite size, morphology, specific
surface area, and energy gap. For example, Degussa P25
(made in Germany), a type of commercial nanosized titania
which possesses a high photocatalytic activity, exists in poly-
morphs composed of about 80% anatase and 20% rutile [8].
Therefore, it is very important to study how to get the CdS
photocatalysts with different phase compositions and their
photocatalytic activities by controlling reaction conditions.

In this study, the CdS nanocrystals with different phase
compositions were synthesized via thermal decomposition
of thiourea-cadmium complexes using cadmium acetate and
thiourea as raw materials. The photocatalytic activities of
the synthesized CdS nanocrystals for the degradation of
Rhodamine B under visible light were also studied.
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Table 1: Synthesis conditions, phase composition, and crystalline size of CdS photocatalysts.

Sample no. c(CS(NH2)2)/(mol · l−1) c(Cd2+)/( mol · l−1) n(S)/n(Cd) Phase composition Grain size/nm

A 0.07 0.14 0.5 CdS(cubic) + CdO 10

B 0.14 0.14 1 Cubic 13

C 0.21 0.14 1.5 Cubic + hexagonal 17

D 0.28 0.14 2 Hexagonal 26

E 0.42 0.14 3 Hexagonal 26
∗The grain size of CdS can be calculated by using the crystal plane of cubic (111) and hexagonal (002), respectively.

2. Experimental

2.1. Synthesis of CdS. All chemicals were of analytical grade
and used without further purification. The preparation
conditions and analysis results of CdS samples synthesized
using different S/Cd ratios are listed in Table 1. The synthesis
procedure of nanosized CdS was as follows: (a) to prepare
a series of aqueous solutions including CS(NH2)2 and
Cd(CH3COO)2 according to their concentration listed in
Table 1; (b) 50 mL CS(NH2)2 solution was dropped into
50 mL Cd(CH3COO)2 solution to form transparent solution
under stirring for 30 min and then heated at 100◦C for
10 h so as to get a yellow single resource complex precursor
of Cd(CS(NH2)2)2(CH3COO)2 (1) which will turn to CdS
after calcination at 300◦C for 0.5 h. All other products were
gaseous (2). Thus there are no any other byproducts in the
thermolysis process. The final products were washed twice
by ethanol and deionized water followed by drying at 100◦C
for 10 h. The synthesized CdS samples are used after grinding
to powder,

Cd(CH3COO)2 + CS(NH2)2

−→ Cd(CS(NH2)2)2(CH3COO)2

(1)

Cd(CS(NH2)2)2(CH3COO)2 −→ CdS + NH3

+ HCNS + CH3COCH3 + CH2CO
(2)

2.2. Characterization of Photocatalysts. The powder X-ray
diffraction (XRD) patterns were recorded on a Rigaku
D/MAX-2500 diffractometer with Cu Kα (λ = 1.5406 Å)
radiation. The transmission electron microscope (TEM)
images were taken on a Hitachi800 electron microscope.
The UV-vis diffuse reflectance spectra were measured on
a Shimadzu UV-2550 spectrometer. The FT-IR spectra of
the samples dispersed in KBr pellets were obtained within
the 4000–400 cm−1 wavenumbers on a Nicolet 370MCT
spectrometer.

2.3. Photocatalytic Testing. A 500-W Xe lamp was used as
the light source and the visible wavelength was controlled
through a 420-nm cut filter (LF420, China), which was
hanged in a dark box and kept at about 15 cm above
the liquid level. Aqueous suspensions of Rhodamine B
(RB) dye (100 mL, with an initial concentration of 1.5 ×
10−4 M) and photocatalyst powder (100 mg) were placed
in a 250 mL beaker. Prior to irradiation, the suspensions
were magnetically stirred for 10 min under dark condition to
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Figure 1: XRD patterns of CdS samples synthesized by different
n(S)/n(Cd) ratios of A : 0.5, B : 1, C : 1.5, D : 2, and E : 3.

establish an adsorption/desorption equilibrium between dye
and photocatalyst surface. Under stirring, aliquots of a small
amount of suspension (about 4 mL) were taken out every 10
minutes under irradiation conditions, then centrifuged and
analyzed using a SP-2000UV spectrophotometer (made in
China).

3. Results and Discussion

3.1. XRD Characterization. XRD patterns of the CdS prod-
ucts are depicted in Figure 1. All the diffraction peaks of the
nanocrystals are well indexed either as cubic CdS (JCPDF
# 65-2887) or as hexagonal CdS (JCPDF # 77-2306) which
have been marked by the symbol “c” or “h.” When increasing
thiourea/Cd molar ratio from 0.5 to 1, 1.5, 2, and then to
3, a mixture of cubic CdS and CdO (Figure 1A), a cubic
CdS (Figure 1B), a mixture of cubic and hexagonal CdS
(Figure 1C), and hexagonal CdS (Figures 1D and 1E) were
obtained, respectively.

The crystal phase of synthesized CdS changes regularly,
from cubic phase→mixed phase→hexagonal phase. With
the thiourea/Cd molar ratio of 0.5, the excess cadmium
acetate decomposes into CdO under heating condition.
During the process of reaction, the cadmium acetate and
thiourea molecules form a single source precursor of
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Figure 2: TEM images of CdS samples synthesized by different n(S)/n(Cd) ratios of A : 0.5, B : 1, C : 1.5, D : 2, and E : 3.

Cd-thiourea complex Cd(SC(NH2)2)2(CH3COO)2, in which
the Cd ion coordinates with four S atoms to form tetra-
hedral CdS4 block. In the cubic zinc blende structure, the
pairs of interpenetrating tetrahedra are in the staggered
conformation, while in the hexagonal wurtzite structure,
these tetrahedra are in the eclipsed conformation. In the
present study, for the Cd-thiourea-CH3COO—complex with
a low thiourea/Cd ratio, the symmetry of the ligands is low,
and there are steric hindrances to the formation of the S3Cd-
SCd3 group in the eclipsed conformation [9]. Thus, the
lower symmetry of the first coordination sphere of Cd in a
thiourea complex leads to a lower symmetry of the cubic CdS
structure. In contrast, there are no such hindrances for the

Cd-thiourea-CH3COO—complex with a large thiourea/Cd
ratio, and CdS crystallizes in the hexagonal wurtzite structure
[10], which is thermodynamically more stable.

With increased S/Cd molar ratio, the grain size of CdS
increases from 10 nm of the cubic phase (Figure 1A), to
26 nm of the hexagonal phase (Figure 1E), as shown in
Table 1, that indicates that the change of grain size is an
important factor affecting the phase transition of CdS [11]
except for the symmetry change abovementioned.

3.2. TEM Characterization. The TEM images of CdS sam-
ples synthesized with different S/Cd ratios were shown in
Figure 2. It is shown that the particles of sample A consisting
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Figure 3: UV-vis spectra of CdS samples synthesized by different
n(S)/n(Cd) ratios of A : 0.5, B : 1, C : 1.5, D : 2, and E : 3.

of CdO and cubic CdS are about 10 nm exhibiting chain-like
aggregates. The morphology of sample B seems as flocculent
flower with diameter of about 100 nm which is consisting
of much smaller particles and fiber aggregates. In the center
of sample C, a number of particles with the diameter of
10 to 20 nm are separated out corresponding to the mixed
phases of cubic and hexagonal CdS, as shown in Figure 1C.
With increased S/Cd molar ratio, the morphology of the
samples becomes more perfect and homogeneous crystal
of cubic CdS with diameter of about 20∼30 nm that is a
good agreement in the calculation results (Table 1), as shown
in Figures 2(d) and 2(e). It is worth mentioning that the
morphologies of CdS change subtly with a gradual increase
of S/Cd ratio, suggesting that the S/Cd ratio plays a key role
in the formation of diverse CdS nanostructures.

