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This special issue on “Solar energy and nanomaterials for
clean energy development” is composed of selected, full-
length versions of papers presented during the international
Solar’09 conference that was held in the fascinating historical
city of Luxor. The conference gathered scientists from 26
countries, to discuss outstanding research on a multitude
of topics and disciplines. As was pointed out by Professor
Paul Barbara from the University of Texas in Austin at
the opening session of the conference, this medium-sized
conference offered the unique opportunity to learn and
exchange scientific issues from distinct disciplines that have
one main thing in common, solar photons. This exceptional
opportunity to learn about other fields of research not only
required particular didactic skills form the speakers, but
also demanded special attention and openness from the
audience.

Under the headline of “powering a greener future,” a
total of 41 oral presentations were delivered and com-
plemented by a similar number of posters. Photovoltaics,
photocatalysis, solar irradiance, photodegradation, photo-
induced electron transfer, photochemistry, photobatteries
and photospectroscopy are just a flavour of the high
diversity of discussed topics. There was even an enriching
contribution on pellet fuels for future generation IV nuclear
plants, reminding that continued progress is also necessary in
already proven technologies. A strong emphasis was placed
on organic-based photovoltaics. Dye-sensitized solar cells
have now reached a high degree of maturity in theoretical
and experimental understanding of the various microscopic

processes contributing to the overall working principle.
The dye-sensitized (Grätzel) solar cell is the earliest solar
cell directly utilizing nanoscale components for its perfor-
mance. Here, light absorption takes place predominantly
in dye molecules anchored to the surface of nanoparticles
of a wide bandgap semiconductor, usually TiO2. Upon
excitation with visible light, the dye injects electrons from
its excited state into the TiO2 conduction band, leading
to a charge-separated state. To absorb enough light, the
TiO2 is made nanoporous, with a large surface area per
unit volume and weight. The optimization of the dye/TiO2

layer is heavily dependent on nanoscale fabrication and
characterization; the TiO2 layer must have a large surface
area to incorporate enough dye, but a structure that is thin
and open enough to allow for efficient charge transport
with minimum losses. Above all, the quest for novel dyes in
dye sensitized solar cells is clear, for efficient near-infrared
absorbers that are still missing. Interfacial charge transfer
complexes on TiO2 showed a new way to achieve direct
interfacial charge-transfer. Due to the important advances
worldwide, this thin film photovoltaic technology is on
the verge of large-scale commercialisation. In solid organic
solar cells, higher efficiencies have still to be met. Funda-
mental studies are certainly required for this technology
to be in accordance with dye-sensitized solar cells. As was
shown in one contribution, single molecule fluorescence
spectroscopy can reveal microscopic response of conjugated
polymers to charging. Single-molecule probes were also
shown to be new experimental tools to explore nanoporous
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materials, in addition to examining light-harvesting systems.
Classical photographic dyes have also been proposed as
new material class for organic solar cells. Novel device
concepts based on plasmon resonances in nanoparticles were
proposed.

Besides photovoltaics, photocatalysis was another theme
encompassing the four conference days. Photocatalized
decomposition of pollutants at various titania surfaces is
of great interest. Electron transfer reactions are at the base
of these photoinduced processes and were also the subject
of one of the theoretical contributions. Water purification,
pollutant degradation, and hydrogen production were the
most targeted applications. The principle of photocatalysis is
to use the energy of photons in the visible to near-UV range
(ca. 1.5–5 eV) to generate active chemical species driving a
surface chemical reaction on a photocatalyst.

The typical scheme of photocatalysis involves harvesting
of light photons in a semiconductor (most commonly TiO2),
and subsequent conversion of these photons to electronic
excitations, which then induce the desired chemical reaction
on the semiconductor surface. One main bottleneck of this
scheme is a high recombination rate of the excited electron-
hole pairs, which is relatively slower in case of semiconductor
particles of nanodimensions. The majority of charge carriers
in nanoparticles will have the opportunity of diffusing into
the nearby surface, and thus generating the reactive species
leading to efficient surface reactions. It is, thus, obvious
that nanostructures offer the opportunity for the charges
to survive in order to induce a surface reaction, before
recombination occurs.

As well as scientific research, engineered systems such
as solar water pumping systems or solar dryers highlighted
the benefit of solar powered applications that could be
implemented already today.

The conference highlights were not only scientific, but
also cultural and culinary. A full day was dedicated to visit the
West Bank of Luxor, including memorable visits to the Valley
of the Kings, the mortuary temple of pharaoh Hatshepsut,
and Hapu Temple of Ramsis 3rd. Well preserved colour
reliefs, built 4000 years ago, were simply breath-taking and
demonstrated that they were built to last for eternity. Today
we have lost the desire to build for eternity; instead, we are
burning up so much fossil fuel that it is doubtful whether
there will be anything left for future generations. Power from
the sun can be harnessed to provide sustainable energy, and
many solar-based technologies are ready to be implemented
now.

The highly successful solar conference series, started
in 1991, provide a place where researchers interested in
fundamental and applied aspects of photochemistry can
meet and inspire one another. The solar conferences recog-
nize that successful photochemical applications go hand in
hand with advancement of fundamental understanding of
photoinduced processes and excited states.

The focus of this conference series is of great importance
to the current global energy security situation. A coordinated
action on a global level is urgently needed to avert the crisis.
The developing world must take an active role in any such
coordinated action.

Currently, nanotechnology is generating a lot of attention
and it is generating great expectations not only in the
academic community but also among investors, the govern-
ments, and industry. Its unique capability to fabricate new
structures at atomic scale has already produced novel mate-
rials and devices with great potential applications in a wide
number of fields. Among them, significant breakthroughs are
especially required in the energy sector that will allow us to
maintain our increasing demand for energy. Nanotechnology
offers, for the first time, tools to develop new industries based
on cost-effective and cost-efficient economies, thus seriously
contributing to a sustainable economic growth.

This special issue covers some specific contributions
from nanotechnology to various sustainable energies. As
mentioned above, the issue’s main focus is on three broad
areas, namely, light harvesting, catalysis, and materials.
Articles on PV chemical solar cells are the most significant
examples of the contributions of nanotechnology in the
energy sector. The aim of this issue is to present some
significant contributions from different research groups
working on different approaches, to find solutions to one
of the great challenges of our time, that is, the production
and use of greener energy from one of the most exciting and
multidisciplinary fields, nanotechnology.

Focusing on the energy domain, nanotechnology has
the potential to significantly reduce the impact of energy
production, storage, and use. Even if we are still far from
a truly sustainable energy system, the scientific community
is looking at a further development of energy nanotech-
nologies. In fact, one of the 10 top-level themes of the VII
Framework Program of the European Union (FP7) is energy.
Accordingly, the research will be focused on accelerating
the development of cost-effective technologies for a more
sustainable energy economy.

According to the “Roadmap Report Concerning the
use of Nanomaterials in the Energy Sector” from the 6th
Framework Program, the most promising application fields
for the energy conversion domain will be mainly focused
on solar energy (mostly photovoltaic technology for local
supply), hydrogen conversion, and thermoelectric devices.

It is hoped that this issue may provide an overview of
the contribution of nanotechnology to the solar energy in a
broad sense and to sustainable ways to store energy as a step
forward a more sustainable use of energy.

M. S. A. Abdel-Mottaleb
Frank Nüesch

Mohamed M. S. A. Abdel-Mottaleb
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In order to improve the photoenergy conversion efficiency of dye-sensitized solar cells (DSCs), it is important to optimize their
porous TiO2 electrodes. This paper examines the surface and cross-sectional views of the electrodes using scanning electron
micrography. Two types of samples for cross-sectional viewing were prepared by mechanically breaking the substrate and by
using an Ar-ion etching beam. The former displays the surface of the TiO2 particles and the latter shows the cross-section of the
TiO2 particles. We found interesting surface and cross-sectional structures in the scattering layer containing the 400 nm diameter
particles, which have an angular and horned shape. The influence of TiO2 particle size and the thickness of the nanocrystalline-
TiO2 electrode in DSCs using four kinds of sensitizing dyes (D149, K19, N719 and Z907) and two kinds of electrolytes (acetonitrile-
based and ionic-liquid electrolytes) are discussed in regards to conversion efficiency, which this paper aims to optimize.

Copyright © 2009 Seigo Ito 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.

1. Introduction

Dye-sensitized solar cells (DSCs) have recently been devel-
oped as a cost-effective photovoltaic system due to their low-
cost materials and facile processing [1–4]. The production of
DSCs involves chemical and thermal processes but no vac-
uum is involved. Therefore, DSCs can be fabricated without
using expensive equipment. The use of dyes and nanocrys-
talline TiO2 is one of the most promising approaches to
realize both high performance and low cost. A high light-to-
electricity conversion efficiency can be obtained from a large
surface area of porous TiO2 electrodes on which the dyes can
be sufficiently adsorbed.

In order to fabricate DSC devices characterized by
high efficiency (>10%) and/or long-term stability, further
understanding and state-of-art techniques are necessary. The

key points of the DSC mechanism are as follows

(1) Ultrafast electron injection from the dye to the TiO2

electrode (<20 femtoseconds) [5].

(2) Fast dye regeneration via reduction by I− (100 nano-
seconds without voltage bias) [6].

(3) The very long electron lifetime in the TiO2 electrode
to I−3 (>0.1 second below 0.7 V forward bias) [7].

(4) The large roughness factor of the TiO2 electrode
(>1600) [8].

(5) The diode effect of Ru dye on the TiO2 electrode [8].

(6) Photon adsorption controlled by the thickness of
the TiO2 layers (transparent layer, d = 20 nm, 12–
14 μm thickness; scattering layer, d = 400 nm, 4-5 μm
thickness) [9].
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Figure 1: Structure of DSC with single-layer (a) and double-layer
(b) structures of nanocrystalline-TiO2electrodes. X’s in figures show
the thickness of nanocrystalline-TiO2 electrodes that was varied for
the optimization of high-efficiency DSC (Figures 5, 6 and 7).

(7) A high-activity Pt counter electrode for I−/I−3 redox
(<8Ω) [10].

Each point listed above is necessary for high-efficiency
DSCs. One of the key materials is the TiO2 electrode, which
has been fabricated by using sol-gel screen printing. With
this method, the TiO2 particle size and the thickness of the
nanocrystalline-TiO2 layer (“X” in Figure 1) can be varied,
allowing for control of the photovoltage and photocurrent.
Thus, we can optimize the design of the porous TiO2

electrode, the sensitizing dye and the electrolyte.
In this paper, we study the surface and cross-sectional

structure of double-layered porous TiO2 electrodes by SEM
observation. We found significant differences between the
SEM images of the original structure composed of sub-
micron particles and those of a structure composed of a
mixture of submicron particles and nanoparticles. The two
types of cross-sectional samples were prepared either by
mechanically breaking the substrate or using an Ar-ion beam
etching technique, resulting in confirmation of the signifi-
cant difference in the appearance of the two samples and the
observation of the interesting angular and horned structure
of the 400 nm diameter particles in the cross-sectional view.
Subsequently, the effect of the TiO2 particle size (d = 20 nm,
42 nm and 400 nm) and the thickness of the nanocrystalline-
TiO2 electrode on the photovoltaic properties of DSCs are
evaluated with four kinds of sensitizing dyes (D149, K19,
N719 and Z907) and two kinds of electrolytes (acetonitrile
(AcCN) based and ionic-liquid (IL) electrolytes) in order to
achieve high conversion efficiency.

15 kV ×50000 0.947 25/May/010.5μm

(a)

20 kV WD 8 mm SS35SEI
General Sample

×50000
0000 27 Mar 2009

0.5μm

(b)

Figure 2: SEM images of the surface of TiO2 submicron particles
(400C, JGC-CCIC) (a) and a mixture of TiO2 submicronparticles
and nanoparticles (PST-400C, JGC-CCIC) (b). Magnification of
each view is 50,000 times.

2. Experimental

2.1. Materials. Three kinds of screen-printing paste con-
taining different TiO2 (anatase) particles (20 nm [9],
42 nm [11] and 400 nm [9]) were prepared by previously
reported procedures. For SEM observations, we used TiO2

materials from JGC Catalysis and Chemicals Ltd. (JGC-
CCIC, Japan). The syntheses of cis-Ru-di(thiocyanato)-
N,N′-bis(2,2′-bipyridyl-4-carboxylic acid-4′-tetrabutylam-
monium carboxylate) (N-719) [12], cis-(SCN)2 (4, 4′-di-
carboxylic acid-2,2′-bipyridine) (4, 4′-dinonyl-2, 2′-bipy-
ridine) (Z907) [13], Ru((4,4-dicarboxylic acid-2, 2′-bipy-
ridine) (4, 4′-bis(p-hexyloxystyryl)-2,2 bipyridine) (NCS)2
(K19) [14] and indoline dye (D149) [15] have been reported
in previous papers. The chromatographic purification of the
Ru dyes was carried out on a column of Sephadex LH-20
using a previously reported procedure [9, 12].

2.2. Porous TiO2 Electrodes. To prepare the working elec-
trodes, the fluorine-doped tin oxide (FTO) glass that was
used as the current collector (Nippon Sheet Glass, Solar,
4 mm thickness) was first cleaned in a detergent solution
using an ultrasonic bath for 15 minutes and then rinsed with
water and ethanol. After treatment in an UV-O3 system for
18 minutes, the FTO glass plates were immersed in a 40 mM
aqueous solution of TiCl4 at 70◦C for 30 minutes and washed
with water and ethanol.

A layer of nanocrystalline-TiO2 paste was coated onto
the FTO glass plates by screen printing and kept in a
clean box for 3 minutes so that the paste could settle to
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reduce the irregularity of the surface and then dried for
6 minutes at 125◦C. This screen-printing procedure with
the paste (coating, storing and drying) was repeated to
obtain a working electrode of appropriate thickness [9].
By adjusting the thickness of the TiO2 pastes, the TiO2

electrodes were designed as shown in Figure 1. The porous
TiO2 layers of 20 nm [9], 42 nm [11] and 400 nm [9] were
transparent, semitransparent and scattering, respectively. For
the scattering layer, two coatings of macrocrystalline-TiO2

paste were deposited by screen printing, resulting in a light-
scattering TiO2 layer of 4–5 μm thickness containing 400 nm-
sized anatase particles. The electrodes coated with the TiO2

pastes were gradually heated under an air flow at 325◦C for
5 minutes, at 375◦C for 5 minutes, at 450◦C for 15 minutes
and 500◦C for 15 minutes.

The sintered TiO2 film was treated with 40 mM
TiCl4solution as described above, rinsed with water and
ethanol and sintered again at 500◦C for 30 minutes. After
cooling to 80◦C, the TiO2 electrode was immersed in
a 0.5 mM dye solution in a mixture of acetonitrile and
tert-butyl alcohol (v/v: 1 : 1) and kept at room tempera-
ture for 20–24 hours (Ru dyes) or 4 hours (D149 with
1.0 mM chenodeoxy cholic acid) to complete the sensitizer
uptake.

2.3. Pt Counter Electrodes. To prepare the counter electrode,
a hole was drilled in the FTO glass (LOF Industries, TEC
15Ω/�, 2.2 mm thickness) by sand blasting. The perforated
glass sheet was washed with H2O as well as with a 0.1 M HCl
solution in ethanol and cleaned by ultrasound in an ace-
tone bath for 10 minutes. After removing residual organic
contaminants by heating in air for 15 minutes at 400◦C, the
Pt catalyst was deposited on the FTO glass by coating with
a drop of H2PtCl6 solution (3 mg Pt in 1 mL ethanol) and
repeating the heat treatment at 400◦C for 15 minutes.

2.4. DSC Assembly. The dye-covered TiO2 electrode and
Pt counter electrode were assembled into a sandwich-type
cell and sealed with a hot-melt gasket of 25 μm thickness
made of the ionomer Surlyn1702 or liner low density
polyethylene Bynel4164 (DuPont) on a heating stage. A
drop of the electrolyte was put on the hole in the back
of the counter electrode. The acetonitrile (AcCN) based
electrolyte for N719 was 0.60 M BMII, 0.03 M I2, 0.10 M
guanidinium thiocyanate and 0.50 M 4-tert-butylpyridine in
a mixture of acetonitrile and valeronitrile (v/v: 85 : 15) [8–
10]. The ionic-liquid (IL) electrolyte for Z907 and K19 was
0.2 M I2, 0.5 M NMBI and 0.1 M GuNCS in a mixture of
PMII/EMINCS (v/v: 13 : 7) [14]. The AcCN-based electrolyte
for D149 was 0.10 M lithium iodide, 0.60 M butylmethylim-
idazolium iodide, 0.05 M I2 and 0.05 M 4-tert-butylpyridine
in AcCN:valeronitrile (v/v: 85 : 15)) [16]. The IL electrolyte
for D149 was 0.20 M I2 in 1-methyl-3-propylimidazolium
iodide, 1-ethyl-3-methylimidazolium bis((trifluoromethyl)
sulfonyl) imide and 1-ethyl-3-methylimidazolium triflate
(v/v/v: 2 : 1 : 1) [16].

The cell was placed in a small vacuum chamber for a
few seconds to remove the inside air. Exposing it again to

ambient pressure caused the electrolyte to be driven into
the cell. Finally, the hole was sealed using a hot-melt liner
low density polyethylene film (Bynel 4164, 35 μm thickness,
Du-Pont) and a cover glass (0.1 mm thickness). In order to
have good electrical contact between the connections and the
photovoltaic measurement equipment, the edge of the FTO
outside of the cell was scraped slightly with sandpaper or a
file. A solder (Cerasolza, Asahi Glass) was applied on each
side of the FTO electrodes.

2.5. Measurements. Photovoltaic measurements employed
an AM 1.5 solar simulator (100 mW cm−2). Masks made
of black plastic tape were attached on the Arctop filter
to reduce the scattering of light [17]. The intensity of
the simulated light was calibrated by using a reference Si
photodiode equipped with an IR cutoff filter (KG-3, Schott)
in order to reduce the mismatch in the region of 350–750 nm
between the simulated light and AM 1.5 to less than 2%
[18]. I-V curves were obtained by applying an external bias
voltage to the cell and measuring the generated photocur-
rent with a digital source meter (Keithley 2400, Keithley
Instruments).

3. Results and Discussions

3.1. SEM Observation of Nanocrystalline-TiO2 Porous Elec-
trodes. Figure 2(a) shows the SEM images of submicron
TiO2 particles that were used in the light-scattering layer
(Figure 1(b)). The particles were a pyramid-like angular
shape. The light-scattering TiO2 layer was a mixture of nano-
sized and submicron TiO2 particles [9]. In the SEM obser-
vations, the angular shape of the submicron TiO2 particles
could not be seen in the light-scattering layer (Figure 2(b)).
The submicron TiO2 particles were surrounded by nanopar-
ticles. The outline of the angular shape can be seen through
the surrounding nanoparticles.