3.3. UV-Vis Characterization. All CdS samples synthesized
with different S/Cd ratios show strong light absorption at the
wavelength of less than 550 nm, and the consequent weak
absorption even extends to 800 nm, as shown in Figure 3
which indicates that the CdS samples have broad light
absorption in the whole visible region. The absorbance has
the order of: A > (C, D) > (B, E), in which samples A and
C are the mixed phase of cubic CdS and CdO, or of cubic
and hexagonal CdS, respectively, while sample B is the pure
cubic CdS, and samples D and E are pure hexagonal CdS. It
is well known that the intrinsic energy gap of pure cubic or
hexagonal CdS is Ecubic = 2.41 eV or Ehexagonal = 2.47 eV [12],
corresponding to the cutoff absorption wavelength of Ec (λ =
515 nm) or Eh (λ = 502 nm), respectively, as shown by the
vertical lines in Figure 3. Thus all CdS samples synthesized
with different S/Cd ratios undergo a redshift compared to the
intrinsic adsorption of cubic or hexagonal CdS.

3.4. IR Characterization. The absorption bands of 3300–
3400 cm−1 and 1607–1645 cm−1 are assigned to the N–
H stretching and -NH2 bending vibrations of thiourea
molecule [13], respectively, whose intensities gradually
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Figure 4: IR spectra of CdS samples synthesized by different
n(S)/n(Cd) ratios of A : 0.5, B : 1, C : 1.5, D : 2, and E : 3.
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Figure 5: Photocatalytic degradation curves of RB using CdS
samples synthesized by different n(S)/n(Cd) ratios of A : 0.5, B : 1,
C : 1.5, D : 2, and E : 3.

increase with increasing S/Cd ratios, as shown in Figure 4.
Similarly, the absorption bands of 2040 cm−1 also gradually
increase in samples of C, D, and E, which is attributed
to the infrared vibration of –C≡N bond of thiocyanate
(HCNS, H–S–C≡N) produced in reaction (2). However,
the characteristic diffraction peaks of thiocyanate or its
derivatives do not appear in Figure 1, which indicates that
the real content of decomposed products in the CdS sample
is very low (<1%). In contrast to the above situation, the
IR absorption peaks near 2040 cm−1 of thiocyanate do not
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appear in the samples of A(0.5) and B(1.0), indicating
that there is no excess thiourea to be decomposed into
thiocyanate.

3.5. Photocatalytic Activities. The curves of photocatalytic
degradation of RB using different CdS samples are shown
in Figure 5. With the residual absorbance of RB after 60 min
as evaluation index, the degradation activity is in the order
of B ≈ A > E > D > C. Sample B has relatively
rapid degradation within the first 10 min, which can be
attributed to its strong adsorption of RB due to the flocculent
particle morphology with larger surface area, as shown
in Figure 2(b). Furthermore, sample A has the strongest
absorption in visible region and the smallest grain size
(10 nm), so it has a higher photocatalytic activity. While
n(S)/n(Cd) > 1, the catalytic activities of samples E, D, and
C are lower than that of A and B. It is known from Figure 4
that the excess thiocyanate remains on the surface of samples
E, D, and C, in which the S2− ions can act as a photoinduced
hole sacrificial reagent and compete with the oxidation of RB
dye, resulting in the decrease of the photocatalytic activity
[14]. On the other hand, the order of phase composition
effect on the catalytic activity is cubic > hexagonal >
mixed. As shown in Figure 2, the hexagonal CdS samples
of D and E are in good crystallinity and homogeneous
particle dispersion. However, the mixed phase CdS of C is
an aggregate containing many defects between the two-phase
interface, accounting for the lower photocatalytic activity.

4. Conclusions

The cubic CdS, hexagonal CdS, and their mixed phase were
synthesized under the conditions of thiourea/Cd (S/Cd)
molar ratios (0.5∼3) of ≤1, ≥2, and 1.0∼1.5, respectively.
The grain size of CdS increases with the increased S/Cd ratio.
The photocatalytic activity is in order of cubic > hexagonal >
mixed phase, in which the cubic phase CdS has the best
photocatalytic activity for RB degradation due to its strong
adsorption, intense absorbance in visible region, and the
smaller grain size.
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Fullerene C60 has stimulated intense interest for scientific, industrial, and medical community because of its unique structure and
properties. In the present study we prepared fullerene-doped nanocomposite films based on PMMA, PVAc, and PMMA/PVAc
blend. Observations made by transmission electron microscope (TEM) showed the uniform dispersion of C60 nanoparticles in
the polymer matrices. Also, X-ray diffraction measurements indicated that C60 has a tendency to form crystallites in the polymer
matrices. In addition, the concentration effect of fullerene C60 was investigated using optical absorption and photoluminescence
spectroscopy. The spectroscopic properties of such films recommended their application in photonics and solar energy conversion.

1. Introduction

Recently, polymers are finding an important place in dif-
ferent research laboratories for the study of their various
properties [1]. Many polymers have been proved suitable
matrices in the development of composite structures due to
their ease production and processing, good adhesion with
reinforcing elements, resistance to corrosive environment,
light weight, and in some cases ductile mechanical perfor-
mance [2]. Fullerenes have been widely studied due to their
unique structural, electronic and spectroscopic properties,
which may be exploited for their diverse applications in
chemistry, biology, and nanoscience [3].

Lately interest of researchers engaged in different fields
of knowledge is seen to be focused on determination of the
action of nanomaterial addition, such as fullerenes and nan-
otubes, on properties of polymers and their compositions.
Incorporation of fullerene and nanotubes into chemical
composition of polymers gives one more opportunities for
their study and application as composite materials, films, and
fibers serving different purposes [4].

Also, the research of polymer material has been directed
to blend or copolymer of different polymers to obtain

new products having some of the desired properties of
each component [5]. PMMA (polymethylmethacrylate) and
its derivatives are known for their medical applications,
particularly for hard tissue repair and regeneration. PMMA
and (polyvinyl acetate) PVAc form an important and unique
pair of polymers although they are chemically different [6].

The aim of the present work concerns on studying the
change in the optical absorption, the optical parameters
and photoluminescence spectra for the samples of fullerene
polymer composites which are recorded at room tempera-
ture. In addition, X-ray diffraction (XRD) and transmission
electron microscope (TEM) are used to characterize the
fullerene/Polymer nanocomposites.

2. Materials and Methods

2.1. Materials. Both PMMA (poly methyl methacrylate)
and PVAc (poly vinyl acetate) used in this study were
obtained from Sigma-Aldrich (Germany) and were reported
to have molecular weights of 996,000 and 167,000 g·mol−1,
respectively. Moreover, Buckminster fullerene powder C60,
has purity of 97% and Mr = 720.66 and was obtained from
Fluka (USA). In addition, chloroform has purity of 99.8%
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Figure 1: The TEM photograph of fullerene C60 doped in (50/50
PMMA/PVAc) blend.
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Figure 2: X-ray diffraction patterns of (50/50 PMMA/PVAc) blend
doped with 1× 10−4 of fullerene C60.
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Figure 3: Absorption coefficient as a function of photon energy for
different concentration of fullerene doped PMMA.

(HPLC) was used as a common solvent for PVAc, PMMA,
and C60.

2.2. Preparation of the Samples. Composite films (thickness
60 ± 10μm) of PMMA, PVAc and a blend of (PMMA/PVAc
50/50) doped with C60 were prepared by using solution-cast
technique. PMMA, PVAc, and C60 were dissolved separately
in chloroform and stirred for 48 h at 40◦C. After that, C60

was mixed with homopolymers and also in their blend with
different concentrations and subsequently cast onto glass
dishes and then left to be dry. After drying, the films were
removed and heated at 100◦C to evaporate the confined
solvent molecules. The concentrations of C60 in the two
homopolymers and their blend are 1 × 10−5, 5 × 10−5 and
1× 10−4 mol. %.

2.3. Film Characterization. TEM was performed by Trans-
mission Electron Microscope, JEOL JEM-1400, Japan. X-ray
diffraction patterns were recorded by using a Philip XRD-
500 X-ray diffraction analyzer with nickel-filtered Cu-Kα
radiation at 30 kV and 20 mA.

2.4. Spectroscopic Properties. The absorption spectra were
recorded using a UV-VIS spectrophotometer (UNICAM,
Helios Co., Germany) in a range of wavelength from 190 to
900 nm. Spectrofluorimeter (Shimdzu RF-5301, PC, Japan)
has been used for recording the photoluminescence spectra
of C60 doped in PMMA, PVAc, and a blend of them. The
samples were measured at room temperature and at an
excitation wavelength of 400 nm.

3. Results and Discussion

3.1. Characterization of the Samples. Figure 1 presents the
TEM photograph of fullerene C60 molecules dispersed in
(50/50 PMMA/PVAc) blend, it is clear that C60 nanocrystals
have a spherical shape. Figure 2 shows the XRD pattern
for fullerene nanocrystals, sharp peaks are clearly noticed
characterizing fullerene C60 at 2θ ∼ 10.8◦ and also at ∼17.7◦

in agreement with the literature [7, 8]. XRD results show
that C60 embedded in the polymer blend are very prone to
coalesce into crystallites [7].

3.2. Fundamental Absorption Edge. The variation of the
optical bulk absorption coefficient, α, with wavelength is a
unique parameter of the medium, it provides the most valu-
able optical information available for material identification.
The absorption coefficient (α) at angular frequency (ω) of
radiation was calculated using [9]

α(ν) = [2.303P]
d

, (1)

where P is the absorbance and d is the film thickness.
The fundamental absorption edge is one of the most
important features of the absorption spectrum of crystalline
and amorphous materials. The increased absorption near
the edge is due to the generation of neutral excitations
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Figure 4: Dependence of (αhν)2 and (αhν)1/2 on photon energy (E = hν) for a concentration of fullerene 1 × 10−5 doped in (50/50
PMMA/PVAc) blend.

and/or the transition of electrons from the valence band
to the conduction band [10, 11]. Plotting the absorption
coefficient against photon energy for different concentration
of fullerene doped the polymer illustrates that the absorption
coefficient exhibits a steep rise near the absorption edge
and also a straight line relationship is observed in the
high α-region as seen in Figure 3. It is clear that the
value of the absorption edge decreases with increasing the
fullerene concentration doped in the polymer. The intercept
of extrapolation to zero absorption with photon energy axis
is taken as the value of absorption edge [12].

3.3. Optical Band Gaps. The fundamental absorption is
related to band-to-band transitions, and is subject to certain
selection rules [13]. The usual method to determine the
energy of the band gap is to plot a graph between (ahv)1/n

and hv looking for the value of n (depends on the nature of
transition) that gives the best linear fit of a given data set [14].
The allowed direct and indirect transitions are given by the
values of n as 1/2 and 2, respectively:

αhν = A
(
hν− Egd

)1/2
,

αhν = B

⎡⎢⎣
(
hν− Egi + Ep

)2

exp
(
Ep/kT

)
− 1

+

(
hν− Egi − Ep

)2

1− exp
(
−Ep/kT

)
⎤⎥⎦,

(2)

where A and B are constants, Egd and Egi are the direct
and indirect energy gaps respectively and Ep is the phonon
energy [13]. All the samples of different concentrations of
fullerene polymer composites have the same behavior in their
direct and allowed transitions. According to (2), there will
be a single straight line for direct transitions and two linear

portions for indirect transitions. It could be observed that
from Figure 4(a) plotting (αhν)2 against hν brought in to
view a linear behavior that can be considered as an evidence
of the direct transition and the optical gap, Egd, can be
estimated from the intercept on the energy axis of the linear
fit of the large energy data of the plot [15].

On the other hand, Figure 4(b) shows that plot-
ting (αhν)1/2 against hν for in direct transition may be
resolved into two distinct straight-line portions. The straight
line obtained at lower photon energies, corresponding to
phonon-absorption process, cuts the energy axis at Egi − Ep.
The other line represents the dependence in the high energy
range corresponding to a phonon-emission process and cuts
the energy axis at Egi + Ep. From the energy intercept of the
two straight line portions, the values of Egi and Ep could be
estimated [14].

The values of Egd, Egi, and Ep are listed in Table 1
which illustrate that the values of Egd and Egi decrease with
increasing the concentration of fullerene doped in the poly-
mer sample.

In the mean time, the absorption tails in amorphous and
semi crystalline materials could be interpreted in terms of the
Dow-Redfield effect [16] taking the form of Urbach rule [17]
as follows:

α(hν) = αo exp
(
hν

Ee

)
, (3)

where αo is a constant and Ee is the width of the tail of the
localized states in the band gap. The values of Ee which are
listed in Table 1 can be calculated as the reciprocal gradient
of the linear portion of plotting ln(α) against hν. In addition,
Table 1 illustrates that with increasing the concentration of
the doped fullerene, the values of Ee increased. It is noted that



4 International Journal of Photoenergy

P
L

in
te

n
si

ty

550 600 650 700 750 800

l (nm)

0

25

50

75

100

125

150

175

(a)

P
L

in
te

n
si

ty

550 600 650 700 750 800

l (nm)

0

20

40

60

80

100

120

(b)

P
L

in
te

n
si

ty

550 600 650 700 750 800

l (nm)

0

50

100

150

200

250

300

1× 10−5

5× 10−5

1× 10−4

(c)

Figure 5: Photoluminescence spectra of different concentrations of fullerene doped (a) PMMA, (b) PVAc, and (c) (PMMA/PVAc 50/50)
blend exited at 400 nm at the room temperature.

Table 1: The values of band tails, optical energy gaps, phonon energy, and the phonon equivalent temperature (given by Tp = Ep/kB , where
kB is Boltzmann’s constant, at the room temperature [14]) for different fullerene polymer composites.

Sample Concentration (mol. %.) Egd (eV) Egi (eV) Ep (eV) Tp (K) Eu (eV)

C60/PMMA
1× 10−5 4.80 4.00 0.32 3687 0.18

5× 10−5 4.55 3.95 0.31 3572 0.19

1× 10−4 4.49 3.84 0.29 3342 0.20

C60/PMMA/PVAc50/50
1× 10−5 5.07 4.20 0.46 4724 0.23

5× 10−5 4.85 3.17 0.38 4379 0.25

1× 10−4 4.79 2.90 0.34 3918 0.25

C60/PVAc
1× 10−5 5.31 3.62 0.45 5185 0.27

5× 10−5 5.26 3.28 0.45 5185 0.28

1× 10−4 5.21 2.94 0.45 5185 0.29
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the dependence of Eg on the sample preparation does not
match with Ee values because the sample having a narrower
band gap expected to have a wider band tail. The change in Ee
is probably affected by potential fluctuations associated with
the polymer structure but not the change in Eg , because the
initial and final states are practically have the same potential
[18].

3.4. Photoluminescence Spectroscopy of Doped Composites.
The photoluminescence (PL) spectra of different concen-
trations of fullerene doped in PMMA, PVAc, and their
blend, at room temperature, is shown in Figure 5. The
full symmetry of C60 molecules is that of the icosahedra
point group Ih, and the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), of C60 molecules are fivefold-degenerate hu, and
threefold-degenerate t1u orbital, respectively. Consequently,
the optical transitions between the hu-derived valence band
and the t1u-derived conduction band are parity forbidden.
However, these transitions can be rendered by either solid
state effects or interactions between C60 and surrounding
solvent molecules. Thus the PL spectrum for C60/PMMA
films [19] and also that of the others can be interpreted as a
result of radiative transitions between the hu-derived valence
band and the t1u-derived conduction band. In addition, it
is observed that the photoluminescence intensity of the all
samples is improved by increasing the concentration of the
fullerene doped in the polymer.