Figure 3 shows cross-sectional SEM images of a porous
TiO2 electrode that was prepared by breaking the substrate
with a glass cutter. It is noticeable that the electrode has a
double-layered structure, as illustrated in Figure 1(b). The
magnified view of the light-scattering layer (Figure 3(b)) is
similar to Figure 2(b); the submicron particles were coated
by nanoparticles in the cross-sectional view of a sample
prepared by mechanically breaking the substrate.

Figure 4 shows the cross-sectional images of a nano-
crystalline-TiO2 porous electrode prepared by polishing
with an Ar-ion beam (the preparation and observation of
the samples were done by KOBELCO Research Institute,
Inc., Japan). The observed nanocrystalline-TiO2 porous
electrode has a double-layered structure on a glass substrate
similar to Figure 1(b). The nanocrystalline-TiO2 layer is
smooth and flat, while the submicroncrystalline-TiO2 layer
is rough due to the large particle size (Figure 4(a)). The
nanocrystalline-TiO2 layer appears very homogeneous at
5 000-times magnification (Figure 4(b)). At 50 000 times
magnification (Figure 4(c)), small cracks can be seen in the
layer due to shrinkage caused by the heating procedure.
At 200 000 times magnification, the nanoparticles can be
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Figure 3: Cross-sectional views of a double-layer electrode pre-
pared by mechanically breaking the substrate. The white dotted
quadrangle in Figure 3(a) indicates the zoomed-in area shown in
Figure 3(b).

observed (Figure 4(d)), but the image is not clear because no
metal was deposited by spattering in order to observe them.
Figure 4(e) shows the cross-section of the light-scattering
layer by submicroncrystalline-TiO2 particles. The material
of this layer is a mixture of 90% of submicroncrystalline-
TiO2 particles and 10% of nanocrystalline-TiO2 particles
[9]. We can see the exact cross-sectional view of the
submicroncrystalline-TiO2 particles (Figure 4(f)). The size
of the cross-sectioned submicron crystals is between 100 nm
and 500 nm. This size distribution is due to the Ar-ion beam
etching, which cut the crystal at the center and/or the edge. It
is surprising that the structure of the submicroncrystalline-
TiO2 particles is rather complicated (angular and horned)
in the cross-sectional view, which cannot be observed in the
SEM images of Figure 2(a).

3.2. I-V Curves with Variation of TiO2 Thickness. Figure 5
shows the I-V curves of the DSCs with double-layer
TiO2(d = 20 nm and 400 nm) electrodes (Figure 1(b)).
The thickness of the nanocrystalline-TiO2 layer was adjusted
between 2.8 μm to 17.4 μm. The sensitizing dye was a Ru dye
(N719), and the electrolyte was an AcCN-based electrolyte. It
was observed that the thicker layer gave higher photocurrent
and lower photovoltage. On the other hand, the thinner layer
gave lower photocurrent and higher photovoltage. This is
a typical phenomenon in DSCs regardless of the kind of
particles and dyes. In the next sections, we discuss the pho-
tovoltaic characteristics for two sizes of TiO2 nanoparticles
(d = 42 nm and 20 nm).

3.3. Single-Layer Electrodes. Figure 6 shows the photovoltaic
characteristics of single-layer electrodes with a semitrans-
parent layer of 42 nm TiO2 particles (Figure 1(a)). The
combinations of sensitizing dyes and electrolytes were 〈Ru
dye (N719)/AnCN-based electrolyte〉 and 〈Ru dye (Z907)/IL
electrolyte〉.

For both combinations of dye and electrolyte, the
open-circuit photovoltage (Voc) decreased linearly with
increasing thickness of the nanocrystalline-TiO2 electrode
(Figure 6(a)).

However, the behavior of the short-circuit photocurrent
density (Jsc) (Figure 6(b)) was different for the electrolytes.
For the AcCN-based electrolyte, the Jsc increased and became
saturated with increasing thickness. On the other hand,
theJsc for the IL electrolyte reached a maximum around
14 μm. At the thin TiO2 electrode (4 μm thickness), the
values of Jsc for the AcCN-based (11.8 mA cm−2) and IL
(10.5 mA cm−2) electrolytes were similar; the difference was
only 12% (1.3 mA cm−2). Upon increasing the thickness,
the difference increased to 42% for the 21 μm thick films.
This arises from the high viscosity and slow I−/I−3 diffusion
in the IL electrolyte [16]. The redox couple (I−/I−3 ) can
diffuse readily across the thin nanocrystalline-TiO2 layer
and sustain the low photocurrent. However, transport is
impaired in thicker nanocrystalline electrode films where
larger photocurrents must be sustained. By contrast, the
viscosity of AcCN is so low that high photocurrent can be
supported even for thick nanocrystalline-TiO2 layers.

The fill factor (FF) was not affected by variations in the
thickness of the nanocrystalline-TiO2 layer (Figure 6(c)).

Consequently, the conversion efficiency reached a max-
imum (Figure 6(d)). Nevertheless, the viscosity and the
diffusion coefficient of I−/I−3 differed by a factor of 100 [16],
the AcCN-based and IL electrolytes gave peaks in the same
position for the 14–16 μm thickness.

3.4. Double-Layer Electrodes. Figure 7 shows the pho-
tovoltaic characteristics of the double-layer electrodes
(Figure 1(b)). The particle sizes for the transparent and light-
scattering layers were 20 nm and 400 nm, respectively. In this
paper, the thickness of the transparent layer (d = 20 nm; “X”
in Figure 1(b)) was varied. Four combinations of sensitizing
dyes and electrolytes were used: 〈Ru dye (N719)/AnCN-
based electrolyte〉, 〈Ru dye (K19)/IL electrolyte〉, 〈organic
dye (D149)/AnCN-based electrolyte〉 and 〈organic dye
(D149)/IL electrolyte〉.

In all cases, Voc decreased linearly with increas-
ing the thickness of the nanocrystalline-TiO2 electrode
(Figure 7(a)). This phenomenon was the same as that of
the single-layer system (Figure 6(a)). It was remarkable that
the highest Voc was over 900 mV for the nanocrystalline-
TiO2 electrode (3 μm) using Ru dye (N719) and AcCN-based
electrolyte.

Figure 7(b) shows the differences in the behavior of Jsc
in relation to the nanocrystalline-TiO2 (d = 20 nm) thick-
ness (Figure 1(b)) between AcCN-based and IL electrolytes,
which is similar to the phenomenon observed for the single-
layer electrode (d = 42 nm, Figure 6(b)). Using the AcCN-
based electrolyte, the Jsc increased and became saturated
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Figure 4: Cross-sectional SEM images of a porous double-layered TiO2 electrode polished with an Ar-ion beam (nanocrystalline-TiO2

layer: 14 μm thick; submicron crystalline-TiO2 layer: 5 μm thick). (a) is the most zoomed-out image. White dotted quadrangles show the
zoomed-in area for the other images.
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Figure 5: Photo I-V curves in relation to the thickness of double-
layer nanocrystalline-TiO2electrodes (as shown in Figure 1(b)) with
Ru dye (N719) and AcCN-based electrolyte.

with increasing thickness. On the other hand, using the IL
electrolyte, the Jsc had a peak at a thickness of around 6 μm.
The optimal thickness for the 20 nm particles (Figure 7(b))
was half that obtained for the 42 nm particles (Figure 6(b)).
The larger particles (d = 42 nm, Figure 6(b)) produced

larger pores into which the redox couple (I−/I−3 ) could diffuse
more effectively than into the smaller pores created by the
smaller particles (d = 20 nm). Therefore, the larger particles
gave a Jsc peak at a larger thickness than the smaller particles.

The FF was not greatly affected by variations in the thick-
ness of the nanocrystalline-TiO2 layer (Figure 7(c)). In the
case of the organic dye (D149) with IL electrolyte, however,
the FF decreased as a result of the high photocurrent and the
low diffusion coefficient of the redox couple.

Consequently, the conversion efficiency reached a max-
imum (Figure 7(d)). The AcCN-based and IL electrolytes
gave peaks at 14 μm and 6 μm thickness, respectively. The
important point is that the position of the peaks was
unrelated to the nature of the Ru dye and the organic dye,
in spite of the 4-fold difference between their absorption
coefficients (N719: 13,900 M−1 cm−1, K19: 18,200 M−1 cm−1,
D149: 68,700 M−1 cm−1). At first, we expected that the
organic dye would yield the highest efficiency when the thick-
ness of the nanocrystalline-TiO2 layer was small; however,
the peak of efficiency was determined by the electrolyte and
the particle size, not by the type of sensitizer.

4. Conclusions

The structure of the cross-section of the double-layered TiO2

electrode, which was prepared by Ar-ion beam etching, has
been observed by SEM for the first time. We confirmed the
difference between the cross-sectional structures prepared
by mechanically breaking the substrate and Ar-ion beam
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Figure 6: Photovoltaic characteristics related to the thickness of nanocrystalline-TiO2(d = 42 nm) layers of single-layer electrodes (as shown
in Figure 1(a)): N719-sensitized solar cells using AcCN-based electrolytes (solid circles); Z907-sensitized solar cells using IL electrolytes
(open circles).

etching and observed the unique structure of the 400 nm
TiO2 particles with respect to the light-scattering effect.

In order to optimize the design of DSCs for maximal
conversion efficiency, the TiO2 particle size and the thickness
of the nanocrystalline-TiO2 layer were varied and tested
with several sensitizing dyes and electrolytes. For the single-
layer electrodes (semitransparent, d = 42 nm), the maximal
efficiencies were 6.6% at 14 μm and 9.9% at 16 μm with
〈Z907/IL〉 and 〈N719/AcCN〉, respectively. For the double-
layer electrodes (transparent layer: d = 20 nm; light-
scattering layer: d = 400 nm), the maximal efficiencies
were 7.0% at 6 μm, 6.3% at 6 μm, 10.2% at 14 μm and

9.0% at 14 μm with 〈K19/IL〉, 〈D149/IL〉, 〈N719/AcCN〉 and
〈D149/AcCN〉, respectively. The optimal thickness of the
nanocrystalline-TiO2 layer depends on the electrolyte and
TiO2 particle size but not on the absorption coefficient of the
dye.

From these experimental results, we can estimate the
conversion efficiency of a DSC for an ideal case where Voc,
Jsc and FF attain their maximal values. The best values
were a Voc of 900 mV (Figure 7(a)), a Jsc of 20 mA cm−2

(Figure 7(b)) and an FF of 0.77 (Figure 7(c)). Using these
values, the ideal conversion efficiency reaches 13.9%. In
order to obtain this value, we need to use a dye with
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Figure 7: Photovoltaic characteristics in relation to the thickness of nanocrystalline-TiO2(d = 20 nm) layers in double-layer electrodes
(as shown in Figure 1(b)): N719-sensitized solar cells using AcCN-based electrolytes (solid circles); K19-sensitized solar cells using ionic-
liquid-based electrolytes (open circles); D149-sensitized solar cells using AcCN-based (solid square) and ionic-liquid-based (open square)
electrolytes.

a high absorption coefficient that displays a strong blocking
effect against charge recombination. We hope that this
report is helpful for the development of DSCs for practical
applications.
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1. Introduction

Globally the photovoltaic (PV) market grew 110% last year
and reached a record 5.95 GW in 2008 [1]. It is also predicted
that by 2012 more than 20 GW PV systems will be installed.
Gartner has predicted an increase in PV industry revenue
to $34 billion within the next five years from $15.8 billion
in 2008 [2]. Currently, wafer-based silicon (single crystal,
poly crystalline, and multicrystalline) solar cells and thin film
solar cells based on amorphous silicon, CdTe, CuInGaSe2,
and III–V semiconductors dominate PV manufacturing [3].
For future generations of solar cells a number of approaches
are being explored [4]. An examination of the current liter-
ature shows that most of these solar cells are based on one-,
two-, or three-dimensional structures with nanodimensions
(<100 nm). The R&D work related to the nanostructures
falls under the buzz word of “nanotechnology” and there
are questionable claims on the scientific facts [5]. As an
example, the publication of a research paper on multiexciton
generation in colloidal silicon nanocrystals [6] motivated the

author of [7] to claim that silicon nanocrystals-based solar
cells can generate two electrons from one photon, and single
junction solar cell efficiencies as high as 40% are possible.
The fact is that multiple exciton generation phenomena
observed in nanocrystals or quantum dots have no direct
relevance to the operation of the solar cell. The incorrect
assumption that multiple electron hole pairs (EHPs) gener-
ation will improve the solar cell efficiency ignores the fact
that the collection of the carriers is a necessary part of the
solar cell operation. This can impact the further direction
of basic research that is generally funded by public money
[8] as well as investment of private money for establishing
new photovoltaic businesses. In the broader sense of green
electricity generation our objective is to examine critically all
the current PV approaches that are under investigation.

PV manufacturing has its origin in semiconductor
manufacturing and most of the thin film PV manufacturing
(use of large glass substrate) has its origin in liquid crystal
display (LCD) manufacturing. Based on an examination of
the fundamentals of materials, devices, and the experience
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of semiconductor manufacturing, LCD manufacturing, and
related manufacturing, it is possible to examine the prospects
of incorporating nanostructure-based solar cells into PV
manufacturing for next generation solar cells. Recently, a
number of review papers on applications of nanostructures
in solar cells have been published [3, 9–18]. However, none
of these papers address the issues related to manufacturing of
next generations of PV modules. The objective of this paper
is to critically examine the published work and point out the
suitability or nonsuitability of the particular nanostructure
for future generations of photovoltaic module manufactur-
ing. In the following section, we provide the background
material which is essentially required to make PV systems
a significant source of electricity generation. In the third
section, we examine the theoretical and experimental results
associated with the materials and devices of nanostructure-
based future generation of solar cells. The discussion of
the paper is presented in Section 4. Finally, the paper is
concluded in Section 5.

2. Background Material

In order to create huge PV markets, the following selection
criterion must be used in the selection of appropriate
technology: (i) no material supply constraint, (ii) low cost
of ownership, (iii) low production cost, (iv) prospects of
further cost reduction, and (v) green manufacturing with
no environmental safety and health issues. In a previous
publication [3], we have discussed these points in depth
however for completeness key points are briefly discussed in
this section.

2.1. No Material Supply Constraints. Just after oil embargo
of 1973 [19], a number of semiconductor materials were
proposed as the potential materials for manufacturing solar
cells. In 1980, one of us published an article on the
economic requirements for new materials for solar cells and
predicted that silicon is the best material for large-scale PV
manufacturing [20]. Over the last 29 years our prediction has
been correct, since more than 90% solar cells manufactured
in 2008 are made out of silicon. Thus it is quite relevant
to go back to our 1980 paper and rewrite the rules for
selecting photovoltaic materials. The key guidelines from
1980 publications [20] are given in the following paragraphs.

When one considers the availability of materials at
reasonable cost, one has to establish the rate of production
required for the application and compare it to the current
world rate of production as well as to the possible total
availability of the material in the earth’s crust. As shown
in Figure 1, a number of elements used in solar cell manu-
facturing have very low level of reserve [21]. In order that
the use of the material in the photovoltaic application does
not drive up the cost of the material, the additional uses for
photovoltaic applications must be less than 10% of the world
production (study of world production rates of minerals
shows that historically the production rate of any mineral
has rarely grown faster than 10% per year). For example,
due to high demand of poly-silicon, price of poly-silicon
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Figure 1: Estimated 2004 annual production levels and material
reserves for various materials used in PV industry (from [21]).

went high in 2008 due to increased demand and poor supply.
Fortunately, due to abundance of the raw material, the supply
chain of poly-silicon has improved again. Recently, iSuppli
has reported that due to an increase in production of poly-
silicon by 112% in 2009, price will drop by half [22].

2.2. Low Cost of Ownership (COO) for Manufacturing.
Similar to the semiconductor manufacturing and LCD man-
ufacturing industry, photovoltaic manufacturing also needs
huge capital investments. Ideally for a given technology, the
capital expenditures should be as low as possible. However,
capital expenditure is only one component in the cost
of ownership. Since the manufacturing of a PV module
consists of a number of processing steps, the underutilization
of equipment adds extra cost. Over the life time of the
manufacturing facility, the equipment reliability, utilization,
and yield of the PV modules have a greater impact on cost of
ownership than initial purchase cost. The cost of ownership
can be expressed by following expression [23]:

COO = CF + CV + CY
TPT∗ Y∗U

, (1)

where COO: cost of ownership, CF: fixed cost, CV: variable
cost, CY: cost due to yield loss, TPT: throughput, Y:
composite Yield, U: utilization.

The use of a roll-to-roll (RTR) process (similar to the
way in which newspapers are printed) is a driving force
to develop PV manufacturing processes with low capital
expenditures. The success or failure of RTR and other similar
processes depends on the yield of each process step and
resulting PV module yield. The above expression can be used
to judge the suitability or nonsuitability of a low-cost capital
expenditure manufacturing process versus alternate high-
cost capital expenditure manufacturing.

In the selection of appropriate manufacturing process
technology, process variability is one of the important issues.
In other words the power out of each device in a module and
the power output of each module in a system must be as
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identical as possible. Due to series and parallel connections
(to get desired voltage and current) devices or modules with
minimum voltage or current will dictate the power output of
the system. A sophisticated and expensive advanced process
control (APC) will provide lower cost of ownership than
a low-cost statistical process control for a given process
used in the PV module manufacturing. For one-dimensional
nanostructure such as single-wall carbon nanotubes, we have
demonstrated the need for a high level of control of the
process variation which is far beyond that which is currently
achievable through conventional methods [24]. Process
variability is one of the most critical issues for nanostructure-
based integrated circuit manufacturing. The same issues
are also true for solar cells based on nanostructures. As
shown in Figure 2, for nanostructures-based solar cells the
process window is replaced by the process points. Relative to
currently manufactured solar cells, the COO will be higher
for nanostructure-based solar cells.

2.3. Low Production Cost. For reducing the production cost
of PV modules, it is necessary to use larger silicon wafers or
larger substrates rather than the smaller ones. For product
cost reduction, this technique has been very successful
for IC and display industry. Other than the efficiency
of PV modules, energy consumed in the manufacturing
process, materials, gases and substrates cost, automation
and throughput, yield is a very important factor in the
overall cost. Of course factors such as low labor cost and
low cost of electricity also affect the cost of PV modules.
The typical manufacturing cost relationship should be
used to size the appropriate production capacity of the
manufacturing process. An absolute control on the supply
chain and ultra-large-scale volume manufacturing are the
principal requirements to bring PV technology to a level
where generation of electricity is cheaper than other energy
sources.