Moreover, Figure 5 illustrates that the PL peak intensity
for each concentration of C60 doped in (PMMA/PVAc 50/50)
blend is greater than the corresponding concentration doped
in PMMA and also PVAc composites. Consequently, it could
be deduced that (PMMA/PVAc 50/50) blend has modified
the optical properties of its homopolymers in agreement
with the literature [20]. Also, it is illustrated that there is a

region of PL band centered at 745± 5 nm for all the samples.
This high luminescence peak of C60 always lies below the
transition forbidden HOMO-LUMO gap which depends
upon the excitation energy [21]. In addition, a band centered
at 550 nm, is observed for fullerene/PVAc composites, which
is interpreted as a result of relaxed forbidden transitions of
excited carriers between HOMO and LUMO of C60 [19].
The symmetry of C60 is lowered greatly which induces the
relaxation of selection rules and a peak of PL [22].

Furthermore, the fluorescence quantum yield has been
calculated relative to Rhodamine B as a reference (φf = 31%
in water) from [23]

Φs = Φr

(
Ds

Dr

)(
ns
nr

)2
(

1− 10−ODr

1− 10−ODs

)
, (4)

where Ds and Dr are the integrated area under the corrected
fluorescence spectra for the sample and reference, ns and
nr are the refractive indices of the sample and reference,
respectively. The calculated values for φref from the lowest
to the highest concentration of fullerene are (8, 10, and
13%) for fullerene/PMMA composites, (0.8, 2 and 5%)
for fullerene/PVAc composites and (15, 19, and 23%) for
fullerene doped in (PMMA/PVAc 50/50) blend. It is clear that
the fluorescence quantum yield values strongly depend on
the concentration of fullerene doped in the polymer.

Besides this, it is important that the spectral region of the
samples luminescence fits the spectral region of sensitivity
of the photovoltaic cells. The sensitivity of photovoltaic cell
must be adjusted to match the spectral emission of the
sample. The spectral sensitivity of silicon is influenced by
its production method [24]. Figure 6 shows the spectral
sensitivity of some types of silicon solar cells and their
range of sensitivity as multicrystalline (MC-SI) from 375
to 1100 nm, amorphous (A-SI) from 410 to 775 nm and
crystalline (C-SI) from 500 to 1125 nm. The maximum PL
for all the samples as indicated before could be detected by
one of these silicon cells.

4. Conclusions

Different concentrations of fullerene C60 doped in PVAc,
PMMA, and their blend were prepared by solvent casting
method. TEM and XRD measurements illustrated that the
fullerene doped in the polymer is crystallite. In addition,
the phonon energy and the direct and indirect energy gap
were calculated for the samples which were decreasing by
increasing the concentration of fullerene. On the other
hand, the values of the band tail width were inversely
proportional to the fullerene concentration as the sample
having a narrower band gap expected to have a wider band
tail. Moreover, the photoluminescence spectra were detected
for the samples which clarified its improvement by increasing
the concentration of the fullerene-doped in the polymer as
well as the fluorescence quantum yield. Also, PMMA/PVAc
blend has modified the optical properties of its homopoly-
mers which is suggested to be a good host matrix for the solar
concentrators. Besides, the measured spectral sensitivity of
silicon solar cells illustrated the applicability fullerene doped
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polymers coatings as luminescent downshifters, to overcome
their poor performance at short wavelengths [25].
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The role of 4-tert butyl pyridine (4TBP) adsorption on TiO2 surface band bending has been studied using photoelectron
spectroscopy. Surface oxygen vacancies pin the Fermi level near the conduction band edge on rutile (110). 4TBP preferentially
adsorbs in those vacancies and shift the Fermi level to lower binding energy in the band gap. This is done by transferring vacancy
excess charge into the empty π∗ orbital in the pyridine ring. The anatase (100) surface contains much less oxygen vacancies
although the surface is much rougher than the rutile (110). 4TBP adsorption does not have any significant effect on the surface
band bending. Thus the positive role associated with 4TBP addition to solar cell electrolytes is suggested to protection against
adsorption of other electrolyte components such as Li and I.

1. Introduction

Dye sensitized solar cells (DSSCs) are very complex with a
working electrode made of a TiO2 nanostructured network
decorated by light harvesting dye molecules contacted to
a counter electrode through an electrolyte [1]. It was
discovered many years ago that addition of 4-terbutyl
pyridine (4TBP) to an (I3

−/I−) electrolyte increases the
fill factor and the open circuit voltage (Voc) from 0.38 to
0.72 V, while the short circuit current is not influenced [2].
Several explanations have been put forward, including 4TBP-
induced band bending towards lower binding energies [3],
reduction of the amount of adsorbed protons, Li+ and/or
other cations present in the electrolyte [4, 5], decreasing
the electron recombination from TiO2 to tri-iodide in the
electrolyte by blocking the tri-iodide from reaching the
surface [5] or removing adsorbed iodine [6].

Surface or interface defects are known to alter the
electrical properties of semiconductor contacts [7] and this
is the case also for DSSC’s. Oxygen vacancies are commonly
observed on oxides and they play a significant role on the
surface properties [8, 9]. Naturally the density and character

of those defects determine the Fermi level position at the
interface. The removal of oxygen from TiO2(110) leave
charged vacancies with Ti3+ ions. This process generates
surface states located within the band gap, ∼1 eV below
the Fermi level, that controls the Fermi level position [8,
10, 11]. Measurements on nanocrystalline TiO2 indicated
that 4TBP reduces the density of defects and the charge
carrier recombination [12], through bonding to specific sites.
Whether 4TBP prefers to adsorb at those “specific sites” or
not, and whether this is the essential reason for the band shift
have not been clarified. This is not an easy task since solar
cells contain nanocrystalline TiO2 which has the potential to
hold a multitude of various structures and defects; thereby
it is very difficult, not to say impossible, to make a unique
identification of the essential contribution of each and
every one of those defects to the observed shift. Although
single crystal substrates are far from realistic in a solar cell
they allow for preparation of surfaces with reasonably well
controlled amounts and types of defects. In a recent paper
we showed that 4TBP prefers to bind directly to oxygen
vacancies on rutile TiO2(110) giving a 0.2 eV upward shift
of the band edges through a combination of photoelectron
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Figure 1: Ti2p spectra from clean and 4TP-covered TiO2(100) and TiO2(110) surfaces. The photon energy was 514 eV.

spectroscopy (PES) and density functional theory (DFT)
[13]. In this paper, we extend this study to compare with
anatase TiO2(100). Contrary to the rutile surface we do not
observe oxygen vacancies and the band edges do not shift
upon 4TBP adsorption. Based on the present result one can
suggest that the major role of 4TBP in DSSC electrolyte is to
protect the surface from adsorption of ionic components in
the electrolyte. However, more work is needed to clarify this
in detail since nanostructured TiO2 contains many crystal
planes and adsorption sites.

2. Experimental Methods

Experiments were done at beamline I511-1, MAX-lab, Lund,
Sweden. This is an undulator-based beamline giving hori-
zontally polarized light between 100 and 1200 eV selected
by a modified Zeiss SX-700 monochromator. Photoelectron
spectra were recorded using a Scienta R4000 spectrometer
which is rotatable around the axis of the photon beam
in the analysis chamber. The preparation chamber holds
a sputter gun, sample annealing, and low energy electron
diffraction (LEED) optics. The base pressure was lower than
1 × 10−10 mbar. A load lock chamber is connected to the
preparation chamber for fast sample entry and molecule
deposition.