2.4. Prospects for Further Cost Reduction. Other than increas-
ing the efficiency of PV module, the manufacturing process
should be capable of further cost reduction. For cost
reduction of the PV modules, the change of substrate size
with time by the IC and display industry is the perfect
choice for PV industry. Currently some amorphous silicon
manufacturers are using glass substrates of the size of 5.7 m2.

Similar to LCD industry these manufacturers can increase
the glass size to Gen 10 substrates with the area equal to
8.7 m2. Without inventing any new process, the Gen 10
substrate size will provide cost reductions similar to LCD
industry.

2.5. Environmental Safety and Health (ESH) Issues and Green
Manufacturing. As compared to other method of electricity
generation, PV technologies have distinct environmental
advantages for generating electricity over conventional tech-
nologies. Electricity generation by PV systems does not
produce any noise, toxic-gas emissions, or greenhouse gases.
Photovoltaic energy not only can help meet the growing
worldwide demand for electricity, but it can do so econom-
ically without any environmental concerns. Compared to
burning coal, every gigawatt-hour of electricity generated by
photovoltaics would prevent the emission of about 10 tons
of sulfur dioxide, 4 tons of nitrogen oxides, 0.7 tons of
particulates, and up to 1000 tons of carbon dioxide.

The techniques used in PV manufacturing are quite
similar to $350 billion semiconductor industry. During the
last half century the semiconductor industry has evolved to
the point that in spite of the use of a number hazardous
chemicals, tools and processes exist for the safe handling
of such chemicals, materials, and gases. The PV industry
has adopted handling of materials chemicals, and gases in
a way similar to the semiconductor industry. Thus from
environmental, occupational health, and safety point, there is
no concern. The only material that poses a real concern is the
use of Cadmium (Cd) in CdTe-based solar cells. According to
the Occupational Safety and Health Administration (OSHA)
of USA, Cadmium is considered both toxic and a lung
carcinogen. OSHA considers all Cd compounds (including
CdTe) to be toxic. For further reading of health problems
related to the use of Cd in solar cells interested reader is
referred to our earlier publication [3].

3. Critical Examination of Proposed Nanostruc-
tures for Solar Cell Applications

The nanostructures involve length scale of approximately 1–
100 nm range. In this paper we will not differentiate between
the approaches used in the fabrication of these structures.
The issue of “bottom up” (atom-by-atom approach to build
the required <100 nm dimension) or “top down”(current
lithography techniques used to reduce material dimension
<100 nm) approach will be dictated by throughput and cost
related manufacturing issues. It has been known for long
time that the properties of ultra-thin films differ from the
bulk values. The invention of scanning tunneling microscope
in 1981 and the advancements in the silicon integrated
circuits as well as other related semiconductor products
(e.g., improved detectors with high signal-to-noise ratio)
have helped the development of instruments that have the
ability to manipulate and analyze material on the atomic
scale. Research in the nanodimension material in the last
decade has established that the properties of nano-dimension
material differ from the corresponding thin film materials.
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Table 1: Various solar energy losses in single junction silicon
(1.1 eV energy band gap) solar cell under AM 1.5 solar spectra at
300◦K temperature [13].

Photo-electro energy conversion 32.9%

Unabsorbed energy losses 18.7%

Heat loss 46.8%

Other losses 1.6%

As shown in Figure 3, at nanoscales the properties of material
depend on the quantum confinements. The one-to three-
dimensional nanomaterials provide unique opportunities
to optimize a number of physical, chemical, biological,
mechanical, electrical, optical, and thermal properties of
interest for future photovoltaic devices. The challenge is
to integrate these unique properties of nanostructures
and enhance the performance, reliability, and yield of
photovoltaic devices for manufacturing next generation of
photovoltaic modules.

In 1961, Shockley and Queisser calculated thermody-
namic limit of maximum efficiency for a p-n junction
silicon (1.1 eV energy bandgap) solar cell to be around
33% under AM 1.5 solar illumination at 300◦K [25]. The
energy associated with photons greater than the energy
band gap of silicon is converted into heat. As shown in
Table 1, heat loss is mainly responsible for lower efficiency
of silicon solar cells. The unabsorbed energy loss can be
partially recovered by using the concept of tandem solar
cells where higher and lower energy band gap solar cells are
connected optically in series. The concept of tandem solar
cells is already used for manufacturing amorphous silicon
solar cells and III–V-based high efficiency concentrator solar
cells. Since a major part of the incident solar energy is
lost as heat, maximum efforts have been made to prevent
incident solar energy getting converted to heat. These losses
are the driving force to build new approaches to utilize
the energy losses. As mentioned earlier, structures of size
1 nm to 100 nm are proposed to make solar cells more
efficient. The use of nanostructures has been suggested
to build new highly efficient solar cells considering the

following key points. (1) Hot carriers generated by absorbing
photons of energy more than the energy band gap can be
employed to generate additional current and or voltage,
and (2) energy states in the energy band gap can be used
to trap carriers generated from photon of energy lower
than the energy band gap. Various approaches based on the
one-, two-, and three-dimensional nanostructures (quantum
dots and semiconductor nanocrystals) are currently being
pursued to utilize the energy losses listed in Table 1. In the
following subsections, we have examined the theoretical and
experimental results of various nanostructures reported in
the open literature.

3.1. Proposed Use of Hot Carriers to Boost up Solar Cell Effi-
ciency. There have been numerous publications discussing
the potential use of hot carriers for solar cell efficiency
enhancement [6, 9, 10, 12, 26–31]. Hot carrier solar cells
claim to convert excess photon energies into stable form
before the excited states equilibrate with the environment. In
semiconductors, excess energy appears as the kinetic energy
of the carriers where as in molecules it becomes a phonon
and is dissipated as heat. As shown in Figures 4(a)-4(b), when
the incoming photon has excess energy (hν) > Eg , electrons
are excited and the thermalization occurs through carrier-
phonon scattering. Excess energy is delivered to the carriers
of lesser effective mass. Thus for the highest efficiency of the
solar cell, excess photon energies must be delivered to the
bands capable of sustaining the hot carriers. The following
are the proposed ways for extraction of the excess energy.

(1) Remove the carrier from the device before it cools
and obtain a higher energy electron and thus getting
a higher output voltage (Figures 4(c)–4(d)). Theoret-
ically for this to be feasible, the rate of cooling of hot
electrons must be lower than the rate of hot carrier
separation, transport, and collection at contacts [30].

(2) Make the excited “hot” electron spend its extra energy
to excite another electron from valence band and thus
getting a higher output current (Figures 4(e)–4(f)).
This is known as impact ionization and can occur
only if the rate of impact ionization is more than
the relaxation processes which include generation of
phonon and Auger recombination. [30].

The photocurrent generation in semiconductor p-n
junction of solar cell is shown in Figure 5. When a photon
with energy more than band gap of absorber material hits
p-n junction, it creates an electron hole pair and due to the
inbuilt electric field, photoproduced carriers are transported
to the electrodes. Thus for making a solar cell, the basic
requirements are an absorber material and a junction with
electric field that assists transport of the photogenerated
carriers to the electrodes. There is also a probability that
photogenerated carriers can recombine before reaching the
electrodes. Therefore for crystalline and polycrystalline solar
cells, the charge separation time of photo generated carriers
must be smaller than the minority carrier lifetime.

For the bulk materials, rate of impact ionization or
multiple carrier excitations (MCEs) is slower than the rate of
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Figure 5: Basic p-n junction solar cell and charge transport
phenomena.

thermal cooling of hot carriers through intraband relaxations
processes [9]. Therefore various groups started to investigate
the use of quantum dots for utilizing hot carrier effects [9,
29, 32]. However, to date no one has provided experimental
data to prove that for quantum dots the rate of multiple
carrier excitation is faster than the thermal cooling rate of hot
carriers. Also, the Auger recombination rate and cooling rate
depend on the surface area of the nanostructure as shown in
Figure 6 [13]; for example, the Auger recombination is more
in nanorods than nanodots [9]. Results shown in Figure 7
indicate that not only carrier relaxation time decreases,
photo generated exciton life time also decreases with the size
of nanocrystal [13].

In [32], authors have reported excitation of seven
electrons from a photon in PbSe nanocrystal and have
reported an internal quantum efficiency of 700%. Based on
the type of measurements reported in [32], one is tempted
to believe that for solar cells more than one EHP could
be generated for each incoming photon, which in turn
will improve the solar cell efficiency. In reality, for solar
cell efficiency enhancement these multiple EHPs must be
extracted from the device through electrodes. Fundamentally
this is not possible, since all the reported internal quantum
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Figure 6: Carrier cooling rate increases as size of quantum dot
decreases (from [13]).

efficiencies of above 100% are based on the measurement of
Transient Absorption Spectra (TAS). In TAS, two ultrafast
femtosecond LASER pulses are used. First, the high energy
LASER beam is used to excite the electrons and the other
LASER beam probes the excited states. The pumped power
used for multiple exciton generation in [6] is 1.126 mW/cm2

which is roughly an order of magnitude more than the
power available at 600 nm in AM1.5 solar spectrum. The TAS
measurements may give information about the excited states
[28], but these experimental conditions have nothing to do
with the required conditions for solar cell applications.

As early as 1980 one of us [33] provided experimental
data to refute the claim that one can observe short circuit cur-
rent density greater than predicted by Shockley and Queisser
limit [25]. An extensive search of the open literature beyond
1980 did not show any direct current-voltage measurements
under illumination or enhancement in efficiency of solar cells
by utilizing hot carriers or by any other mechanism including
generation of multiple excitons.
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3.2. Up Conversion and Down Conversion. Up/Down con-
version involves altering the incident spectrum which is
available to the solar cell. In down conversion, one high
energy photon will be split in to two or more photons which
can be converted into two or more electron hole pairs by the
solar cell. In up conversion, two or more low energy photons
are converted in to a single photon which can be converted
by the solar cell to generate an electron hole pair.

Figure 8 shows the operating mechanism of proposed
down converter solar cell. The solar cell is a regular silicon-
based solar cell with energy band gap of Eg . It converts only
photons of energy greater than Eg in to EHPs. According
to proposed down conversion mechanism, if a photon with
energy of 2Eg strikes the solar cell and passes through it
and further strikes the converter placed behind the solar cell

which has an energy band gap of 2Eg . This results in exciting
an electron from the valence band to the conduction band.
This excited electron falls back into the valence band in two
steps. In the first step, it falls to an intermediate state emitting
a photon “1” of energy Eg and then in the second step, it falls
down in to the valence band emitting another photon “2”
as shown in Figure 8 of energy Eg . These two photons with
energy Eg will go back to the solar cell and get converted in
to two EHPs. Thus, the single high energy photon will result
in two EHPs which is not possible in a conventional solar cell.
Also, the solar cell is assumed to be very thin to pass photon
with energy 2Eg which could have a negative impact on the
efficiency.

The theory of high efficiency down conversion process
is proposed on the assumption that “no nonradiative
recombination takes place anywhere in the device” [34].
For a photon of energy greater than 2Eg , a band-to-
band transition happens in the converter and these excited
electrons recombine via intermediate bands in the converter.
All the photons with energy between Eg and 2Eg will be
wasted if they cross the solar cell. Also, photons with energy
more than 2Eg will be absorbed by the converter and will
result in thermalization which will further decrease the
efficiency. If the down converter is placed above the solar cell,
it will absorb all photons with energy greater than its band
gap. Thus, the solar cell collects photons only generated by
the down converter via photoluminescence. Also, only half of
the photons can be expected to be radiated into the solar cell.
The other half will be radiated outwards from the convertor.

With the assumptions described above, the AM 1.5
efficiency limit for a down-conversion solar cell with Eg
= 1.05 eV is 39.6% [34] while the Shockley and Queisser
limit is about 33% for single junction silicon solar cell
[25]. The mathematical calculations about up conversion
also have fundamental flaws and the efficiency limit for
this process is calculated as 47.6% for nonconcentrated
sunlight [35]. The authors of [36] have conducted a
review on the existing materials to modify the solar
spectrum and a few results on solar cell up/down con-
version using nanostructures were also reported. Most
of the results reported in [36] are nothing other than
the explorations of the photoluminescence properties of
materials.

Use of Si nanocrystals (NCs) as a down converter is
reported in [37] which show no change in open circuit volt-
age and a little increase in short circuit current which results
in net efficiency increase by only 0.4%. Also, it is worth
mentioning here that in [37] the results of only one sample
were reported for claiming the efficiency improvements.
As reported in [37], the difference between the value of
current density measured by spectral response and the value
extracted from electrical measurement data is 40%. Thus the
legitimacy of the claim by authors of [37] about the 0.4 %
net efficiency improvement by the use the down converter
based on silicon nanocrystals is questionable. The internal
quantum efficiency results reported in [37] are shown in
Figure 9. The reduction in internal quantum efficiency for
cells annealed at 200◦C and 500◦C indicates device reliability
problems. [37] was published in 2004 and in the last five years
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no new results about improving the efficiency by up/down
conversion have been reported.

In summary, no one has reported experimental results of
the up/down conversion process with a meaningful efficiency
enhancement to pursue these nanostructure-based solar cells
for further research and development.

3.3. Nanocrystals-Based Tandem Solar Cells. As we stated
earlier, the full solar spectrum cannot be efficiently absorbed
by a solar cell using single energy band gap material. In
1955 for the first time, Jackson proposed to use layers of
different energy band gap materials to enhance the solar
cell efficiency [38]. III–V semiconductor and amorphous
silicon-based tandem solar cells are already in production.
A lot of research has been done in the search for a perfect
combination of materials to absorb the entire solar spectrum.
This motivated researchers to think for the application of
low-dimensional structures such as quantum wells as an
absorber layer in solar cells. The use of quantum wells in
solar cells was first proposed by Burnham and Duggan in
1990 [39]. It is well-known fact that the energy band gap of
quantum confined structures can be tuned by altering their
size.

Very recently Cho et al. [40] have shown an efficiency
of 10.6% by embedding 3 nm quantum dots in 2 nm SiO2

layers. They used 15 layers of the phosphorous doped
quantum dots embedded in SiO2 on a p type crystalline
silicon wafer. Also, they claimed that the current density of
this cell is 29.8 mA cm−2 and it is equivalent to the current
density of single junction nontextured solar cell [40]. Table 2
summarizes their experimental results. It can be seen from
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Figure 10: In plane lattice thermal conductivity of Si1−δGeδ quan-
tum dot superlattice and bulk silicon as a function of temperature.
The value of x is 0.05 and size of quantum dot is 4 nm (from [43]).

Table 2 that there is not any significant difference in the effi-
ciency of various sized quantum dots embedded in the oxide
layers. However, the maximum reported efficiency from their
work is far below the efficiency of commercially available
single junction silicon solar cells. In case of quantum dots
as well as other nanostructures-based semiconductor devices
fundamental issues related to heat removal and reliability
are very important [24]. Therefore thermal conductivity of
quantum dots [41–44] must be considered for applications
of quantum dots in solar cells. As shown in Figure 10 [43],
the thermal conductivity of the Si1−δGeδ quantum dot super
lattice is much lower than that of bulk silicon. The scattering
of acoustic phonons on quantum dots is key scattering
mechanism for decrease in the thermal conductivity [43].
Figure 11 shows the in-plane lattice thermal conductivity
as a function of dot volume fraction (δ) of Germanium
in Si1−δGeδ alloy with dot size as the variable parameter.
Additional complexity in the applications of quantum dots
in solar cells will arise from the fact that quantum dots
in the order of quadrillion (1015) will be required for a
silicon wafer of the size of 150 mm. Physics related to
many body problems must be considered to understand
the interactions among various quantum nanocrystals [45].
Control on the size distribution of nanocrystals is another
challenge. The interaction between nanocrystals increases
when size distribution of nanocrystals is large and results in
reduced mobility and short circuit current. The reason for
the mobility reduction is hopping of charge carriers between
adjacent nanocrystals [17].

3.4. Intermediate Band Solar Cells (IBSCs). In 1960 Wolf
described various loss factors in solar cells and discussed
various mechanisms including multitransition solar cells
(introducing energy levels in forbidden energy gap of active
layer) to reduce energy losses [46]. Luque and Marti [47]
introduced the concept of intermediate band solar cells in
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Table 2: Electrical measurements of solar cell with different size silicon nanocrystals embedded in layers of silicon rich oxide (SRO)/Silicon
Dioxide (SiO2) under standard condition (AM 1.5 spectrum, 100 mW cm−2, 298◦K) (from [40]).

SRO/SiO2

thickness,
number of bilayers

Open circuit
voltage Voc (mV)

Short circuit
current density
Jsc (mA cm−2)

Fill factor(%) Efficiency(%)

3 nm/2 nm 15 BL 555.6 29.8 63.8 10.6

4 nm/2 nm 25 BL 540.3 25.0 76.8 10.4

5 nm/2 nm 25 BL 517.9 27.9 72.3 10.5

8 nm/1 nm 25 BL 470.8 18.6 65.1 5.7
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Figure 11: In-plane lattice thermal conductivity as a function of dot
volume fraction (δ) of Germanium in Si1−δGeδ alloy. The value of
dot size is 10.0 nm, 8.0 nm, 4.0 nm, and 2.0 nm for curve A, B, C,
and D, respectively (from [43]).

1997 which is similar to the concept of multitransition solar
cells. The basic concept of IBSC is to have an intermediate
band to utilize low energy photons from the solar spectrum
[47]. The formation of intermediate band is proposed by
utilizing some impurities other than basic absorber material
or alloy or quantum dots [48–50]. Fundamentally, the
concept of IBSC is against the theory of recombination
generation where energy levels near the mid-gap degrade
the performance of all type of solar cells. This is indeed the
case as has been confirmed by the experimental results [48].
The dark and light current density–voltage characteristics of
GaAs reference cell, GaAs IBSC solar cells based on quantum
dot with and without delta (δ) doping of quantum dot layers
are shown in Figures 12 and 13, respectively. As expected the
results of Figures 12 and 13 confirm that the introduction of
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intermediate band layer degrades the solar cells performance.
Similar negative results about IBSC solar cells results have
been reported by others [51].

3.5. Dye-Sensitized Solar Cells. Dye-sensitized solar cells
(DSCs) are currently being explored as ultra-low-cost solar
cells. DSCs utilize three main components to perform photo-
electro conversion which are metal oxide semiconductor
nanostructures, dye, and electrolyte. A dye is used to create
electron hole pairs and other two materials transport theses
photogenerated charge carriers to the electrodes. The most
popular metal oxide semiconductor nanostructures are made
of Titania (TiO2). Various researchers have proposed the
use of nanotubes for DSCs and these results are discussed
in the next paragraph. For a device of aperture area equal
to 0.219 cm2 and platinum coated glass as the counter
electrode, the best efficiency reported by researcher at Sharp
for DSC is 11.18% [52]. Scaling to large area practical solar
cells is a difficult challenge. A number of dyes including
Ruthenium-based diketonato Ru (II) complex are used in
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DSCs. Ruthenium is a very costly metal and it requires
extra recycling fee [11]. The hole transport material in
DSCs, that is, electrolyte, can be a room temperature ionic
liquid, quasisolid state, or solid state material [11]. A liquid
electrolyte can fill the pores of the metal oxide semiconductor
nanoparticles but it is not possible with a quasi-solid state or
solid state electrolyte [18]. As a result, the best efficiencies
are achieved for DSCs with liquid electrolyte. The liquid
electrolytes get evaporated under exposure of solar radiations
for longtime and poses fundamental problem of reliability.

Other than nanoparticles, nanowire (NW) film that
provides a large surface area for the incorporation of light
harvesting molecules, is being investigated to improve the
performance of DSCs. However, NW DSCs rely on trap-
limited diffusion for electron transport, a slow mechanism
that limits the device efficiency, especially at longer wave-
lengths. During operation, photons intercepted by the dye
monolayer create excitons that are rapidly split at the NW
surface, with electrons injected into the NW film and holes
leaving the opposite side of the device by means of redox
species in a liquid or solid-state electrolyte [53].

Another option for improving the absorption of red and
near-infrared light is thickening the nanoparticle film to
increase its optical density, which was unsuccessful because
the film thickness comes to exceed the electron diffusion
length through the nanoparticle network. Even incorpora-
tion of NW does not improve the efficiency. Solar cells
constructed with ZnO NW arrays of various surface areas, at
one full Sun intensity, have highest Jsc = 5.3–5.85 mA cm−2,
Voc = 0.61–0.71 V, FF = 0.36–0.38, and efficiency η = 1.2–
1.5% [55]. Incorporation of NW (Figure 14) into the film
halves the fill factors, limiting their potential efficiencies. Ide-
ally, 20 μm long NW with a dominating diameter of 60 nm,
a density of 1010 cm−2, and surface area of 1080 cm2per unit
area of the substrate are needed where as the best that can
be achieved is only 10% of ideal density and 18% of ideal

surface area [54]. An effort to reduce the recombination rates
through the use of core-sheath NW reduces the efficiencies
to a maximum of 0.29% [56]. Titania shells 10–25 nm in
thickness cause an increase in VOC and fill factor but only
with a current fall off, resulting in a overall conversion
efficiency, only up to 2.25% under 100 mW cm−2 AM 1.5
simulated sunlight [57]. Raising the efficiency of NW DSCs
above 2.5% depends on achieving higher dye loadings
through an increase in NW array surface area, which is a non
trivial challenge. Besides the lower efficiencies of these NW
cells, we note that increasing the aspect ratio of the NW and
achieving 90% higher densities are a daunting task.

In summary, the reliability of DSC is a fundamental
problem. In addition to reliability, a number of manufac-
turing issues that relate to scaling, materials, defect density,
and cost of ownership need to be addressed. Without
solving these fundamental problems, DSC will not play any
significant role in manufacturing of next generation of PV
modules.

3.6. Organic Solar Cells. Organic solar cells are solution
processed PV devices and are attractive due to low processing
temperature and simple fabrication techniques. After nearly
three decades, it is still a challenge for organic solar
cells to enter in the commercial market. Poor electrical
and structural properties and fast degradation under solar
radiation are the fundamental problems for current organic
solar cells. The major material problems with organic
solar cells are charge generation, geminate recombination,
electric and magnetic field effects on charge separation and
recombination, carrier mobility, polaronic effects, charge
collection efficiency, organic semiconductors with optical
gap in the near IR spectral range to better match the solar
energy spectrum, interpenetrating morphologies, exciton
range, and its dependence on the film morphology [58].

To date, the best efficiency achieved for organic solar
cells using a tandem cell structure for solar intensity of
20 mW cm−2 and 200 mW cm−2 is 6.7% and 6.1%, respec-
tively [59]. The device area was not mentioned in [59] and
there may be a number of issues related to manufacturing of
these devices. However, the fundamental problem is reliabil-
ity. After 100 hours of continuous exposure under one sun
(AM 1.5), the solar cell efficiency is degraded by 40 % [59].

In 2001 one of us [60] critically examined the prospects
of manufacturing organic semiconductor-based integrated
circuits and pointed that there is no appropriate technology
that can be implemented for pilot-line production, even-
tually leading to mass-scale manufacturing. Fundamentally,
the low thermal conductivity of polymer semiconductor is
a serious problem. Low-cost polymer deposition techniques
(e.g., coating, electrodeposition, etc.) have not provided
the desired microstructure properties. With the present
approaches under investigation, it is difficult to imagine the
possibility of controlling the surface defects and voids which
are detrimental to the performance device performance
[60]. Similar arguments apply to organic solar cells. As
we mentioned in Section 2.2 the low-cost film deposition
techniques (e.g., roll to roll process) are quite attractive from



10 International Journal of Photoenergy

e−

Platinized
electrode

Dye-coated
nanowire array
in electrolyte

Transparent
electrode

[0001]

5.22 Å
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capital expenditures. However due to high defect density, the
cost of ownership of manufacturing for organic solar cells is
high. Unless a new polymer is invented and manufacturing
requirements discussed in Section 2 and reliability problems
are solved, it is highly unlikely that organic solar cells will play
any significant part in future manufacturing of photovoltaic
modules.

4. Discussions on Manufacturability of
Nanostructure-Based Solar Cells

Figure 15 shows the evolution of a new concept leading to
the mass-scale manufacturing of a new product. In case of
nanostructure-based solar cells, currently we are in the very
first block of Figure 15. The physics related to nanostructures
mostly deals with quantum phenomena. There is nothing
wrong with quantum physics or the associated quantum
phenomena. The problem lies in stretching the results of
observed phenomena beyond what is evident from the
observed results. As an example in August 2007 Beard et al.
[6] published a paper on multiple exciton generation in
colloidal silicon nanocrystals and claimed that their findings
are of particular importance for Si dominated photovoltaic
solar cell industry. Based on the results of [6], Bullis
published in Technology Review [7] that by generating
multiple electrons from high-energy photons, solar cells
made of silicon nanocrystals could theoretically convert
more than 40 percent of the energy in light into electrical
power. As we have discussed in Section 3.1, there is no direct
correlation between the photoluminescence results reported
in [6] and the operation of solar cells. This type of hype exists
both in technical journals as well as financial publications.
Based on our in depth review of the literature we do not
see any evidence that nanostructure-based solar cells will be
part of PV module manufacturing. The lack of thorough
understanding of the physical phenomena and the tendency

of stretching observed experimental results is the fundamen-
tal reason that quantum phenomena-based nanostructures
have a limited role to play in solar cells. Similar concerns
about quantum phenomena-based nanostructures have been
expressed for other semiconductor devices. According to
Kelly [61], the new physics associated with one-dimensional
and zero-dimensional structures, quantum interference, bal-
listic motion, or Coulomb blockade is unlikely to lead to
practical devices until these effects can be exhibited, if ever
they can, as robust phenomena.

Dye-sensitized solar cells (DSCs) and organic solar cells
are currently being investigated by several companies. Other
than manufacturing related issues, reliability is the main
concern. It is worth mentioning here that the public and
or private investment in a company does not mean that
the investment will bring any product in the market and
generate revenue. Due to lack of knowledge of manufac-
turing challenges, many times the investors think mass-
scale manufacturing as a trivial exercise and the company
is funded. Even for well-established companies, lack of
necessary and sufficient data of defects, yield, and cost
of ownership can result in failure. Based on the research
work, Motorola formed a subsidiary called Thoughtbeam
in November 2001 to develop, sell, and license its GaAs-
on-silicon technology with applications to less-expensive
optical communications, high-frequency radio devices, and
high-speed microprocessor-based systems. Due to the fun-
damental nature of defects densities at the interface of GaAs
and silicon and inability to deliver the desired device and
circuit performance the subsidiary company was shut down
in January 2003 [62]. Lack of manufacturing experience
and not following the development and manufacturing cycle
shown in Figure 15 can lead to wastage of millions of dollars.
With an investment of at least $322 million, Optisolar
has to close operation due to manufacturing problems
[63].

Based on the technical and business issues discussed
in this section, it is obvious that none of the proposed
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nanostructure based solar cells that violates laws of physics,
have any prospects of manufacturing PV modules. Due
to the issues related to materials availability and toxicity
of materials discussed in Section 2, CdTe, CuInGeSe2, and
III–V semiconductor-based solar cells will not become a
dominant player in multibillion dollar PV market. As one of
us predicted in 1980 [20], silicon-based PV manufacturing
will provide sustained growth of the PV industry and will
emerge as a low-cost viable source of electricity generation
for the 21st century. Following are the four silicon PV
technology that are currently used in manufacturing, (i)
ultra high efficiency single crystal technology, (ii) medium
efficiency poly or multicrystalline technology, (iii) amor-
phous silicon thin film technology based on the use of
larger glass substrates (∼5.2 m2), and (iv) amorphous silicon
technology based on flexible substrates. From the low-cost
and multiterawatt PV power generation point of view, only
amorphous silicon solar cells based on the use of large
glass substrates have the potential to reach the goal of
providing installed PV system cost of $2.00/wp in the next
3-4 years [64]. The ultra high efficiency single crystal PV
modules may find a small niche market (where small area
PV modules are warranted due to the area available for
installation). The amorphous silicon technology based on
flexible substrates may find a niche market for consumer
products. The medium efficiency poly or multicrystalline
silicon modules (limited size of silicon wafer) will not be
able to be cost-effective compared to large area glass-based
amorphous silicon thin film technology.

5. Conclusion

We have presented a comprehensive review on the subject
of prospects of nanostructure-based solar cells for manufac-
turing future generation of photovoltaic modules. In search
of reducing heat loss and utilizing the unabsorbed part of
the spectrum, a number of solar cell concepts have been
proposed. We have examined all proposed nanostructures for
solar cell applications using the following five fundamental
physics-based criterions.

(1) Interactions between charge carriers (electrons and
holes) and phonon cannot be neglected.

(2) For all the known semiconductors, hot carriers (due
to ultra short value of thermalization time) generated
in one layer of the solar cell cannot be transported
to the other side of the solar cell and collected at the
other electrode.

(3) The phenomenon of photoluminescence has no
direct relationship with solar cell operation.

(4) Intermediate band gap recombination center will
reduce solar cell performance.

(5) For nanostructures, the thermal conductivity is lower
than the bulk values. For practical applications of
nanostructures, the material must have high thermal
conductivity to transport heat from the device.

Most of the work reported in the literature is based on
assumptions which are not realistic. Infinite carrier mobility,
optimal absorption, and lossless contacts are some examples
of unrealistic assumptions used in the work reported in
the literature. With current knowledge base, it is highly
unlikely that the nanostructure-based solar cells employing
Hot Carriers, Up/Down conversion, and Intermediate Band
Solar Cells will be used in the manufacturing of PV modules.
Similar to the invention of phase shift masks (to beat the
conventional diffraction limit of optical lithography); clever
design concepts need to be invented to take advantage of
quantum-based nanostructures.

Both dye-sensitized solar cells and organic solar cells
have fundamental problem of reliability. Silicon-based PV
manufacturing will continue to provide sustained growth of
the PV industry and will emerge as a low-cost viable source
of electricity generation for the 21st century.
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[37] V. Švrček, A. Slaoui, and J.-C. Muller, “Silicon nanocrystals as
light converter for solar cells,” Thin Solid Films, vol. 451-452,
pp. 384–388, 2004.

[38] E. D. Jackson, “Areas for improvement of the semiconductor
solar energy converter,” in Transactions of the Conference on the
Use of Solar Energy, vol. 5, pp. 122–126, University of Arizona
Press, Tucson, Ariz, USA, 1958.

[39] K. W. J. Barnham and G. Duggan, “A new approach to
high-efficiency multi-band-gap solar cells,” Journal of Applied
Physics, vol. 67, no. 7, pp. 3490–3493, 1990.



International Journal of Photoenergy 13

[40] E.-C. Cho, S. Park, X. Hao, et al., “Silicon quantum
dot/crystalline silicon solar cells,” Nanotechnology, vol. 19, no.
24, Article ID 245201, 2008.

[41] B. O. Dabbousi, M. G. Bawendi, O. Onitsuka, and M. F. Rub-
ner, “Electroluminescence from CdSe quantum-dot/polymer
composites,” Applied Physics Letters, vol. 66, pp. 1316–1318,
1995.

[42] M. J. Konstantinovic, S. Bersier, X. Wang, et al., “Raman
scattering in cluster-deposited nanogranular silicon films,”
Physical Review B, vol. 66, no. 16, Article ID 161311, 4 pages,
2002.

[43] A. Khitun, A. Balandin, J. L. Liu, and K. L. Wang, “In-plane
lattice thermal conductivity of a quantum-dot superlattice,”
Journal of Applied Physics, vol. 88, no. 2, pp. 696–699, 2000.

[44] W. L. Liu, T. Borca-Tasciuc, G. Chen, J. L. Liu, and K. L.
Wang, “Anisotropic thermal conductivity of Ge quantum-
dot and symmetrically strained Si/Ge superlattices,” Journal of
Nanoscience and Nanotechnology, vol. 1, no. 1, pp. 39–42, 2001.

[45] V. A. Belyakov, V. A. Burdov, R. Lockwood, and A. Meldrum,
“Silicon nanocrystals: fundamental theory and implications
for stimulated emission,” Advances in Optical Technologies, vol.
2008, Article ID 279502, 32 pages, 2008.

[46] M. Wolf, “Limitations and possibilities for improvement of
photovoltaic solar energy converters—part I: considerations
for earth’s surface operation,” Proceedings of the IRE, vol. 48,
pp. 1246–1262, 1960.

[47] A. Luque and A. Martı́, “Increasing the efficiency of ideal solar
cells by photon induced transitions at intermediate levels,”
Physical Review Letters, vol. 78, no. 26, pp. 5014–5017, 1997.
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1. Introduction

Dye-sensitized solar cells have been intensively investigated
in the last decades after Graetzel and his coworkers showed
more than 10% of sun light to electrical power conversion
efficiency [1, 2]. Conventionally, a porous nanocrystalline
TiO2 thin film, Ru-complex dye molecules, and I−/I3

− redox
couple are used. Ideal sensitizers for dye-sensitized solar
cells should have a broad absorption spectrum to utilize
the visible light, good charge separation property, and good
energy matching with the conduction band of TiO2 and the
redox potential of electrolyte. A lot of Ru-complex dyes have
been developed to achieve this goal [2–12]. For example,
dyes such as N3, N719, and black dye are known as suitable
dyes fulfilling the conditions mentioned above. However, it

is still a key issue to further develop sensitizers for dye-
sensitized solar cells to improve the efficiency. A way to
improve the efficiency is the development of a dye which
has higher extinction coefficients. Such sensitizers allow the
use of thinner TiO2 nanocrystalline films, which is beneficial
as it will reduce the recombination of electrons with redox
electrolyte during electron transport to the external circuit.
Considering solid states dye-sensitized solar cells, thinner
semiconductor layer will also be required. Another way to
improve the sensitizer is by improving the intramolecular
charge separation. By attaching functional groups to Ru
complex dyes, further charge separation of the HOMO
and LUMO is aimed for. Such a structure is expected to
promote electron injection into TiO2 and delays subsequent
recombination [13].
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Figure 1: Molecular structure of E322.

We have recently reported a polyene-triphenylamine
dye, named D5, which showed a good charge separation
and almost the same light to electric conversion efficiency
in dye-sensitized solar cell as N719 under comparable
condition [14]. Quantum chemical calculations suggest
that the dye has a clear intramolecular charge separation
following the excitation. In this study, we attached polyene-
triphenylamine to the bipyridine ligand of an Ru-complex
dye to improve the extinction coefficient of the dye as well
as to aim for a broad absorption in the visible-near infrared
light region. The dye we have synthesized for this study
is cis-di(thiocyanato)(2,2′-bipyridine-4,4′-dicarboxylic
acid)(4,4′-bis(2-(5-(2-(4-diphenylaminophenyl)ethenyl)-
thiophen-2-yl)ethenyl)-2,2′-bipyridine)ruthenium(II)
(hereafter E322) (Figure 1).

Electrochemical characterization has been carried out to
estimate the position of HOMO and LUMO potentials. The
dye-modified TiO2 nanoporous thin films were characterized
by photoinduced absorption spectroscopy (PIA). Photoelec-
trochemical properties of the fabricated cells were character-
ized by current-voltage (I-V) measurement, incident photon
to current conversion efficiency (IPCE), and measurement of
the electron life time and accumulated charge. As reference,
DSCs sensitized with N719 were also prepared, and their
properties were compared.

2. Experimental

2.1. Materials. The synthesis of ligand 1 and complex 2 can
be found in the Supporting Information.

Complex 3. Ligand 1 (316 mg, 0.347 mmol) and complex
2 (210 mg, 0.347 mmol) were reacted in DMF (30 mL) at
140◦C for 8 hours. DMF was removed, and the residue was
recrystallized from a mixture of CH2Cl2 and acetone. The
black precipitate formed was collected, washed with cold
acetone, and dried, giving the product (410 mg, 85% yield).
1H NMR (500 MHz, DMSO-d6): δ = 1.31 (t, J = 7.0 Hz,
3H), 1.44 (t, J = 7.0 Hz, 3H), 4.35 (q, J = 7.0 Hz, 2H), 4.50

(q, J = 7.0 Hz, 2H), 6.85 (d, J = 16.0 Hz, 1H), 6.92–6.97
(m, 5H), 7.00 (d, J = 16.0 Hz, 1H), 7.04–7.17 (m, 15H), 7.24
(d, J = 3.5 Hz, 1H), 7.27–7.40 (m, 13H), 7.48 (d, J = 8.5 Hz,
2H), 7.52–7.54 (m, 3H), 7.83 (d, J = 16.0 Hz, 1H), 7.91 (d,
J = 6.0 Hz, 1H), 7.93 (s, 1H), 8.07 (d, J = 16.0 Hz, 1H),
8.19 (d, J = 6.0 Hz, 1H), 8.71 (s, 1H), 8.86 (s, 1H), 8.88 (s,
1H), 9.04 (s, 1H), 9.73 (d, J = 6.0 Hz, 1H), 10.22 ppm (d,
J = 6.0 Hz, 1H). MALDI-TOF MS: m/z = 1365.719 (calcd
for [M− Cl− + H2O]

+
: 1365.311).