The rutile TiO2(110) crystal was aligned to within
0.2◦ from the (110) plane and purchased from Surface
Preparation Laboratory, the Netherlands. Thermal treatment
above 1000 K for two hours in UHV generates bulk oxygen
vacancies, changing the sample color from transparent to
blue and increasing the conductivity. Before each deposition,
the surface was cleaned by several rounds of Ar+ sputtering
followed by annealing in UHV, which gave a sharp (1 × 1)
LEED pattern. The anatase sample was 10 × 3 × 1 mm3

aligned to ≈0.1◦ from the (100) plane purchased from
Surface Preparation Laboratory. The sample was cleaned by

repeated cycles of Ar+-sputtering and annealing at 550◦C,
until a sharp LEED pattern was obtained. The sputtering was
conducted varying the sputter energy from low energy (50–
400 eV) to higher energy up to 1000 eV. The argon pressure,
PAr+ , was 2.0 · 10−7 mbar. The annealing was performed
during 45 min.

4TBP (Sigma-Aldrich, 99% purity) was dosed, after a few
pumping cycles, at room temperature through a precision
leak valve on the load lock. The base pressure in the load
lock was 6 × 10−10 mbar. During deposition the substrate
was held at room temperature. Formation of the saturated
single monolayer is reached when spectra do change, neither
from molecule nor from substrate after further exposure.
Photoelectron spectra of core level and valence band were
collected after each deposition. To avoid beam damage to the
organic layers, the sample was moved (0.1 μm/min) during
X-ray exposure. The energy scale was calibrated to the Fermi
level, recorded from a tantalum foil in electrical contact with
the sample.

3. Results and Discussion

A set of Ti2p3/2 spectra is plotted in Figure 1, the left hand
side from anatase TiO2(100) and the right hand side from
rutile TiO2(110). The lower spectra are from the clean
substrate and spectra above after deposition of one 4TBP
monolayer (ML). On the clean anatase surface the bulk peak
lies at 459.4 eV, while on the rutile surface it is at 459.3 eV.
In the spectrum from the rutile surface there is an additional
weak hump around 457.5 eV due to Ti3+, either at the surface
or in the bulk. The surface related Ti3+ ions are located in
the oxygen vacancies, generated from removal of bridging
oxygen. This peak is hardly visible on anatase, suggesting a
much lower density of oxygen vacancies. On a well-prepared
rutile (110) surface the density of oxygen vacancies is around
8% [14]. Adsorption of one ML of 4TBP on anatase (100)
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Figure 2: O1s spectra from clean and 4TP covered TiO2(100) and TiO2(110) surfaces. The photon energy was 588 eV.

does not induce any shape changes of the spectral line;
moreover the binding energy is unaffected and no new
shifted peaks appear. On the contrary on rutile (110) the Ti3+

related component is strongly reduced, which even happens
at low coverage [13]. This result clearly indicates that the
O-vacancy is a preferred bond site for 4TBP. In addition,
the main Ti4+ peak shifts 0.2 eV to lower binding energy.
Such shifts indicate adsorption-induced band bending, in
line with previous work [3–6].

Figure 2 shows O1s spectra from the same surfaces
and preparations as in Figure 1. Spectra from the pristine
surfaces, bottom spectra, contain only one component at
530.85 eV. Upon adsorption of 1 ML of 4TBP the line shapes
are essentially unaffected. The binding energy on anatase
does not change while O1s from rutile shifts to lower binding
energy by 0.25 eV. This result agrees with Ti2p, and 4TBP
induces surface band bending on rutile but not on anatase. It
was previously observed that O1s shifts back to lower binding
energy after healing the oxygen vacancies with oxygen [11].
Our observation of a shift to lower binding energy and the
removal of Ti3+ from Ti2p spectra support that finding and
suggest that 4TBP reduces the surface charge on rutile TiO2.

C1s spectra from three different coverages are shown in
Figure 3; 0.02 ML, 0.2 ML, and 1 ML from both substrates.
The coverage was determined from setting the intensity at
saturation to 1 ML. Other spectra were normalized to this
intensity. There may be errors related to this treatment, in
particular for the lowest coverage, but the exact coverage is
not of central importance here. The spectra from the lowest
coverage are broader than that at monolayer coverage, but
no shifted components are resolved. What is clear though
is a shift to higher binding energy with increasing coverage.
The monolayer binding energies are 286.2 eV on anatase
and 285.9 eV on rutile, while the 0.2 ML binding energies
are 285.6 eV on anatase and 285.3 eV on rutile and finally
at the lowest coverage the binding energies are 285.3 eV on
anatase and 285.05 on rutile. Thus there is a general trend

that binding energies are lower on rutile than on anatase
by 0.3 eV. Therefore, it can be concluded that the coverage-
dependent shifts to higher binding energy are same for the
two surfaces.

It is known from previous studies that 4TBP adsorbs in
an upright geometry with nitrogen coordinating to incom-
pletely coordinated titanium: as suggested from Raman
spectroscopy, IR spectroscopy and XPS on nanocrystalline
anatase [6] and density functional theory for 4TBP on
TiO2(110) [15]. Furthermore, our previous DFT optimiza-
tions showed that 4TBP prefers standing up both on fivefold
coordinated Ti (Ti5f ) and oxygen vacancies, even if other
geometries are set as the starting geometry [13]. The bonding
has two main contributions; a σ-type Ti-N contribution and
a Ti3d-π∗ contribution.

The band bending to lower binding energy implies a
charge transfer from the oxygen vacancies into the 4TBP
empty π∗ orbitals on the carbon ring. Such charge transfer
ceases when the vacancies are filled, which is seen in the
saturation of the Ti2p and O1s core level shifts, that is, the
band bending, while the C1s core level continues to shift
with the adsorption of 4TBP. Using the core level binding
energy as a simple measure of the local electron density,
it is found that higher surface density of 4TBP reduces
the average charge on the molecules. This is not surprising
and can be understood as due to dipole repulsion, which
is distance dependent and charge dependent. The dipole
repulsion thus redistributes the charge within the molecular
layer and reducing the charge on each molecule allowing a
higher density. Our observation thus implies that the σ-type
Ti-N bond dominates the Ti3d-π∗ bond in determining the
bond site and bond strength.

The coverage-dependent shift is similar on anatase
despite the lack of band bending and oxygen vacancies.
This would suggest that the molecule-molecule repulsion
is similar within the 4TBP layer. It also indicates that the
molecular dipoles are comparable and that the average
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Figure 3: C1s spectra from 4TBP at different coverages. Incident photon energy 347 eV.

charge transferred is similar. On the other hand, there is
a difference in binding energy, 0.3 eV higher on anatase
than on rutile. This could indicate a larger charge transfer
on rutile than on anatase, presumably due to the oxygen
vacancies. However, the binding energy of a core level is a
complex function of charge density, initial state effects, and
flexibility in the system upon ionization, final state effects.
The screening of the ionic molecule will be influenced by
the substrate, to the distance and availability and mobility
of electrons. On a semiconductor it will also be influenced by
the Fermi level position and surface band bending. Taking
the core level to valence band edge as a measure of the
core level binding energy we can conclude that the C1s
binding energy on rutile shifts more than that on anatase,
thus supporting a larger charge transfer due to the oxygen
vacancies. It is also clear that there is a coverage-dependent
variation in the charge density on the carbon ring and
thus charge transfer does happen on anatase, just not large
enough to induce band bending as observed on rutile.

Spectra from the top of the valence band (VB) from clean
and 4TBP covered surfaces are shown in Figure 4. This region
includes the valence band edge and the vacancy-induced state
in the band gap. Note that the intensity scales are the same in
spectra from the same surface but different in spectra from
the two surfaces. This is to enhance line profile. The gap
state is located at approximately 0.9 eV below Fermi level
on rutile and is attributed to nonbonding Ti3d electrons at
oxygen vacancies. Other origins have been discussed, but the
oxygen vacancy is by far the largest contributor on TiO2(110)
[9, 16, 17].

Adsorption of 1 ML 4TBP on rutile shifts of the whole
VB towards the vacuum level by ∼0.2 eV, as seen at the
band edge just above 3.1 eV binding energy. The edge is not
sharp and the exact binding energy position is not easily
extracted, especially after adsorption. Instead we use the
shift of a stronger peak in the valence band (not shown).
Adsorption of 4TBP also reduces the surface state intensity.
This reduction is much stronger than the intensity reduction
of the rest of the valence band (not shown). However, the
gap state is not completely removed and the remains may
be assigned to other kinds of defects such as subsurface
vacancies and interstitials that are not within reach for the
4TBP [17].

On anatase the intensity of the state is lower than on
rutile and it does not change upon 4TBP adsorption, see
Figure 4(a). This suggests that oxygen vacancies are not
present on this surface, or that if they are they do not
play a significant role in the adsorption process. The small
intensity thus stems from subsurface vacancies, interstitials,
or impurities. The anatase sample was cut from a natural
crystal and may contain small amounts of impurities. The
band edge at 3.25 eV stays firm, in agreement with the
absence of core level shifts in Ti2p and O1s. The peak at 1 eV
also retains its binding energy. One striking observation is
the Fermi edge, the surface is metallic. This is not visible;
the intensity scale is adapted for the whole valence band
spectrum. However, when scaled differently it is obvious. A
possible reason for this metallicity is subsurface impurities,
which varies between samples from different sources and
preparation methods.
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Figure 4: Spectra from the top of the valence band and the Fermi level region from 4TBP/TiO2 interfaces compared with that of clean
samples.

4. Summary and Conclusions

The appearance of oxygen vacancies on rutile TiO2(110)
plays a key role in determining the Fermi level position.
The removal of oxygen leaves a charged vacancy with
two unpaired electrons in the 3d orbitals [18, 19]. 4TBP
adsorbs preferentially in those vacancies and moves the
surplus charge from the surface into the π∗ orbitals on
the 4TBP carbon ring. Removal of the additional surface
electrons shifts the Fermi level 0.2 eV towards lower binding
energy. Following adsorption on five coordinated surface Ti,
does not further change the band bending, but the dipole
repulsion between 4TBP redistributes the charge within the
molecular layer. This is seen through a coverage-dependent
C1s core level shift.

Our results point to a low density of oxygen vacancies
on anatase TiO2(100); the Ti3+ state in the Ti2p core
level and the state in the band gap are much smaller
than on rutile, and they do not change upon 4TBP
adsorption. Furthermore, the Fermi level position with
respect to the band edges is insensitive to 4TBP adsorption.
The coverage dependent molecular dipole repulsion is
observed also on this surface. From the above discussion
the increased output voltage from cells with 4TBP added
to the electrolyte [2] cannot be explained by a surface
band bending due to oxygen vacancies in the case of
anatase. Its positive role as additive in DSSC is suggested
to protect the surface from adsorption of ionic compo-
nents on the electrolyte. However, the solar cell material,
nanostructured TiO2, is not made from (100) oriented
crystallites and our results do not necessarily represent
a realistic situation. More work, both experimental and
theoretical, is indeed needed before a final conclusion can be
made.
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The influence of nanocomposite hole-extraction layers on the performance of organic photovoltaic (OPV) cells based on blends
of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C-61-buytyric acid methyl ester (PCBM) has been investigated. The hole-
extraction layers consist of poly(3,4,-ethylene dioxythiophene) polystyrene sulfonic acid (PEDOT:PSS) doped with different
concentrations of multiwall carbon nanotubes (MWCNTs). Compared with a pristine device (i.e., without MWCNTs), the
MWCNTs-doped OPV cells shows an improved short-circuit current density, fill factor, and power conversion efficiency from
8.82 to 9.03 mA/cm2, 0.43 to 0.474, and 2.12% to 2.39% (i.e., by about 13%), respectively. Reasons for the improved performance
of the devices are discussed. It shows that the reduction of series resistance of the devices might be correlated with the improvement
of the OPV cells, performance achieved through the incorporation of MWCNTs into the hole-extraction layer of PEDOT:PSS.

1. Introduction

Organic photovoltaic (OPV) cells have attracted much
attention in recent years due to their advantages of low-cost
manufacturing, light weight, and good flexibility [1–4]. OPV
cells are thin film structures, in which organic photoactive
materials are sandwiched between two electrodes. The ITO
glass is generally employed as the anode in OPV cells because
of its good electrical conductivity, high transparency over the
visible region, and ease of patterning. However, the work
function of ITO is quite low (∼4.6 eV) [5]. As a result,
great efforts have been made to modify the ITO anode,
such as various treatments of the ITO surface [6, 7] and
the deposition of very thin buffer layers between the ITO
and the photoactive layer [8–10] in order to enhance OPV
cells, performance. Thin films of PEDOT:PSS are well known
as efficient hole-extracting layers in OPV cells, combining
a high work function [11], good optical transparency, and
ease of processing from solution [12, 13]. But, it was
observed that applying this extra PEDOT:PSS layer results
in a decrease of the short-circuit current (Isc) and fill factor
(FF) owing to the bulk resistance of PEDOT:PSS [14]. In
addition, it has also been suggested that the increase of
series resistance will reduce the effective internal electric field

in the active layer, which is essential for efficient charge
collection to the electrodes from an organic photovoltaic
model [15]. Therefore, the conductivity of PEDOT:PSS plays
an important role in the polymer solar cells.

Devices with a better performance were achieved by
inclusion of some good conductivity filler in the hole extrac-
tion layer. It has been reported that adding polyalcohols
to PEDOT:PSS increases the conductivity and improves the
efficiency of polymer PVs [16, 17]. Ko et al. [18] reported that
improved power conversion efficiency has been observed by
reducing the resistance of PEDOT:PSS after doping mannitol
into the PEDOT:PSS.

Carbon nanotubes (CNTs) can also serve as a good
filler for conducting polymer. It has been reported that
incorporating CNTs into conventional conducting polymers
improves the conductivity of CNTs/polymer composites
by many orders of magnitude [19–23], which could be
attributed to CNTs’ large contact area, high dimensional
aspect ratio, and exceptional electrical conductivity [24].
Our previous studies found that the conductivity of the
PEDOT:PSS films increased drastically after inclusion of
MWCNTs fillings [25].

In this article, the PEDOT:PSS doped with multi-walled
carbon nanotubes (MWCNTs) film was fabricated and used
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Figure 1: Schematic device structure for organic solar cells doped
with MWCNTs.

as hole-extraction layer for OPV cells. The effect of MWCNTs
concentration on the photovoltaic performance of the device
based on P3HT:PCBM blend was investigated. Reasons for
the improved performance of the devices were also discussed.

2. Experimental

Multi-walled carbon nanotubes (MWCNTs) (diameter: 10∼
30 nm, length: 5∼15 μm, purity:>95%) were purchased from
Beijing Nachen Nanotech Co. Ltd., and the MWCNTs were
further purified with strong acid. In a typical procedure,
30 mg of MWCNTs was added into an acid solution of
concentrated sulphuric acid (15 mL) and concentrated nitric
acid (5 mL). The mixture was ultrasonicated for 20 minutes,
stirred for 1 hour in reflux at 130◦C, vacuum filtered through
a 0.2 μm milli-pore polycarbonate membrane, washed with
excess-distilled water until the pH 7.0, and filtrated then
dried under vacuum for 12 h at 60◦C.

PEDOT:PSS aqueous solution (1.3 wt% dispersed in
H2O) from Aldrich (as supplied) was filtered with a 0.45 μm
polyvinyl difluoride (PVDF) syringe filter. Some amount
of acid-treated MWCNTs were added into the PEDOT:PSS
solution to form the nanocomposites. The composites were
treated in ultrasonic bath for about 12 hours before using for
spin coating.