Complex 4. A mixture of 3 (300 mg, 0.217 mmol) and
NH4NCS (400 mg, 5.26 mmol) in DMF (50 mL) was heated
at 130◦C for 48 hours. Upon cooling, solvent was removed,
and the residue was dissolved in CH2Cl2 and washed with
saturated aqueous solution of Na2CO3. The organic phase
was dried over Na2SO4. After solvent removal, the crude
product was purified by column chromatography on SiO2

using 0.2% MeOH in CH2Cl2 as eluent to give the desired
product (190 mg, 61% yield). 1H NMR (500 MHz, DMSO-
d6): δ = 1.30 (t, J = 7.0 Hz, 3H), 1.42 (t, J = 6.5 Hz, 3H),
4.36 (q, J = 7.0 Hz, 2H), 4.47 (q, J = 7.0 Hz, 2H), 6.82 (d,
J = 15.0 Hz, 1H), 6.92–7.01 (m, 5H), 7.04–7.12 (m, 13H),
7.16–7.28 (m, 5H), 7.31–7.37 (m, 10H), 7.40–7.43 (m, 2H),
7.49 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 7.65
(d, J = 6.0 Hz, 1H), 7.84 (d, J = 16.0 Hz, 1H), 7.89 (d,
J = 6.0 Hz, 2H), 7.96–8.02 (m, 1H), 8.24 (s, br, 1H), 8.50–
8.80 (m, 2H), 8.96 (s, 1H), 9.04 (d, J = 5.5 Hz, 1H), 9.11
(s, 1H), 9.49 ppm (d, J = 5.5 Hz, 1H). MALDI-TOF MS:
m/z = 1370.279 (calcd for [M−NCS−]+: 1370.307).

Complex E322. A solution of complex 4 (94 mg,
0.066 mmol) in THF (20 mL) containing NaOH (excess,
aqueous solution) was heated at 70◦C for 12 hours. After
cooling to room temperature, solvent was removed, and
the residue was dissolved in a mixture of THF/H2O (1 : 1)
and passed through a Sephadex LH-20 column. Main band
was collected, and the pH was lowered to 2 by adding dilute
aqueous HNO3 solution. The precipitate was filtered and
washed with water and methanol and dried, giving complex
E322 (114 mg, 85% yield). 1H NMR (500 MHz, DMSO-d6):
δ = 6.89 (d, J = 16.0 Hz, 1H), 6.92 (d, J = 8.5 Hz, 2H), 6.95
(d, J = 8.5 Hz, 2H), 7.01 (d, J = 16.0 Hz, 1H), 7.04–7.12
(m, 13H), 7.18 (d, J = 3.5 Hz, 1H), 7.25 (d, J = 3.5 Hz,
1H), 7.27–7.39 (m, 14H), 7.41 (d, J = 3.5 Hz, 1H), 7.49 (d,
J = 9.0 Hz, 2H), 7.53 (d, J = 9.0 Hz, 2H), 7.65 (d, J = 6.0 Hz,
1H), 7.85 (s, 1H), 7.88 (d, J = 5.5 Hz, 1H), 8.03–8.10 (m,
2H), 8.29 (d, J = 5.5 Hz, 1H), 8.74 (s, br, 1H), 8.86–8.94
(m, 2H), 9.07 (s, 1H), 9.09 (d, J = 5.5 Hz, 1H), 9.45 ppm (d,
J = 6.0 Hz, 1H). MALDI-TOF MS: m/z = 1314.609 (calcd
for [M−H+ + K+ −NCS]+: 1314.248).

Absorption spectra of the dye solution and dye modi-
fied TiO2 thin films were measured with HR-2000 Ocean
Optics, fiber optics spectrophotometer. CH Instruments 660
Potentiostat was used for differential pulse voltammetry.
Electrochemical analysis was carried out in 1 mM dye
and 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAPF6, Tokyo kasei kogyo) in tetrahydrofuran (THF,
Aldrich, 99.9%). A platinum electrode, a platinum wire, and
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Ag/Ag+ electrode were used as working electrode, counter
electrode, and reference electrode, respectively. The obtained
potentials were adjusted by comparing the redox potential of
the Ferrocene/Ferrocenium redox couple.

For the preparation of TiO2 films, conducting glass sub-
strates (TEC8, Pilkington) were covered by Scotch-tape (3M)
with a rectangular shaped hole (8 mm× 4 mm) at the center.
TiO2 nanocrystalline thin films were prepared by spreading
a suspension onto the conducting glass substrates. A single
deposition gave a 3 μm thick film. The data shown in Table 2
were obtained from a film which thickness was ca. 9 μm.
To study the effect of UV irradiation, 3 μm thick films were
used. The area of the TiO2 film was 0.32 cm2.TiO2 electrodes
were sintered at 450◦C for 30 minutes. The electrodes were
put into the dye bath when the temperature cooled down
to 80◦C and kept for 24 hours at room temperature. The
concentration of the dye was 0.5 mM. The solvent was
ethanol (Kemetyl, 99.5%) and tetrahydrofuran for N719
purchased from solaronix S.A and E322, respectively.

The electrodes were assembled with a counter electrode
(thermally platinized TEC8) using a thermoplastic frame.
Redox electrolyte was introduced through a hole drilled
in the counter electrode that was sealed afterward. The
electrolyte was composed of 0.1 M LiI (Aldrich, 99.9%),
0.6 M TBAI (tetrabutyl ammonium iodide, Sigma-aldrich,
98%), 0.05 M I2 (Aldrich, 99.999%), and 0.5 M 4-TBP (4-
tert-butylpyridine, Aldrich, 99%) in Acetonitrile (Aldrich,
99.8%). Prepared solar cells were characterized by IV
measurements and various “tool-box” techniques [15]. A
xenon arc lamp (300 W Cermax, ILC Technology) with
filter (Tempax 113, Schott) was used as light source for
IV measurements. The light intensity was adjusted to
1000 W m−2. IPCE was measured by using a computerized
setup consisting of a xenon arc lamp (300 W Cermax, ILC
Technology), a 1/8 m monochromator (CVI Digikröm CM
110), and a Keithley 2400 source/meter. The amounts of
charge, open circuit photovoltage, and electron lifetime in
the dye-sensitized solar cells were measured in a system using
a red-light-emitting diode (Luxeon Star 1 W, λmax = 640 nm)
as the light source. The relation between potential and charge
was investigated using a combined voltage decay/charge
extraction method. The solar cell was illuminated for 5
seconds under open circuit conditions, and the voltage
was left to decay for a certain period in the dark to a
voltage V. Subsequently, the cell was short-circuited, and
the current was measured and integrated over 10 seconds
to obtain Qoc (V). Electron lifetimes were determined by
monitoring the transient photovoltage response after a small
change in light intensity. A square wave modulation (<10%
intensity) was added to the base light intensity, and the step
response was recorded using the DAQ (data acquisition)
board. The current and voltage responses were fitted using
first-order decay kinetics, and time constants were obtained
accordingly.

Photoinduced absorption spectroscopy (PIA) was car-
ried out for the prepared electrodes. PIA measurements
were performed using white probe light (a tungsten-halogen
lamp) and superimposed on/off modulated blue light
(450 nm) from an LED (Luxeon 1 Watt Star, Royal Blue) for

excitation. The transmitted probe light was focused onto a
monochromator (Acton Research Corporation SP-150) and
detected by an UV enhanced silicon photodiode connected to
a current amplifier and lock-in amplifier (Stanford Research
Systems models SR570 and SR830, resp.). PIA measurements
were performed slightly above room temperature (25–28◦C).
PIA measurements were also carried out in the presence of
the electrolyte.

3. Results and Discussion

3.1. Synthesis. The synthesis of the dye started from the
reaction of the ligand 1 with the ruthenium complex 2,
which afforded the dichloro ruthenium complex 3. The two
chlorides in complex 3 were replaced with thiocyanates by
refluxing the mixture of 3 and excess NH4NCS in DMF,
giving complex 4. Ester groups in 4 were hydrolyzed in the
presence of NaOH in acetonitrile followed by acidification
to afford the final product E322. All the ruthenium com-
plexes were characterized by 1H and 13C NMR and MS
spectroscopy.

The absorption spectra of E322 and N719 in THF and
ethanol, respectively, are shown in Figure 2. The extinction
coefficient of E322 at the absorption maximum at 469 nm is
4.2 × 104 M−1 cm−1. Compared to the extinction coefficient
of N719 which is 1.3 × 104 M−1 cm−1 at 518 nm in ethanol
solution [16], the obtained extinction coefficient for E322 is
3 times higher. The spectrum of E322 is very broad. Although
the absorption peak of E322 is blue shifted compared to
N719, the extinction coefficient of E322 exceeds that of N719
in the whole visible range and has an onset that is more than
100 nm red-shifted.

The oxidation potential and the reduction potential of
the dye were measured by differential pulse voltammetry.
The HOMO potential of the dyes was estimated from the
oxidation potential. Obtained values are listed in Table 1. E0-0

was estimated from the tail of the absorption spectrum in
the longer wavelength region. From these two values, the
LUMO potential was estimated. The obtained values fulfill
the conditions required for dye-sensitized solar cells; the
potential of the LUMO is higher than the conduction band
of TiO2, and the potential of the HOMO is lower than the
potential of the redox electrolyte [17].

Photocurrent action spectra were measured for E322 and
N719 and are shown in Figure 3. It can be seen for all the
dyes that photocurrents were generated from a rather wide
range of the visible light. IPCE of 50% and 27% was obtained
at 540 nm for N719 and E322, respectively. Comparing the
shape of the action spectra, E322 has a broader spectral
response than N719. However, the IPCE at 540 nm for
E322 is lower than N719. It should be noted that an IPCE
value of 27% for E322 was obtained after treating the cell
with simulated sunlight containing UV under short-circuit
condition. When no treatment was introduced, the value of
IPCE at 540 nm is virtually zero, 0.45%. The details for this
intriguing observation are discussed below.

The results of solar cell characterization are shown in
Table 2.
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Scheme 1: Synthesis of E322.

Although E322 has a high extinction coefficient and the
film is deeply colored by the dye, the photocurrent under
short-circuit condition, Isc, is lower than for N719. The open-
circuit photovoltage, Voc, of the cells with E322 was 0.54 V,
while Voc of N719 was 0.77 V. The fill factor, ff, showed a
similar tendency as Voc, relatively high for N719 and low
for E322. Consequently, the cell with N719 showed a higher
conversion efficiency of 4.1%, compared to 1.8% for the cells
with E322. It should be noted that the optimizations of the
cell, such as a blocking layer and scattering layers, to obtain
higher efficiencies have not been introduced in this study. It
should also be noted that the efficiency of 1.8% for E322 was

obtained after exposing the cell to the simulated solar light
containing UV light at short circuit condition for 70 hours.

When the solar cell sensitized with E322 was irradiated
with simulated solar light under short circuit condition,
the photocurrent increased gradually and reached a plateau
(Figure 4).

Before applying this treatment, the efficiency of the cell
was 0.12% (Table 2). The efficiency was enhanced more than
10 times by employing the UV treatment. The time to reach
the plateau depends on the amount of the adsorbed dye. The
time to reach the plateau for lightly colored films was shorter
than deeply colored films. This phenomenon only occurred
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Table 1: Experimental data for electrochemical and spectral properties of the dyes.

Dye ED/D+[V] vs. NHE Ered[V] vs. NHE E(o-o)
(b) [eV] ED∗/D+

(c) [V] λmax[nm] Extinction coefficient [M−1 cm−1]

E322 0.74(a) −0.93(a) 1.55 −0.81 469 4.2× 104

N719 1.13(d) −1.16(d) 1.88 −0.75 518 1.3× 104

(a)
oxidation potential and reduction potential were measured from differential pulse voltammetry in 1 mM E322 and 0.1 M TBAPF6 in THF, (b)Eo-o energy

was estimated from the wavelength at the tail of the absorption in longer wavelength, (c)ED∗/D+ was estimated from oxidation potential and Eo-o energy, (d)

values were obtained by referring the value Eox = 0.5 V vs. Fc and E1/2 = −1.79 V vs. Fc from [7] and indicated vs. NHE by using the redox potential of
ferrocene (0.63 V vs. NHE).

350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

0

1

2

3

4

×104

E
xt

in
ct

io
n

co
effi

ci
en

t
(M

−1
cm

−1
)

N719 in EtOH
E322 in THF

Figure 2: Absorption spectrum of the dye solution. THF and
ethanol were used as solvent for E322 and N719, respectively.

Table 2: Photovoltaic performance of dye-sensitized solar cells with
E322 and N719, respectively.

Dye Jsc/mA cm−2 Voc/V ff Efficiency/%

E322 (after
treatment)

5.41 0.538 0.630 1.83

E322 (before
treatment)

0.55 0.414 0.534 0.12

N719 7.47 0.770 0.707 4.06

when the following conditions were fulfilled: UV light and
short circuit condition.

To explain these phenomena, possible reasons are sug-
gested: (1) dye degradation, (2) higher electron injection
efficiency, (3) longer electron lifetime in TiO2, that is, due
to reduced recombination of the electrons in the TiO2

with oxidized dyes or species in the electrolyte, and (4)
more efficient regeneration reaction. These reasons can be
rationalized as follows. First, if dye molecules are degraded
by UV irradiation and if the degraded dye molecules are
more efficient as sensitizers, then the cell performance can
be enhanced. Second, the electron injection efficiency can be
low due to either dye aggregation or unmatched energy levels
between the LUMO of the dye and the conduction band of
TiO2. If these unsuitable conditions are altered by the UV
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Figure 3: Action spectra of dye-sensitized solar cells with E322 and
N719, respectively.

treatment, an enhanced efficiency can be obtained. Third,
if the electron lifetime in TiO2 is short due to unfavorable
interactions among aggregated dyes and if the electron
lifetime increases by decreasing these interactions, this can be
another reason of the enhancement of the efficiency. Fourth,
if the regeneration of the oxidized dye by the redox electrolyte
was blocked by the aggregated dyes and if this blocking was
reduced by UV treatment, the efficiency can be enhanced.
Those possible reasons are examined in the following section.

A possible reason of the enhanced efficiency after the
UV treatment under short-circuit condition can be the
photodegradation of the E322 resulting in a better sensitizer
for the dye-sensitized solar cell. The absorption spectra of
the dye solution, the dissolved dye from the surface of TiO2

after sensitization, and the dissolved dye from TiO2 after UV
treatment were compared (see supporting information). The
shapes of the absorption spectra were different between the
dye solution and the desorbed dye from the surface of TiO2

after the sensitization. The peak wavelengths were, however,
the same. The shapes of the absorption spectra between
dissolved dye after sensitization and dissolved dye after UV
treatment were very similar. The height of the absorption
peak can, of course, vary by the amount of dye aggregation.
Since the peak wavelengths are identical, it can be assumed
that there is no degradation of the dye by introducing
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Figure 4: Time-current curve of the cell with E322. The short cir-
cuit photocurrent was recorded continuously at the light intensity
of 1000 W m−2.

the UV irradiation treatment. Furthermore, the IR spectra
before and after the treatment were very similar, confirming
that no dye decomposition had occurred (See supporting
information).

As a second possible reason, the electron injection
efficiency can be improved by dissolving aggregates of the
dye resulting in a more favorable monolayer of the sensitizer,
and/or by shifting the conduction band in TiO2 to more
positive potentials. To check the dye adsorption after the UV
treatment, a solar cell assembled with lightly dyed film with
E322 was dissembled after the treatment. The absorption
spectrum of the electrode was measured and compared
with the spectrum measured before fabricating the solar cell
(Figure 5).

It is clearly seen that the absorption in the visible light
region decreased after the treatment. Thus, we conclude
that the dye desorbed from the surface of TiO2 during
this treatment. Since the photocurrent increased after the
treatment, the dye molecules which desorbed from the
surface of TiO2 were not effective as sensitizers in the dye-
sensitized solar cells. These dyes acted as a filter for the
incoming light. By comparing the absorption spectra of E322
and N719 on transparent TiO2 thin films, it was found that
E322 is adsorbed at a 3 times higher concentration compared
to N719 (see supporting information). A nearly monolayer
adsorption can be expected in the case of N719 [18].

The conduction band shift of TiO2 was checked by
charge extraction measurements. From these measurements,
information of the relation between the accumulated charge
in the film and open-circuit potential of the dye-sensitized
solar cell can be obtained (Figure 6).

By comparing the voltage at the same amount of the
accumulated charge in TiO2, it can be seen that the voltage
is ca. 0.2 V less after the UV treatment compared to the
value before the treatment. Since the amount of charge is the
same, the shift of the voltage can be explained by the positive
shift of the conduction band of TiO2 after the UV treatment
[19–21]. This will promote the charge injection from the
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Figure 5: Absorption spectra of a TiO2 film (3 × 10−6 m thick)
sensitized with E322 before and after employing the UV-light
treatment. SnO2 glass substrate was used as reference.
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Figure 6: Extracted charge as a function of the open circuit
photovoltage in dye-sensitized solar cell with E322 and N719. This
measurement was carried out for the cell with E322 before and after
employing the UV treatment.

excited dye to the conduction band of TiO2. The cause of
the positive bandedge shift is a more positive surface charge
of TiO2. This could be induced by the degradation of dye
aggregates because of the treatment and/or the adsorption
of protons or cations from the electrolyte. If these are the
reasons for the enhanced efficiency, the efficiency should
be initially high by the use of only Li+ in the electrolyte
since Li+ is well known as a potential determining ion for
TiO2 which shifts the conduction band to more positive
potential [22–24]. When 0.1 M LiI and 0.05 M I2 was used as
electrolyte, the short circuit photocurrent was ca. 3 mA cm−2

without any further treatment. This is ca. 5 times higher
than the photocurrent with electrolyte containing the base
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Figure 8: Electron lifetime as the function of the charge at open
circuit condition, measured for the cell with E322 before/after the
UV-treatment and the cell with N719.

additive, 4-tert-butylpyridine (4TBP). It indicates that an
unmatched potential between the LUMO of the dye and the
conduction band of TiO2 is a main reason for the low initial
efficiency. Nevertheless, by introducing the UV treatment,
the photocurrent increased to ca. 5 mA cm−2. This means
that the conduction band shift is not the only reason for the
enhancement of the efficiency. Aggregation and/or multilayer
adsorption of the sensitizer is also hindering the performance
of the solar cell.

Aggregation and/or multilayer adsorption of the sensitiz-
ers leads to inefficient regeneration of the oxidized dye from
the redox electrolyte. This can be demonstrated with PIA
[25, 26].