All the devices in this work were fabricated using indium-
tin-oxide- (ITO-) coated glass substrates (<10Ω/�). The
ITO substrates were ultrasonically cleaned with a series
of organic solvents (ethanol, methanol, and acetone), then
rinsed in ultrasonic bath with deionized water and dried
in a vacuum oven. Residual organic contaminations were
subsequently removed by exposing to a UV-ozone lamp for
30 min. Nanocomposites of MWCNTs and PEDOT:PSS were
spin coated on top of the ITO surface to form an (90–
100 nm) layer before drying the substrates at 120◦C in an
oven for more than 30 min. The P3HT:PCBM was dissolved
in dichlorobenzene at a weight ratio of 1 : 0.8 and stirred for
more than 72 h in the glovebox before spin casting to form
the blend layer. Finally an Al electrode of about 100 nm in
thickness was deposited by thermal evaporation at a pressure
of 2.4 × 10−4 Pa through a shadow mask. No buffer layer
between the organic layer and cathode is used. The basic
structure of the OPV devices is shown in Figure 1.

The surface morphology of MWCNTs was carried out by
field emission scanning electron microscopy (FESEM, JEOL,

JSM-6335 F). The optical property of the composite films
was characterized with a TU-1901 Dual-beam UV-Visible
spectrophotometer. Current density-voltage (I-V) charac-
teristics of the PV cells were measured using a computer-
controlled Keithley 2400 Source Meter in the dark and under
a simulated light intensity of 100 mW/cm2 (AM 1.5 G)
calibrated by an optical power meter from a halogen lamp.
The power conversion efficiency (PCE) was calculated from
the I-V characteristics. The devices were tested in air without
encapsulation.

3. Results and Discussion

Figure 2. compares the surface morphology of the MWCNTs
before acid treatment (Figure 2(a)) and after acid treatment
(Figure 2(b)). It can be see that particle-like impurity of
MWCNTs is removed and the morphology, as in terms
of the surface smoothness, is improved after the acid
treatment. Moreover, the MWCNTs after acid treatment
can be dispersed into aqueous PEDOT:PSS solution and no
precipitation is observed in the solution after several weeks.

The transmittance of the nanocomposites is shown in
Figure 3. The pristine PEDOT:PSS film gives a good optical
transmittance (93.2% average) on the wavelength range from
550 nm to 950 nm, which corresponds to the power density
of ambient sunlight on the Earth’s surface [26]. However, the
transmittance of PEDOT : PSS film decreases with increasing
amount of MWCNTs. With the MWCNTs concentration
increasing to 0.20 wt%, the transmittance of composite film
dropped by 7.5% (86.2% average). This may result from the
formation of the conductive network of MWCNTs and some
absorptions of MWCNTs in the above wavelength range
[27, 28].

Solar cells generally have a series resistance and shunt
resistance associated with them. In practice, a high shunt
resistance and a low series resistance are required simul-
taneously for an ideal photovoltaic device [29]. The shunt
resistance usually reflects the degree of leakage current
through the device, which relates to the overall quality of
the films. Meanwhile, the series resistance is attributed to the
ohmic loss in the whole device, which includes the resistance
of the active layer, metal-organic contacts, the electrodes, and
the conductivity of the hole-extraction layer [30].

The influence of the doping on the shunt resistance of
the device can be observed in the I-V curves under lower bias
in the dark. As appeared in Figure 4, at reverse negative bias
and at the linear regime of forward bias, where the current
is limited by shunt resistance due to the leakage current, the
current gradually increases with the dopant concentration.
The increasing current with doping concentration may be
induced by random leakage current in higher conductivity
M-PEDOT:PSS layer. Some phase separation and more
defects caused by MWCNTs-doping in the PEDOT:PSS may
have induced some leakage current through the device.

Figure 5 shows the current density-voltage curves of
photovoltaic cells with different doping concentrations of
MWCNTs in the PEDOT:PSS. The detailed parameters of
devices are summarized in Table 1.
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Figure 2: SEM of untreated and treated MWCNTs- (a) untreated MWCNTs; (b) treated MWCNTs

Table 1: PV parameters of OPVs for MWCNTs doping.

Style Structure Voc (V) Isc (mA/cm2) FF (%) η (%)

A ITO/PEDOT:PSS/P3HT:PCBM/Al 0.56 8.82 43.0 2.12%

B ITO/M (0.04 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.56 9.03 47.4 2.39%

C ITO/M (0.10 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.55 9.52 44.8 2.35%

D ITO/M (0.20 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.55 9.34 43.4 2.22%
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Figure 3: The optical transmittance of films as a function of weight
fraction of MWCNTs.

A small change in Voc with increase in MWCNTs amount
was observed as shown in Table 1, where the values slightly
vary around 0.56 V. It was found that the open circuit voltage
of the solar cell correlates directly with the work function of
the electrodes or the buffer layers, that is, it is determined
by the work function of PEDOT:PSS film [14, 17]. So the
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Figure 4: The dark I-V characteristics of devices with different
concentrations of MWCNTs. Device A: pristine PEDOT:PSS film;
Device B: M (0.04 wt%)-PEDOT:PSS film; Device C: M (0.10 wt%)-
PEDOT:PSS film; Device D: M (0.20 wt%)-PEDOT:PSS film.

addition of MWCNTs into PEDOT:PSS may not affect the
work functions of PEDOT:PSS films in the solar cell.

Table 1 also shows the increase in Isc from about
8.82 mA/cm2 of the reference device A (0 wt% doping) to
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Figure 5: The I-V characteristics of devices with different con-
centrations of MWCNTs. Device A: pristine PEDOT:PSS film;
Device B: M (0.04 wt%)-PEDOT:PSS film; Device C: M (0.10 wt%)-
PEDOT:PSS film; Device D: M(0.20 wt%)-PEDOT:PSS film.

9.52 mA/cm2 of the device C (0.10 wt% doping), and after
that the Isc decreases to become 9.34 mA/cm2 of the device
D (0.20 wt% doping). Since these devices are fabricated with
the same materials and the same procedure, and the only
difference is the hole-extraction layer, the increased current
is unlikely on account of other reasons, but due to the high
conductivity of the composite hole-extraction layers, leading
to a lower series resistance of the device. The generated
hole carriers in the P3HT:PCBM active layer easily move
into the anode through the MWCNTs-doped PEDOT:PSS
layer. While the decrease in Isc after adding more amount of
MWCNTs may be due to the decrease of the transmittance
of composite films in the wavelength around of 700 nm
(as shown in Figure 3), which has effects on the photon
absorption yield and the charge-carrier-transport yield of
the PV cells [26]. The lowering of serial resistivity in hole-
extraction layers with increased MWCNT concentration is
also responsible for increase in the fill factor from 0.43
to 0.474. But as shown in Figure 4, extra amounts of the
MWCNTs tend to decrease the OPV cells, shunt resistance,
which can affect fill factor of OPV cells [29, 31]. Then lower
fill factor is obtained in device C and device D.

The enhancement in both Isc and FF by introducing
MWCNTs into solar cell structure tends to cause improve-
ment in the power conversion efficiency from 2.12% to
2.39%, that is, by about 13%.

4. Conclusion

In summary, We developed efficient OPV cells based on
P3HT:PCBM blend by incorporating MWCNTs into hole-
extraction layer of PEDOT:PSS. Compared with the pristine
OPV device without adding MWCNTs to the hole-extraction

layer, the MWCNTs-doped OPV cells show an improved
short-circuit current density, fill factor, and power conver-
sion efficiency from 8.82 to 9.03 mA/cm2, 0.43 to 0.474,
and 2.12% to 2.39% (i.e., by about 13%), respectively. The
high electrical conductivity properties of the composite films
might contribute to facility the hole-extraction and hole-
transport ability of PEDOT:PSS, which leads to the reduction
of series resistance of the devices.
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The aim of this study was to assess of carbonaceous monoliths used for adsorption cooling systems. The carbonaceous monoliths
prepared from coal precursors are obtained. The porous structure of monoliths was evaluated on the basis of nitrogen adsorption-
desorption data. The investigated monoliths have significantly developed microporous structure. The large specific area of
carbonaceous monoliths (about 2000 m2/g) and volume of micropores are observed. Methanol adsorption isotherms and heat
of wetting using methanol was determined. Results show that monoliths materials are high adsorption capacity of methanol and
heat of wetting, which can improve of heat exchange and efficiency in processes of refrigeration and air conditioning.

1. Introduction

Processes of mass and energy storage with application of
microporous adsorbent can be included into prospective
directions of the adsorption technology development. The
application of carbonaceous adsorbents for heat storage
can be used in adsorptive refrigerators utilizing closed
thermodynamic cycles [1]. The most interesting system is
methyl alcohol and microporous carbon material pair [2].
Because of its ability to selectively adsorb vapours and
gases, extended internal porosity, and large specific surface
area, active carbon is a good adsorbent for storage of mass
and energy [3]. Methanol is more easily desorbed, and its
working pressure is always lower than atmospheric pressure,
which allows for a rapid identification of any faults in a
cooling system. The temperature of desorption of methanol
from an adsorbent is considerably lower than for water
vapour systems. For all these reasons the methanol-active
carbon pair can be used for mass and energy storage.

The wide developing techniques of solar heating with use
of different types of solar collectors found the use also in
adsorption cooling system. The adsorption cooling system
with solar collector was presented in Figure 1.

The performance of an adsorbent in a thermodynamic
system depends upon properties such as specific area, type
and number of pores, adsorbent form, and adsorption

enthalpy of the adsorbate and its thermal conductivity.
Therefore, any method of modification of active carbon has
to improve carbon structural features and to increase the heat
and mass transfer [4].

The good adsorbent should have not only developed
microporous structure but also large bulk density, which
improve packing and heat conductivity on adsorbent bed
[5]. It depends on shape of adsorbent: powder, granular,
or disk monolith [6, 7]. We can increase the packing up of
the particles in order to prepare microporous monoliths and
simultaneously to increase heat conductivity of its bed.

Active carbon-methanol pair appears to be suitable
for different adsorptive cooling systems. This pair can be
successfully used as fridge for storage of food and medicines
and ice manufacture, in air conditioning devices and heat
pumps [8].

2. Experimental and Results

Investigations were carried on four carbonaceous monoliths.
The aim of this study was to assess the monoliths used for
adsorption cooling systems. The carbonaceous monoliths
prepared from hard coal precursors are obtained from
Faculty of Chemistry, Wroclaw University of Technology [9].
Preparations of carbon monoliths are presented in Figure 2.
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Figure 1: Scheme of adsorption solar refrigerator [8].
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Figure 2: Preparation of carbon monoliths.

Table 1: Raw material characteristic of monoliths.

Monoliths Carbon precursors Binder

PS25MA Semicoke from coal pitch
from coking plant
Makoszowy

10% polyvinyl alcohol
(PVA)

PS25MF
10% polyvinylidene
fluoride (PVDF)

CS25MA Semicoke from coal from
coking plant Szczygłowice

7,5% PVA

CS25MF 8,5% PVDF

Powder product of activation by KOH was mixed with
polymer binder, and then tablet was formed by 18mm diam-
eter and 7–10 mm height. The technological characteristic
and designation monoliths are presented in Table 1.
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Figure 3: Methanol adsorption isotherms of monoliths.

2.1. Analysis of Porous Structure. The porous structure
of monoliths were evaluated on the basis of nitrogen
adsorption-desorption data. Isotherms were determined by
a volumetric method using the Sorptomatic 1900 apparatus.
Measurements were taken at a temperature of 77.5 K, and
range of pressure was p/p0 = 0.00001− 0.999. The volumes
of micropores (W0) and characteristic energy of adsorp-
tion (E0) have been determined according to Dubinin-
Radushkevich equation [10], and specific surface area was
obtained using the BET equation [11]. Total volume of
micropores (Vp) has been read for nitrogen adsorption
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Figure 4: Scheme of equipment for measuring the heat of wetting:
1-calorimetric cell, 2-container of methanol, 3-electronic system to
temperature measurement, 4-vacuum pump, 5-control vessel, 6-
filter.

Table 2: Structural properties of monoliths.

Monolith W0 cm3/g E0 kJ/mol SBET m2/g Vp cm3/g

PS25MA 0.714 18.3 1910 0.925

PS25MF 0.672 18.1 1830 0.887

CS25MA 0.709 18.4 1880 0.876

CS25MF 0.689 18.4 1805 0.854

isotherms of value p/p0 = 0.99. The results of calculations
are shown in Table 2.

The carbonaceous monoliths are characterized by sig-
nificantly developed microporous structure. They achieved
a large volume of micropores (0.672–0.714 cm3/g) and
very impressive specific surface area (1805–1910 m2/g). The
biggest microporous structure for monoliths formed with
polyvinyl alcohol (PVA) is observed.

2.2. Methanol Adsorption. Methanol adsorption isotherms of
monoliths were measured volumetrically. The measurements
were carried out in the temperature 298 K.

The adsorption isotherms of methanol vapours for
monoliths are presented in Figure 3.

All of the samples readily adsorb methanol giving
reversible isotherms of type I. Adsorption capacity decreases
simultaneously when the temperature rises. It is charac-
teristic for highly microporous adsorbent. The investigated
monoliths have related structural proprieties, and the course
of isotherms is very similar in whole range of pressures. The
monolith PS25MA characterizes insensibly larger adsorptive

Table 3: Heat effect and heat of wetting of monoliths.

Monoliths ΔT Q, J/g dT/dt

PS25MA 7.6 159.83 177.0

PS25MF 5.3 111.03 331.2

CS25MA 7.9 165.14 35.9

CS25MF 7.6 160.43 119.8

capacity. It can be noticed also that larger methanol adsorp-
tive capacity for monoliths with PVA as binder is observed.

2.3. Heat Effects. The important factor of designing systems
of adsorptive refrigerating, decisive for their performance,
is the thermal effects of the process. Energetic effects
of adsorption can be directly determined by calorimetric
measurements. They can also be estimated by computing
methods from the adsorption isotherms measured at various
temperatures (the isosteric heat of adsorption).

For the estimation of the energetic effects characterizing
the investigated monoliths, the heat of their wetting by
methanol has been determined. The heat of wetting, evolved
as a result of the mutual interaction of the molecules of the
wetting liquid and the adsorbent surface, is a valuable source
of information. The measurements of the heat of wetting
were carried out in the original apparatus, which is presented
in Figure 4 [12].

For the estimation of the energetic effects characterizing
the investigated monoliths, the heat of their wetting by
methanol has been determined. The values of the heat of
wetting Q, the values of the temperature increase ΔT, dT/dt
are collected in Table 3.

Monoliths were characterized by significantly great ener-
getic effects related to the heat of wetting with methanol.
Heat effects and determined heat of wetting for monoliths
are very high. The largest thermal effect (165,14 J/g) as well
as the quickest increase of temperature (dT/dt = 35, 9) was
noted down for monolith CS25MA. For monoliths what use
polivinyl alcohol as binder (PS25MA, CS25MA) the larger
heat of wetting than monoliths with polyvinylidene fluoride
(PS25MF, CS25MF) is observed.

3. Conclusion

In this study, the porous structure of monoliths was analysed,
and adsorption equilibrium and heat effects of wetting
by methanol have been determined. We could evaluate of
carbon monoliths used for adsorption cooling system.

Pyrolysis of raw materials (carbon precursors), activation
by KOH, and monoliths formation give us very attractive
materials as an adsorbent for energy storage systems. The
investigated monoliths have significantly developed micro-
porous structure. The large specific area of carbonaceous
monoliths (about 2000 m2/g) and volume of micropores are
observed. The methanol adsorptive capacity of all monoliths
is also impressive.

Experimental results show that carbon monoliths mate-
rials have very high adsorption capacity of methanol and heat
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of wetting, which can improve heat exchange and efficiency
in processes of cooling and air conditioning.

The carbonaceous monoliths are also characterized by
large energetic effects related to the heat of wetting with
methanol. All these advantages improve the performance and
efficiency of the system in adsorptive refrigeration.
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