In the PIA spectrum of E322 on TiO2 (Figure 7(a)),
a bleach can be observed at 545 nm. It indicates that the
sensitizer is in the oxidized form, which means that the
injection of the electron from the sensitizer to the conduction
band of TiO2 is occurring. In the presence of the redox
electrolyte (Figure 7(b)), however, the bleach is still present.
In highly efficient dye-sensitized solar cells, a bleach in PIA
cannot be seen in the presence of redox electrolyte since
the oxidized dyes are rapidly regenerated. In the case of
N719 on TiO2, no bleach is seen in the presence of the
redox electrolyte (not shown). These results indicate that
the oxidized dye molecules are not fully regenerated by the
redox electrolyte in the case of E322. After the UV treatment,
on the other hand, the bleach disappears in PIA spectrum,
suggesting that the oxidized dye is regenerated by the redox
electrolyte. In addition to the favorable shift of the TiO2

conduction band for the injection process, the desorption of
nonactive dye molecules allows for injecting dye molecules
to be regenerated by the redox electrolyte.

The electron lifetime and the amount of the charge in the
electrode were measured for a lightly dyed electrode before
and after UV treatment (Figure 8). Before the UV treatment,
the electron lifetime in the cell with E322 is about one order
of magnitude shorter compared to the cell with N719. The
interaction between aggregates or multilayer adsorption of
E322 and the injected electron in TiO2 shortens apparently
the electron lifetime. After the UV treatment, increase
of the electron lifetime and more accumulated charge in
the dye-modified TiO2 thin film electrode were detected
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compared to the results measured before the treatment.
It is reasonable that the amount of charge in the dye-
modified TiO2 thin film increases since both the injection
and the regeneration process improve after the treatment.
An efficient regeneration process reduces the recombination
reaction between the electrons in the TiO2 and the oxidized
dyes. The increased electron lifetime in the electrode seems to
be caused by the decreased aggregation of the dye molecules.
Moreover, the positive shift of the conduction band potential
decreases the free energy difference between the TiO2 and
redox electrolyte. This also decreases the driving force of the
reaction between electrons in TiO2 and redox electrolyte.

Although the position of the TiO2 conduction band shifts
positive by the UV treatment, the open-circuit photovoltage
was increased by the larger amount of accumulated charge in
the TiO2 film as implied by the increased amount of injected
electrons and the longer electron lifetime.

It is peculiar that the desorption of the dye occurs only
when UV light is irradiated to the electrode under the short
circuit condition. The valence band hole created following
the light absorption of TiO2 seems to play some role to
desorb the dye from the surface of the film. No desorption
of the dye detected nither by dipping the dye-modified TiO2

thin film into the electrolyte nor by the irradiation of visible
light excluding the UV part nor by exposing the electrode
under the simulated solar light containing UV at open-
circuit condition. To explain this phenomenon, we propose
the following as mechanism. When TiO2 absorbs UV light,
an electron is excited to the conduction band, and a hole
is formed in the valence band. In the case of open circuit,
the electron-hole pair recombines. But in the case of short
circuit, the electron can move to external circuit before
recombination, and the hole may react with species at the
semiconductor surface or in the electrolyte. If oxidized dyes
react with holes before the regeneration by redox electrolyte,
they may be decomposed by the TiO2 valence band hole. In
short circuit condition with UV containing irradiation, such
reaction can happen with dyes which have no contact with
redox electrolyte. However, such reaction would end when
the remaining dyes have contact with the redox electrolyte
since such dyes are regenerated by the redox electrolyte
before it reacts with the hole.

According to the absorption spectrum of the film after
the treatment, the color of the film is very pale. It means
that the light harvesting efficiency of the film is not sufficient
to absorb the incident photons. Further optimization to
establish the monolayer adsorption of the dye on TiO2 is thus
required.

4. Conclusion

An Ru complex dye, E322, was synthesized and applied to
dye-sensitized solar cells. Compared to N719, E322 has a
broader absorption spectrum, and the extinction coefficient
for E322 is about 3 times higher than N719. The cell with
E322 showed very poor IPCE of 0.45% at 540 nm although it
has a broader absorption and a higher extinction coefficient
than N719. The reason of the low efficiency was caused by

unmatched energy levels between the LUMO potential of the
dye and the conduction band of the TiO2 and the aggregation
and/or multilayer adsorption of the dye. Aggregated dye
molecules block the contact between the active dye and the
redox electrolyte, which leads to poor regeneration of the
oxidized dye after the electron injection into the conduction
band of TiO2. The efficiency increased dramatically, more
than 10 times, after treating the cell with simulated solar light
containing UV irradiation under short circuit condition. By
this treatment, the aggregated dye molecules were removed
from the surface of the electrode, and the conduction band
of TiO2 was shifted toward more positive potential (by
the adsorption of cation from the degradation of either
aggregated dye or protons or cations in the redox electrolyte).
These two phenomena enhanced the electron injection from
the sensitizer to TiO2 and the regeneration reaction between
the oxidized dye and redox electrolyte.
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1. Introduction

Since the dawn of history, man has been fascinated by the
Sun, the provider of the light and warmth that sustains
life on Earth. In preindustrial times, our major sources of
energy wood, wind and water power derived from solar
energy. The subsequent discovery and massive exploitation
of fossil fuels laid down in the Earth’s crust by early aeons
of photosynthetic activity have conditioned the developed
world to be dependent on convenient, readily available
energy [1].

Despite much effort, semiconductor photovoltaic devices
made with traditional inorganic semiconductors have
remained sufficiently expensive that their uses are con-
fined to a number of niches. Much effort is currently
directed towards the use of thin-film semiconductors, in
place of silicon wafers, since the direct fabrication of
thin devices on substrates offers the prospect of lower
manufacturing costs, particularly for larger area applications.
An alternative approach is the use of organic, molecular
semiconductors, which can be processed over large areas
at relatively low temperatures, either by vacuum sublima-
tion of molecular materials, or, preferably, by processing
from solution of film-forming materials such as polymers
[2].

The objective of this work is to perform a detailed
calculation of the molecular structure of 3,4-diphenyl-1,2,5-
thiadiazole 1-oxide (TSO), as well as to predict its infrared
(IR), ultraviolet (UV-Vis), fluorescence (Fluo) spectra, some
physical properties related to solubility and the chemical
reactivity, by using a model chemistry within Density
Functional Theory (DFT) [3] specially tailored to study
heterocyclic systems [4] and to validate the calculated results
by comparison with the available experimental data related
to the molecular structure for this molecule. This compound
has several desirable characteristics related to its use in
Organic Photovoltaics and OLEDS: (i) it contains the 1,2,5-
thiadiazole 1-oxide group, with molecular parameters similar
to the thiophene 1-oxide derivatives that have been shown
to be useful as nanostructured molecular materials; (ii) the
π-conjugated derivatives are generally efficient fluorophores,
and as such, useful for the fabrication of nanobiosensors;
(iii) it can be used as an attractive building block for Organic
Molecular Materials.

2. Theory and Computational Details

All computational studies were performed with the Gaussian
03W [5] series of programs with density functional methods
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as implemented in the computational package. The equilib-
rium geometries of the molecules were determined by means
of the gradient technique. The force constants and vibra-
tional frequencies were determined by the FREQ calculations
on the stationary points obtained after the optimization to
check if there were true minima. Density functionals used
in this study are a modification of those incorporated in the
Gaussian 03W computational package [5]. To this end, we
have defined a new model chemistry that we have found
empirically that works well with heterocyclic molecules. The
model was found by trial and error determination of the
molecular structure of several heterocycles and a comparison
with the experimental results. The implementation is a slight
different version of the PBE0 hybrid density functional [6, 7].
In the PBE0 (or PBE1PBE one-parameter) functional, there
is only one coefficient which is theoretically adjusted to 0.25,
reflecting the mix of Hartree-Fock or exact exchange and
the DFT exchange which is represented by the PBE density
functional [8]. The correlation part is also represented by
the PBE correlation functional [8] with coefficient equal
to one. Our proposed density functional model, which we
have called PBEg, is the same as PBE0, but with the mixing
coefficient g which adopts different values depending on
the number of heteroatoms in the studied molecule, or,
in turn, of its molecular structure. The value of g can be
calculated through the following empirical formula: g =
0.02 + 0.14 × FHA × FV + 0.03 × AHA, where FHA is
the first heteroatom chosen as the one less electronegative,
FV is valence factor which represents the oxidation state of
the FHA (i.e., 1 for the first oxidation state, two for the
second, and so on), and AHA are the number of additional
heteroatoms besides the FHA. FHA is always equal to one.
This formula has been empirically found by studying a large
number of heterocyclic compounds with different number of
heteroatoms and oxidation states. For example, for the 1,2,5-
thiadiazole molecule, the g coefficient will be g = 0.02 +
0.14 × 1 + 0.03 × 2 = 0.22, thus implying that 22% of HF
exchange will be mixed with 78% of PBE exchange. Similarly,
for 1,2,5-thiadiazole 1,1-dioxide, the g coefficient will be g =
0.02+0.14×3+0.03×2 = 0.50, reflecting 50% of HF exchange
and 50% of PBE exchange. For those cases in which the
molecule has several heterocyclic rings, we will calculate the
coefficient g by averaging the coefficient for each heterocycle.
As it is evident, the bounds to the empirical formula are 0
and 1 meaning no mixing of HF exchange in the first case
and a purely HF model in the last case. The reasons for
the dependence of the mix of HF and DFT exchange with
the number of heteroatoms and their oxidation state are
not apparent, but the validity of the empirical formula have
been computationally assessed for several different molecular
systems [4, 9–20]. Based on these results it is clear that our
choice of this particular functional has been done because its
performance is superior to other methods both in accuracy
and computational cost.

A model chemistry is an unbiased, uniquely defined, and
uniformly applicable theoretical model for predicting the
properties of chemical systems. A model chemistry generally
consists of the combination of a theoretical method wit a
basis set [21–30]. In order to define our model chemistry,

we have to couple the proposed density functional with one
or more basis sets. In this way, the new model chemistry
that we have called CHIH-DFT can be represented by the
expression CHIH = PBEg/basis sets. There are three different
CHIH-DFT model chemistries: CHIH(small) that uses the
3-21G∗ basis set for geometry optimizations and frequency
calculations, and the CBSB2∗∗ basis set for the calculation
of the electronic properties; CHIH(medium) that uses the
CBSB2∗∗ basis set for geometry optimizations and frequency
calculations and the CBSB4 basis set for the electronic
properties; and CHIH(large) which uses the CBSB7 basis
set for geometry optimizations and frequency calculations
and the CBSB1 basis set for the electronic properties. In
this way, by considering a compromise between accuracy
and CPU time, the CHIH(large) will be used for small
heterocyclic molecules, the CHIH(medium) for medium-
sized molecules and the CHIH(small) for large heterocyclic
molecules. We understand that a molecule is small when
the number of atoms within the cycle is five or six. When
the number of atoms in the cycle is more than six, we
considered it a medium-sized molecule. If there is more
than one cycle, or if there are a large number of side-
chain radical substituents, we say that the molecule is large.
The CHIH-DFT model chemistry has been already validated
for the case of antiparasitic drugs [9–11], flavonoids [12–
14], organic corrosion inhibitors [15–17], alkaloids [18,
19] and antitubercular drugs [20]. Thus, in our case for
the 3,4-diphenyl-1,2,5-thiadiazole 1-oxide molecule (TSO),
the value of the mixing will be g = 0.36, implying that
36% of Hartree-Fock (HF) exchange is mixed with 64%
of DFT exchange. The correlation part is taken as the
PBE correlation functional with coefficient equal to one
[8].

For the purpose of comparison, the molecular structure
of the molecule has been computed using different model
chemistries. Additional density functionals used in this study,
are LSDA or SVWN [31, 32], BLYP [33, 34], B3LYP [34, 35],
B3PW91 [35, 36], PBEPBE [8], PBE0 [7], TPSSTPSS [37]
and TPSSh [38]. A suitable description of these density
functionals is provided in some of the most important
Computational Chemistry recent books [25, 27, 39, 40].

The calculation of the ultraviolet (UV-Vis) and flu-
orescence (Fluo) spectra of 3,4-diphenyl-1,2,5-thiadiazole
1-oxide (TSO) has been performed by solving the time
dependent Kohn-Sham equations according to the method
implemented in Gaussian 03W [39, 41–43]. The equations
have been solved for 10 excited states.

The infrared (IR), ultraviolet (UV-Vis), and fluorescence
(Fluo) spectra were calculated and visualized using the
Swizard program [44]. In all cases the displayed spectra
show the calculated frequencies and absorption or emission
wavelengths.

3. Results and Discussion

The results for the equilibrium conformation of the neu-
tral molecule of 3,4-diphenyl-1,2,5-thiadiazole 1-oxide (or
TSO, for short) calculated with the CHIH(small) model
chemistry are presented in Figure 1 through a representation
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Figure 1: Interatomic bond distances (Å) and bond angles (deg) for 3,4-diphenyl-1,2,5-thiadiazole 1-oxide.

of the molecular structure showing the atomic labelling
and numbering as well as the interatomic bond lengths
and angles. The results have been compared with the
experimental X-ray crystallography determination of the
molecular structure of TSO [45]. The agreement is generally
good: the standard error of the differences between the
experimental and the calculated bond lengths and bond
angles being very low. Although not shown in Figure 1, an
analysis of the torsional angles reveals that the heterocycle is
almost planar. The good agreement with the experimental
data is more noticeable for the heterocyclic ring, because
the model have been parameterized for this kind of systems
[4].

As an additional comparison, we have calculated the
optimized structure of the studied molecule, using several
different common density functionals (local, nonlocal GGA,
hybrid, meta-GGA and meta-GGA hybrid) coupled with the
CBSB2∗∗ basis set. The molecular structure obtained from
each calculation was compared with the experimental results
by aligning both structures and calculating the Root Mean-
Square Deviation (RMSD). The results can be summarized
as follows: CHIH(small) = 0.026, PBE0 = 0.033, TPSSh
= 0.049, B3LYP = 0.054, LSDA = 0.066, TPSS = 0.053,
PBEPBE = 0.053, BLYP = 0.087. It can be concluded that the
CHIH(small) model chemistry performs better than other
hybrids functionals and even better than a recently proposed
hybrid meta-GGA functional. The behavior of CHIH(small)
and is similar and better than local and nonhybrids func-
tionals. This is remarkable if we consider that this model
chemistry is more efficient from a computational point of
view.

The molecular dipole moment is perhaps the simplest
experimental measure of charge distribution in a molecule.
The accuracy of the overall distribution of electrons in
a molecule is hard to quantify, since it involves all the
multipoles. From the present calculations, the total energy,

the total dipole moment and the isotropic polarizability of
the ground state with the CHIH(small) model chemistry are
−1121.415 au, 6.9576 Debye, and 66.94 Bohr3 for the TSO
molecule. These results could be of interest as an indication
of the solubility and chemical reactivity of the studied
molecule, not only for it synthesis but for the potential
polymerization as a step in its use in organic electronics and
photovoltaics.

The infrared spectrum (IR) for the TSO molecule cal-
culated with the CHIH(small) model chemistry is displayed
in Figure 2. To the best of our knowledge, the experimental
spectrum has not been reported in the literature. The
vibrational band assignments have been done using the
ChemCraft for Windows molecular visualization program.
The symmetric vibration of the SO group has been found
at 1225 cm−1. The symmetric stretching of the C=N double
bonds is located at 1595 cm−1. At 1319 cm−1 there is a
signal belonging to heterocyclic C–C symmetric stretching,
while at 752 cm−1 there is a strong peak that corresponds
to the vibrations of all the aromatic ring hydrogens. These
are by far the most intense signals in the IR spectrum.
There are two signals at 549 and 599 cm−1 that belong
to the asymmetric and symmetric stretching of the S–N
bonds. At 835 cm−1 there is a signal related to the vibrations
of only three of the hydrogens of the benzenic rings.
The asymmetric and symmetric out-of-plane vibrations of
the aromatic ring carbons can be observed at 1070 and
1136 cm−1, respectively. The peak at 999 cm−1 belongs to
the vibrations of the C-N-S of the thiadiazole moiety.
Finally, the symmetric and asymmetric in-plane vibrations
of the aromatic ring carbons are observed at 1549 and
1675 cm−1.

As the experimental IR spectrum has not been reported,
the scaling factor could not be calculated. However, from
our experience based on previous calculations with similar
molecules [4], it is possible to say that the scaling factor
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Figure 2: Infrared spectrum (IR) of the TSO molecule calculated
with the CHIH-DFT(small) model chemistry.

will be between 0.97 and 1. Thus, it is be expected that
the model chemistry used in this work could reproduce the
experimental spectrum of the TSO molecule with a certain
degree of accuracy.

The ultraviolet spectrum (UV-Vis) of the TSO molecule
calculated with the CHIH(small) model chemistry is dis-
played in Figure 3. The results for the energy of the
excitations and the oscillator strengths computed for the ten
low-lying singlet excited states are presented in Table 1. In
order to characterize the excited state transitions presented
in Table 1, we performed an analysis of all the molecular
orbitals involved, taking into consideration that orbital 66
is the HOMO and orbital 67 is the LUMO. For example,
in alpha molecular orbital 66 (occupied, E = −0.038439)
main atomic orbitals are: N22 (Px on atom O2) [0.462],
N26 (Px on atom O2) [0.429]. In alpha molecular orbital
67 (unoccupied, E = 0.035442) main atomic orbitals are:
N24 (Pz on atom O2) [0.439], N28 (Pz on atom O2) [0.438].
This means that the HOMO has a π character, while the
LUMO has a π∗ character. On the basis of the above analysis
of transitions and MOs, it can be said that the absorption
bands of TSO in the visible and UV regions are typical π-π∗

transitions.
As the HOMO-LUMO transition takes place in the

ultraviolet region, close to but out of the visible zone, it can
be predicted that this molecule will be colorless or slightly
colored. In order to calculate the fluorescence spectrum
of the studied molecule, the first singlet excited state was
optimized by using the CIS/3-21G(d) model chemistry. The
results of a TDDFT calculation at the CHIH(small) model
chemistry on the optimized singlet excited state are not
shown but reported as the fluorescent spectrum, where the
HOMO-LUMO transition takes place at 613 nm, being this
signal very weak. This means that the studied molecule
will present fluorescence in the visible region. Thus, it
could be of potential application for the fabrication of
OLEDs.
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Figure 3: UV-Vis spectrum of the TSO molecule calculated with
the CHIH-DFT(small) model chemistry.

The free energy of solvation ΔG(solv) of the molecule
have been calculated for TSO by resorting to the
CHIH(small) model chemistry coupled with the Integral-
Equation-Formalism of the Polarized Continuum Model
(IEF-PCM) for different solvents as implemented in
Gaussian 03. The solubility of a molecule will depend on
several kinetic and thermodynamic factors. However, it can
be said that the magnitude and the sign of ΔG(solv) could be
a good approximation as an index of solubility. In this way, a
negative sign and a large magnitude will be an indication of
increased solubility. The results of these calculations for the
studied molecule can be summarized as follows: Chloroform
= −4.56 Kcal/mol, Cyclohexane = −2.75 kcal/mol, Ethanol
= −10.30 Kcal/mol, THF = −5.18 Kcal/mol, Toluene =
−2.33 Kcal/mol, and Water = −5.20 Kcal/mol. These values
could be an indication that the studied molecule will be
mostly soluble in ethanol, and this can be related to the
results obtained for the dipole moment and polarizability.

The HOMO and LUMO of TSO calculated with the
CHIH(small) model chemistry are displayed in Figure 4. The
HOMO density corresponds to the nitrogens, the oxygen and
some carbon atoms of the nonheterocyclic rings, while the
LUMO density is over the whole molecule. This can give us
an idea of the reactivity of the molecule.

The reactive sites can be identified through an analysis
of the total and orbital densities. The representation of the
calculated HOMO and LUMO densities in Figure 4 show
that the electrophilic attack would occur preferentially at the
nitrogens and the nucleophilic attack at the heterocyclic ring
carbons.

The condensed Fukui functions can also be employed
to determine the reactivity of each atom in the molecule.
The corresponding condensed functions are given by f +

k =
qk(N + 1) − qk(N) (for nucleophilic attack), f −k = qk(N) −
qk(N − 1) (for electrophilic attack), and f 0

k = [qk(N + 1) −
qk(N −1)]/2 (for radical attack), where qk is the gross charge
of atom k in the molecule.

It is possible to evaluate condensed Fukui functions
from single-points calculations directly, without resorting to
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Table 1: Excitation energies and oscillator strengths of 3,4-diphenyl-1,2,5-thiadiazole 1-oxide calculated by using TDDFT and the
CHIH(small) model chemistry.

Excited State 1: Singlet-A 3.3786 eV 366.97 nm f = 0.0477
63 → 67 0.22354
65 → 67 0.14980
66 → 67 0.60774
Excited State 2: Singlet-A 3.8166 eV 324.85 nm f = 0.0222
61 → 67 0.41771
63 → 67 0.22445
64 → 67 0.17251
65 → 67 0.41396
66 → 67 −0.11265
Excited State 3: Singlet-A 4.3360 eV 285.94 nm f = 0.0819
63 → 67 −0.31629
64 → 67 0.56550
66 → 67 0.19535
Excited State 4: Singlet-A 4.3668 eV 283.93 nm f = 0.0543
61 → 67 −0.12090
63 → 67 −0.40626
64 → 67 −0.24884
65 → 67 0.45779
Excited State 5: Singlet-A 4.6504 eV 266.61 nm f = 0.0774
60 → 67 0.11497
61 → 67 0.34959
62 → 67 0.40642
63 → 67 −0.23124
64 → 67 −0.18987
65 → 67 −0.20023
66 → 67 0.14139
Excited State 6: Singlet-A 4.7230 eV 262.51 nm f = 0.0422
61 → 67 −0.31143
62 → 67 0.52106
63 → 67 0.19105
64 → 67 0.11226
64 → 68 −0.10636
Excited State 7: Singlet-A 5.0935 eV 243.41 nm f = 0.0219
58 → 67 0.10081
59 → 67 0.17992
60 → 67 0.39836
61 → 67 −0.15856
66 → 68 0.45570
Excited State 8: Singlet-A 5.1635 eV 240.12 nm f = 0.0363
58 → 67 0.12525
60 → 67 0.47276
66 → 68 −0.44998
Excited State 9: Singlet-A 5.4269 eV 228.46 nm f = 0.0046
59 → 67 0.57372
61 → 67 0.14968
64 → 68 0.10981
66 → 68 −0.18025
Excited State 10: Singlet-A 5.4817 eV 226.18 nm f = 0.0097
59 → 67 −0.12433
62 → 67 0.19734
62 → 71 0.12404
63 → 68 0.14583
63 → 69 −0.16390
63 → 70 −0.11249
64 → 68 0.49784
65 → 68 −0.14970
65 → 70 0.11729
66 → 69 0.25687
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Figure 4: HOMO and LUMO of the TSO molecule calculated with the CHIH-DFT model chemistry.

additional calculations involving the systems with N − 1 and
N + 1 electrons:

f +
k =

∑

a∈k

⎡
⎣c2

ai + cai
∑

b /= a

cbiSab

⎤
⎦ (where i = LUMO),

f −k =
∑

a∈k

⎡
⎣c2

ai + cai
∑

b /= a

cbiSab

⎤
⎦ (where i = HOMO)

(1)

with cai being the LCAO coefficients and Sab the overlap
matrix. The condensed Fukui functions are normalized, thus∑

k fk = 1 and f 0
k = [ f +

k + f −k ]/2.
The results from the calculation of the condensed Fukui

functions for nucleophilic, electrophilic, and radical attack
have been obtained by resorting to the AOMix molecular
analysis program [46] and are presented in Table 2.

The sites for electrophilic attack will be those atoms
bearing a negative charge and where the Fukui function f −k
is a maximum. These values confirm that the site for the
electrophilic attack is the oxygen atom. The site for potential
nucleophilic attack would depend on the values of f +

k on the
atoms with a positive charge density. The results form Table 1
show that the site for nucleophilic attack will be the nitrogen
atoms and also the heterocyclic carbon atoms. Finally, the
sites for radical attack, governed by the values of f 0

k will be
the oxygen atom, and perhaps the sulfur atom. The benzenic
rings are not very reactive in this context.

4. Conclusions

In this work, our model chemistry within DFT (the CHIH-
DFT chemistry model) has been presented and the method-
ology has been applied to the study of a molecule which
is potentially useful for OLEDs and photovoltaic devices.
The molecular structure for TSO has been determined by
using the CHIH(small) model chemistry. A comparison has
been made with the results from the experimental X-ray
crystallography for this molecule. The agreement is generally
very good. It is worth noting that the results obtained
with the (faster) CHIH(small) model chemistry are very

Table 2: Condensed Fukui functions calculated by using the
CHIH(small) model chemistry and through the AOMIX molecular
analysis program.

Atom f +
k f −k f 0

k

1 S 0.0099 0.2253 0.1176

2 O 0.0022 0.2999 0.1511

3 N 0.1758 0.0071 0.0915

4 N 0.1794 0.0025 0.0910

5 C 0.1486 0.0023 0.0755

6 C 0.1533 0.0028 0.0781

7 C 0.0009 0.0070 0.0039

8 C 0.0028 0.0018 0.0023

9 C 0.0026 0.0028 0.0027

10 C 0.0012 0.0155 0.0083

11 H 0.0003 0.0001 0.0002

12 C 0.0046 0.0079 0.0062

13 H 0.0006 0.0006 0.0006

14 C 0.0318 0.0572 0.0445

15 H 0.0001 0.0003 0.0002

16 H 0.0002 0.0001 0.0002

17 H 0.0003 0.0004 0.0004

18 C 0.0011 0.0042 0.0026

19 C 0.0295 0.0269 0.0282

20 C 0.0333 0.0057 0.0195

21 C 0.0045 0.0015 0.0030

22 H 0.0008 0.0003 0.0005

23 C 0.0016 0.0177 0.0096

24 H 0.0004 0.0001 0.0003

25 C 0.0387 0.0345 0.0361

26 H 0.0001 0.0004 0.0002

27 H 0.0001 0.0001 0.0001

28 H 0.0004 0.0002 0.0003

similar to those obtained using the PBE0 functional with a
CBSB7 basis set, thus implying that equally accurate results
could be obtained in a reasonable time in the study of
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heterocycles. A general comparison with the results from
the optimization of the molecular structure using several
different density functionals have also been performed and
the conclusion is that the CHIH-DFT is a good alternative to
other model chemistries based on hybrids GGA and meta-
GGA functionals for the prediction of molecular structures.

The shape of the frontier orbitals of this molecule were
displayed as well as some electronic parameters like the
total energy, the dipole moment and the polarizability.
Moreover, the calculation of the condensed Fukui functions
can be useful to obtain an idea of the chemical reactivity
of the studied molecule. This is of special importance if
we consider that the studied molecule could be the starting
point for a polymeric material of potential application in
organic electronics and photovoltaics, and that the chemical
reactivity indices could assist the experimentalists in planing
and guiding the synthetic and polymerization processes.

The infrared (IR) and ultraviolet (UV-Vis) and fluores-
cence (Fluo) spectra for TSO have been predicted according
to the CHIH(small) model chemistry, and an assignment of
the principal peaks have been achieved. The shape of the
UV-Vis spectra and the maximum absorption wavelength
belonging to this molecule have been presented and this have
been compared with the fluorescence spectra. The results
showed that the studied molecule could be an useful starting
point for the preparation of materials of use in organic
electronic and photovoltaics.

The free energy of solvation ΔG(solv) of the molecule
have been calculated for TSO by resorting to the
CHIH(small) model chemistry coupled with the Integral-
Equation-Formalism of the Polarized Continuum Model
(IEF-PCM) for different solvents and the results gave an
indication of ethanol as the solvent in which this molecule
could be potentially soluble.

The CHIH-DFT model chemistry appears to be a useful
tool for the study of the molecular structure and electronic
properties of heterocycles, and further applications to several
molecular systems are being pursued in our laboratory.
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1. Introduction

The developments in organic semiconductors provide effi-
cient and inexpensive solutions for solar energy conversion.
Continuous optimization of organic solar cells has resulted
in power conversion efficiencies (PCEs) from 4% to 5%
for single junction cells based on spin-coated polymers [1]
and thermally evaporated small molecules [2]. Compared to
polymeric materials, small molecular semiconductors benefit
from well-controlled synthesis and characterization along
with easier purification [3–5]. Soluble small molecules are
even more advantageous due to their low cost processability
[6]. Several works have now demonstrated efficiencies above
1% in planar heterojunction cells [7], bulk-heterojunction
cells, [8] and Schottky-type cells [9].

Among these soluble small molecular semiconductors,
squaraine dyes are attracting a lot of attention due to their
unique photophysical and photochemical properties. They
are characterized by an aromatic four-membered ring system
derived from squaric acid [10]. Their extinction coefficients
are extraordinarily high and absorption in the far red and
infrared domain has been demonstrated. Squaraine dyes that
are solution-processible have already been applied in laser
printers, photocopier, and optical disks as photoconductive
materials [11, 12]. Their application in nonlinear optical

devices has also been investigated [13]. The exceptional
optical properties of squaraines are of particular interest
to solar cells. First of all, strong absorption coefficients
open the possibility to use thinner active films, which may
facilitate charge transport in the devices. Furthermore, there
are only few organic materials absorbing so strongly in
the far red and near infrared domain. Indeed, squaraines
have already been employed quite early in organic Schottky-
type solar cells, though with rather poor efficiency [14]. In
recent years, squaraines have been extensively investigated in
dye-sensitized solar cells (DSSCs) [15–20]. The best power
conversion efficiency so far has reached 4.5% [21]. There
are only few works that report on solid organic solar cells
based on squaraines. Recently, a power conversion efficiency
of 1.2% has been obtained in bulk-heterojunction solar cells
using a blend of a squaraine derivative and (6,6)-phenyl C61

butyric acid methylester (PCBM) [22].
To our best knowledge, bilayer heterojunction photo-

voltaic devices based on squaraines have not been reported
so far. In this work, we report on planar-heterojunction solar
cells based on two soluble squaraine derivatives, respectively,
that we use as electron donors in combination with vacuum-
deposited electron acceptor C60. In particular, we investigate
the influence of squaraine film thickness on the photovoltaic
performance. We further improve device performance by

mailto:bin.fan@empa.ch
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Figure 1: (a) Molecular structure of SQ01 and SQ02. (b) Solar cell architecture.

−6.5

−6

−5.5

−5

−4.5

−4

−3.5

Po
te

n
ti

al
en

er
gy

(e
V

)

PEDOT SQ01 SQ02 C60

−4.7

−5

−5.33 −5.31

−6.4

−3.73 −3.72
−4.1

−4.3

ITO

HOMO

HOMO HOMO

HOMO

LUMO LUMO

LUMO

Al

Figure 2: Energy level diagram of the organic materials and
electrodes. The work function of Ca of −2.9 eV is not shown in this
diagram.

choosing an appropriate cathode material. The effect of
chemical doping of the squaraine layer is also investigated.

2. Experimental

The molecular structures of squaraine dyes SQ01 and
SQ02 used in this work are shown in Figure 1(a). Both
dyes were synthesized in our laboratory according to a
previously published procedure [21] and exhibit extinction
coefficients of approximately 300 000 L mol−1cm−1 [23].
The architecture of our organic solar cells is shown in
Figure 1(b). The indium tin oxide glass substrate (ITO,
from AFC) was first cleaned in ozone plasma, then placed
subsequently in acetone, ethanol, and soap ultrasonic baths,
and finally dried in a nitrogen flow. A 50 nm thick
layer of hole-transporting poly(styrene sulfonate) doped

poly (3,4-ethylenedioxythiophene) (PEDOT:PSS) (Sigma-
Aldrich) was spin-coated on top of the ITO substrate from
a water solution, then heated to 120◦C for 15 minutes
in order to remove residual water. The coated substrates
were transferred into an N2 glovebox to avoid exposure to
oxygen and humidity. The squaraine dyes were spin-coated
on top of the PEDOT:PSS layer from 5 mg/mL solutions in
chloroform, resulting in layer thickness of 40 nm and 35 nm
for SQ01 and SQ02, respectively. Thinner films of 20 nm were
achieved by diluting the chloroform solutions accordingly.
The C60 layer (40 nm) was vapor-deposited on top of the
squaraine layer. Aluminum or calcium (60 nm) were used as
top cathode to define an active device area of 7.1 mm2. Note
that when applying aluminum as the cathode, an ultra-thin
layer (2.5 nm) of tris(8-hydroxyquinoline)aluminum (Alq3)
was always inserted between Al and C60 as to protect the
organic layers during aluminum deposition [24]. Alq3 was
not applied when calcium was used as cathode. To increase
the conductivity of one of the squaraine films, SQ02 was
doped with nitrosonium tetrafluoroborate (NO+BF−4 ). Dop-
ing was first achieved in solution before coating the SQ02
solution to form a film. For that purpose, precise amounts
of NO+BF−4 from a 0.01 mol/L NO+BF−4 master solution in
CH3CN were added to the SQ02 solutions in chloroform.

The energy level diagram of the organic materials and
electrodes applied is shown in Figure 2. The levels of the
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) of the squaraine
dyes were determined by cyclic-voltammetry in dilute N,N-
dimethylformamide (DMF) solutions using Fc/Fc+ as an
internal reference. The vacuum-referenced energy values
were determined by adopting the potential of +0.72 V versus
NHE for Fc/Fc+ in DMF and setting NHE at 4.5 eV below
the zero vacuum energy level. The energy levels of the other
materials are taken from our previous work [25].

The photovoltaic performances of the solar cells were
measured under simulated AM 1.5 solar irradiation, with an



International Journal of Photoenergy 3

−6

−4

−2

0

2

4
C

u
rr

en
t

de
n

si
ty

(m
A

/c
m

2
)

−1 −0.5 0 0.5 1

Voltage (V)

(a)

0

2

4

6

8

10

12

14

IP
C

E
(%

)

400 500 600 700 800

Wavelength (nm)

0.2

0.4

0.6

0.8

1

1.2

A
bs

or
pt

io
n

(b)

−6

−4

−2

0

2

4

C
u

rr
en

t
de

n
si

ty
(m

A
/c

m
2
)

−1 −0.5 0 0.5 1

Voltage (V)

(c)

0

2

4

6

8

10

12

14

IP
C

E
(%

)

400 500 600 700 800

Wavelength (nm)

0.2

0.4

0.6

0.8

1

A
bs

or
pt

io
n

(d)

Figure 3: Current-voltage characteristics and IPCE curves of solar cells based on SQ01 ((a) and (b)) and SQ02 ((c) and (d)). The solid
curves represent the cells using an Al/Alq3 cathode, the dashed curves represent the cells using a Ca cathode. The dotted line in (b) and (d)
represents the cell absorption. The thickness for SQ01 and SQ02 is 40 nm and 35 nm, respectively.

incident light intensity of Pin = 100 mW/cm2. The open-
circuit voltage (VOC) and short-circuit current (JSC) were
obtained directly form the current density-voltage (J-V)
characteristics of the solar cells. The PCE is calculated as

PCE(%) = FF ·VOC · JSC

Pin
× 100%, (1)

with fill factor

FF = (J ·V)max

VOC · JSC
. (2)

However, (J · V)max is the maximum power point and FF
is the fill factor. The incident photon-to-current conversion
efficiency (IPCE) is defined as the number of electrons

collected in the external circuit divided by the number of
incident photons per second and is calculated according to

IPCE(%) = hcJSC

eλPin
, (3)

where h is Planck’s constant, c is the speed of light, e is the
elementary charge, and λ is the monochromatic irradiation
wavelength.

3. Results and Discussion

The J-V characteristics of solar cells using 40 nm thick SQ01
film or a 35 nm thick SQ02 film under AM 1.5 white light
irradiation are shown in Figures 3(a) and 3(c), respectively.
The photovoltaic parameters of these cells are summarized
in Table 1. Comparing the photovoltaic performance of the
two squaraines, we see that despite the structural difference
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Figure 4: Current-voltage characteristics and IPCE curves for solar cells based on 20 nm thick SQ01 ((a) and (b)) and SQ02 ((c) and (d))
films. The dotted lines in (b) and (d) represent the absorption of SQ01 and SQ02 based cells, respectively.

of the dyes, the photovolatic performance of SQ01 and SQ02
are rather similar. Both J-V curves show a typical S-shape
behavior, which is somewhat dependent on the choice of
the cathode. This feature could be induced by poor charge
carrier transport in the squaraine layers. We do not exclude
the possibility that a contact barrier at the anode interface
could also lead to the S-shape feature. For both devices,
the Ca cathode provides higher JSC, FF, and slightly lower
VOC. We have attributed the better device performance
to Ohmic contact formation between Ca and C60. Al-C60

contact generally introduces an energy barrier that hinders
the electron extraction by the cathode. This barrier can be
reduced significantly by introducing a thin buffer layer of
Alq3 [24]. In our devices, the charge extraction ability of the
Ca cathode turns out to be still better than the Al cathode
with Alq3 buffer layer. The lowered VOC could be explained

by the higher workfunction of the aluminum electrode as
compared to the low workfunction of Ca [26–28].

The corresponding IPCE curves are shown in Figures
3(b) and 3(d) together with the absorption spectra of the
cells. The IPCE of the cells using Ca cathodes are significantly
higher than those using Al cathodes, indicating better charge
extraction. The latter may also result from a higher built-in
field produced in the devices using Ca cathodes. Strikingly, in
the absorption region from 600 nm to 700 nm, the IPCE does
not match the absorbance of the dye films. On the contrary,
the minium IPCE occurs at the maximum absorbance,
which is also termed as antibatic behavior. Light irradiation
penetrating through the ITO and PDOT:PSS layer is strongly
absorbed when entering the dye layer, where excited states
(excitons) are formed [29]. It appears that a large part
of the excitons is not able to reach the charge separating
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Table 1: Photovoltaic performance of SQ01- and SQ02-based solar
cells using C60 as electron acceptor. Film thicknesses of 40 nm and
35 nm were used for SQ01 and SQ02, respectively. When ultrathin
films were used, the thickness corresponds to 20 nm for both
squaraine derivatives. The type of cathode utilized in the devices
is also indicated.

JSC VOC FF ηp

(mA/cm2) (V) (%)

SQ01

Al cathode 1.7 0.42 0.218 0.16

Ca cathode 2.6 0.38 0.229 0.23

Thin SQ film 5.0 0.38 0.312 0.59

SQ02

Al cathode 2.0 0.46 0.228 0.21

Ca cathode 2.7 0.42 0.241 0.27

Thin SQ film 6.8 0.44 0.328 1.01

organic heterointerface, indicating that the exciton diffusion
length is certainly smaller than the film thickness of SQ01
and SQ02. Even though fairly thin squaraine films were
used, a substantial portion of the incoming light is merely
filtered and cannot contribute to charge generation. As a
consequence, the IPCE values in the absorption region of
the squaraines are below 6%. The maximum IPCE locates
between 450 nm and 500 nm, a spectral region where C60

is known to have a photocurrent peak [30]. As a matter
of fact, the incident photons with wavelengths in the C60

absorption region are not filtered by the squaraine layer but
are transmitted to the C60 layer where absorption occurs. In
this process, the excited C60 molecule provides the possibility
of electron transfer from the HOMO of the squaraine to the
HOMO of C60, resulting in the IPCE peak around 450 nm.

In order to improve device performance in squaraine-
based bilayer devices, one possibility is to reduce the
squaraine film thickness. Although less photons are being
absorbed by the thinner film, a much larger proportion of
excitons would be able to reach the organic heterointerface,
resulting in a higher number of generated charges. In
Figure 4, the performance of devices using 20nm thick
squaraine dye films is shown. It has to be noted that decent
diode characteristics were obtained despite the extremely
small thickness of the dye films. Apparently, the squaraine
derivatives used here own excellent film forming properties.
In these devices, the IPCE in the absorption region of SQ01
and SQ02 reaches 12.8% and 18.5%, respectively. Moreover,
the IPCE spectrum now resembles the absorption spectrum
of the dye films. Again, this corroborates the fact that light
filtering without charge generation is occuring for the thicker
squaraine films. Additionally to improved charge generation,
the reduced film thickness also leads to a better hole-
transport through the squaraine film, and hence a smaller
series resistance. Importantly, the S-shape, which is observed
for the thicker squaraine layers, has been largely reduced
when thin layers are employed. As demonstrated by J-V
curves (Figures 4(a) and 4(c)), the JSC and FF increase for
both devices results in much better PCE of 0.59% for SQ01
and 1.01% for SQ02.
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Figure 5: Current-voltage characteristics (a) and IPCE curves (b)
of pristine (full line) and doped (dashed line) solar cells based on
SQ02. The absorbance of the cell is also indicated (dotted line).

Charge transport in squaraine films has been investigated
very scarcely in literature. In the crystalline state, a field
effect hole mobility of 1 × 10−3 cm2V−1s−1 was reported for
a particular squaraine derivative [31]. As demonstrated by
the authors, the mobility was strongly dependent on the
morphology of the thin electroactive film. In the present
work, we use assymetric squaraine dyes that moreover
possess octyl chains. This particular chemical structure
provides good solubility and is probably also responsible
for good film forming properties. However, the particular
structure of SQ01 and SQ02 may be unfavorable for charge
transport and may be responsible for low charge carrier
mobility.

In our previous work, we were able to increase the
hole transport by doping the electron-donor film [25]. By
introducing oxidative dopants,the film conductivity rises,
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and hence more photogenerated charges can be extracted.
We applied the same strategy in the case of SQ02-based
devices. In order to evaluate the effect of doping, we focussed
on the thicker SQ02 film of 35 nm, since the effect of
conductivity is expected to be higher in this case. SQ02 was
first doped in solution using NO+BF−4 as oxidizing agent
before being coated on the PEDOT:PSS layer. We found that
doping was not substantially enhancing device performance.
The optimum doping concentration was obtained for an
NO+BF−4 /SQ02 ratio of 0.005 (mol/mol). At higher concen-
tration, doping has a deteriorating effect, probably due to
defect formation in the organic layer. As shown in Figure 5,
doping increases the current output (JSC, IPCE) and open-
circuit voltage (see Table 1). Similarly to our previous work,
we believe that the increased VOC is due to the formation of
a Schottky barrier at the PEDOT:PSS/SQ02 interface upon
equilibration of the respective Fermi levels.

4. Conclusion

In summary, we have fabricated a series of organic solar
cells with squaraine dyes SQ01 and SQ02. The active organic
layers form planar heterojunctions, where charge separation
takes place between the squaraine electron donor and the C60

acceptor. Due to the extremely high extinction coefficients
and the limited exciton diffusion length in squaraines, these
devices show strong light filtering effects even at small film
thicknesses of 35 nm to 40 nm. Only if the film thickness is
reduced to 20 nm, power conversion efficiencies of 1% can
be achieved. The photovoltaic performance is a result of both
the photoactivity of C60 in the blue-to-green spectral domain
and the photogeneration in the far red domain, where the
squaraine dyes absorb. Further optimization of the devices
would imply an increase of the hole carrier transport in the
squaraine films. This conclusion is corroborated by the fact
that oxidative doping of the dye film leads to increased JSC

and VOC.
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1. Introduction

After the innovative work of Kasuga et al. [1], titanium
dioxide and titanate nanotubes (TNTs) with large specific
surface area and pore volume have gained promising and
important prospect due to their fascinating microstructures
and excellent properties [2]. TiO2-derived nanotubes such
as sodium titanate (NaxH1−xTi3O7, x ∼ 0.75) and hydro-
gen titanate (H2Ti3O7 or H3Ti5O11) prepared by a simple
hydrothermal method are particularly interesting partly
due to their one-dimensional nanostructures, uniform
nanochannel, electronic conductivity, and larger specific
surface area [3]. This showed promise for applications such
as photocatalysis, sensing, adsorbents, mesoporous catalyst,
and a good candidate material for dye-sensitized solar cells
[4]. Nanotubes have a large specific surface area available
for the absorption of photons compared to the bulk material
while also providing channels for enhanced electron transfer,

thereby helping to increase the efficiencies for photovoltaic
energy conversion [5].

Rare earth ions have been widely used in high-per-
formance luminescence devices, catalysts, and other func-
tional materials because of the electronic, optical, and chem-
ical characteristics originating from their 4f electrons [6].
Rare earth titanates have interesting dielectric, piezoelectric,
and ferroelectric properties [7–9]. These materials usually
possess a pyrochlore structure [10–13], which find numerous
applications.

In this study, the titanate nanotubes doped with Gd3+

ions, with different concentrations of metal levels, were
synthesized by hydrothermal treatment of pure anatase
Gd3+-doped TiO2 powders in concentrated NaOH solution.
It is the first time to obtain titanate nanotubes doped
with paramagnetic Gd3+ ions in the view of their possible
promising application in inorganic/polymer hybrid solar cell
devices. Moreover, Gd3+ materials could be manipulated
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with an external magnetic field for better alignment on dif-
ferent surfaces. The morphology, structure, thermal stability,
and the magnetic properties of these titanate nanotubes
doped with Gd3+ were described and discussed.

2. Experimental

2.1. Chemicals. Titanium(IV) isopropoxide, Ti[O(C3H7)]4

(TTIP) 98.9%, Fluka, Gadolinium(III) nitrate pentahydrate
Gd(NO3)3. 5H2O (99.9% pure grade), Aldrich, Sodium
poly [2-(3-thienyl)-ethoxy-4-butylsulfonate], or PTEBS is a
water-soluble thiophene polymer, American Dye Source. All
other chemicals were of analytic purity grades and were used
as received from Sigma-Aldrich Inc.

Conducting glass plates (FTO glass, Fluorine-doped tin
oxide overlayer, and sheet resistance 25 ± 5Ω, purchased
from Hartford Glass Co., USA) were used as a substrate
for precipitating titania porous film and were cut into
25× 25× 2.3 mm sheets.

2.2. Synthesis of Gd3+-Doped Titanate Nanotubes. The ana-
tase Gd3+-doped TiO2 powders were first prepared by a
conventional sol-gel process. 4.6 mL of TTIP is dissolved
in 30 mL of methanol under stirring. This is followed by
the addition of a mixture of 0.2 mL of concentrated HCl
(catalyst), and 1.6 mL of water for hydrolysis. The hydrolysis
of TTIP is allowed to proceed for 15–30 minutes. Then 0,
2, 5, 7 mol% of gadolinium nitrate dissolved in 20 mL of
methanol is added to the above mixture under stirring. The
resulting transparent colloidal suspension is stirred for 2
hours and aged for 24 hours until the formation of a gel. The
resulting gel is dried at 80◦C and then ground into a powder
which is then calcinated at 450◦C for 2 hours.

Gd3+-doped titanate nanotubes (Gd3+-TNTs) are pre-
pared as described in Reference [14]. In a typical procedure,
100 mg of the pure anatase Gd3+-doped TiO2 nanoparticles
are transferred into a Teflon-lined autoclave, which con-
tained 20 mL of 10 M NaOH. The autoclave is then placed in
an oven at 130◦C for 48 hours. The contents of the autoclave
are filtered and the resulting powders are washed with dilute
HCl then deionized water until pH = 7 and dried at 80◦C for
5 hours in a vacuum oven.

2.3. Material Characterizations. The nanotubes are char-
acterized in a number of ways. Transmission Electron
Microscopy (TEM) is done using a Jeol model JEM-1230
TEM operated at 100 kV. X-ray diffraction (XRD) analysis is
made using a D/max γA. X-ray diffractometer (X′ Pert Pro,
Japan) with Cu Kα radiation (Kα = 0.15418 nm) at 45 KV and
40 mA. Raman scattering spectra are recorded with a Horiba
Jobin Yvon Raman spectrometer, using the 632.817 nm He-
Ne laser for excitation. The light beam is focused through a
standard Olympus Microscope with a 100 x lens down to 5–
10 μm in diameter. Differential scanning calorimetry (DSC)
and thermogravimetric analyses (TGA) are performed using
a Perkin-Elmer PYRIS TGA, under N2 gas, at a heating
rate of 10◦C/min. The temperature ranged from room
temperature to 800◦C in order to obtain crystallization and
phase-transformation data. The optical properties of the

samples are characterized by using a Jasco V550 UV-Vis
spectrophotometer.

The dc magnetic susceptibility is carried out using super-
conducting SQUID magnetometry in the temperature range
of 5–100 K with an excitation field Hac = 400 Oe. On the
basis that the magnetic susceptibility can be related to atomic
properties, we converted mass magnetic susceptibility to the
molar magnetic susceptibility χM using χM = χg ·Mw, where
Mw is the molecular weight of the investigated samples.

For the characterization of the photovoltaic devices,
current–voltage IV characteristics in the dark and under
illumination were measured using a Keithley 236 source
measurement unit with an AM 1.5 solar simulator (Spectra-
Physics model 96000). The intensity of about 80 mW/cm2

was measured with a Spectra-Physics optical power meter
(model 407A).

2.4. Solar Cell Fabrication. The hybrid inorganic/polymer
solar cell devices were fabricated as described in the literature
[15] but with the addition of a TiO2 hole blocking layer
(HBL) [16]. Twelve devices were fabricated per substrate to
check the reproducibility. Each device (area = 0.15 cm2) con-
sists of four layers on top of the FTO-coated glass substrate,
namely, a dense TiO2 HBL, a porous nanocrystalline TNT
layer, the PTEBS polymer layer (approximately 8 μm thick)
prepared by dropcasting, and Au layer deposited by sputter-
coating.

The porous titanate layer was prepared by mixing 1 g
titanate powder with 30 mL ethanol containing 1 mL acetic
acid and five drops of triton X-100. The mixture was
sonicated for 15 minutes and spin coated on top of the HBL
at 2000 rpm for 30 s. The coating process was repeated to
obtain thick films. The resulting films was sintered at 450◦C
for 2 hours in air.

3. Results and Discussion

3.1. Morphology and Crystal Properties. The TEM images of
the precursor TiO2 nanoparticles and the obtained undoped
and Gd3+-doped TNT after the hydrothermal treatment
are shown in Figure 1. The pure titania precursor for the
preparation of the titanate nanotubes were nanoparticles of
pure anatase titania with an average diameter of about 15 nm
as shown in Figure 1(a). The TEM morphologies of the
undoped and Gd3+-doped titanate nanotubes were shown in
Figures 1(b) and 1(c). It is clear from these figures a well-
identified multiwalled nanotubular structure with an average
outer (inner) diameter of approximately 11 nm (5 nm) and a
length of few hundreds of nanometers.

The mechanism for forming the nanotubes via the
hydrothermal reaction was proposed by Viriya-Empikul
et al. [17]. The process begins when the TiO2 and doped
TiO2 powders are dissolved completely in the NaOH solu-
tion. These powders then form octahedrally configured
[Ti(OH)6]2− and [M(OH)6

n−] anions in the solution. The
anions connect by sharing edges to form Ti5O11

− nanosheets,
which are a few thick atomic layers and they mayroll
themselves into nanotubes to minimize the surface energy.
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(a)
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Figure 1: TEM micrographs of (a) TiO2 nanoparticles, (b) pure TNT (c) 5% Gd3+-TNT.
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Figure 2: XRD patterns of: (a) Pure TiO2; (b) pure TNT, and (c)
2% Gd3+-TNT; (d) 5% Gd3+-TNT; (e) and 7% Gd3+-TNT.

XRD patterns of the starting precursor titania nanopar-
ticles and hydrothermally synthesized Gd3+-titanate nan-
otubes with different Gd3+-doping level (from 2%–7%
molar ratio) are presented in Figure 2. For the starting
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Figure 3: UV-Vis absorption spectra obtained from (1) pure TiO2;
(2) Pure TNT; (3) 5% Gd3+-TNT.

material (Figure 2(a)), only the peaks corresponding to the
pure anatase TiO2 phase (JCPDS 21-1272) were observed.
However, the titanate nanotubes have a new crystalline
structure which is different from the well-defined anatase
and rutile phase, but compatible with the reported phase of
known titanate (see Figure 2(b)) [18]. The peak positions of
the pure and the Gd3+-doped titanate nanotubes are almost
the same and the obtained diffraction peaks are identified to
be those of H3Ti7O11 (JCPDS 44-0131) [19]. With enhancing
the Gd3+-doping level, it was found that there is no peak
ascribed to gadolinia (Figures 2(c)–2(e)). It means that
Gd3+ ions are indeed doped into the structure of titanate
nanotubes and the doping of paramagnetic Gd3+ ions did not
change the structure of nanotubes obviously [20].

3.2. Optical Properties. Figure 3 shows UV-Vis absorption
spectra of the pure and Gd3+-doped TNT compared with
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Figure 4: Raman spectra of: (a) Pure TiO2; (b) 5% Gd3+-TiO2; (c) Pure TNT; (d) 5% Gd3+-TNT.

pure titania nanoparticles. A red shift of the absorption onset
is observed for the doped TNT relative to the bulk anatase
TiO2. The observed visible light activity could be attributed
to the charge-transfer transition between the f electrons of
Gd3+ with the conduction or valence band of titanate [21].

The Gd3+-doped titanate nanotubes were further char-
acterized by Raman spectra, which are shown in Figure 4.
The pure TiO2 anatase (Figure 4(a)) belongs to the symmetry
space group D19

4h. Group theory predicts six Raman active
modes for the anatase phase: three Eg modes centered around
145, 197, and 639 cm−1; two B1g modes at 399 and 519 cm−1;
and an A1g mode at 513 cm−1 [22]. In the Raman spectrum
of 5% Gd3+-doped anatase nanoparticles (see Figure 4(b)),
all the observed Raman peaks were also identified from the
tetragonal anatase phase. After forming nanotube structures,
their Raman spectrum is apparently different from its precur-
sor anatase phase. In Figures 4(c) and 4(d), there are three
new peaks located at 277, 443 and 660 cm−1 in the Raman
spectrum of the pure and Gd3+-doped titanate nanotubes.
The peak at 277 cm−1 is assigned to the characteristic phonon
mode of titanate nanotubes [23]. The peak at 443 cm−1,
according to the study of Ma et al. [24], is assigned to the
Ti–O bending vibration involving six-coordinated titanium
atoms and three coordinated oxygen atoms. Based on the
studies of Kasuga et al. [14], and Sun et al. [25], the peak
at 660 cm−1 is due to the H-O-Ti vibration in titanate
nanotubes [2]. From the Raman spectrum of Gd3+-doped
titanate nanotubes, the presence of any other vibration
modes from secondary phases (e.g., Gadolinium oxides or
various Gd3+-Ti oxide species) was not detected for any of
these spectra.

3.3. Thermal Analysis. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) of the as
synthesized Gd3+-TNT are performed to study the thermal
stability of the obtained nanotubes over a high range of
temperature with a heating rate of 10◦C/min in nitro-
gen atmosphere from room temperature to 800◦C. The
TGA/DSC data of 5% Gd3+-doped TNT are shown in
Figure 5. There are three weight loss peaks at 110, 180
and 300◦C, which is inconsistent with three peaks in DSC
spectrum of the doped-titanate nanotubes. The different
weight loss peaks corresponded to water of different states
in titanate nanotubes, including dissociated H2O molecular;
physisorbed H2O molecular; chemisorbed H2O molecular
and Ti–OH bonds within tubular structure [23]. No obvious
exothermal or endothermal peaks were observed over the
temperature range 300 to 600◦C, suggesting that the nan-
otubes have good thermal stability. The TGA/DSC data of the
other x% Gd3+-doped TNT (not shown here) are identical to
that of 5% Gd3+-TNT.

3.4. Magnetic Properties. Temperature dependence of the
magnetic susceptibility X of the paramagnetic materials
shows a Curie Weiss type behavior which can be expressed
as follows [26, 27]:

χM =Xdiam . +
CM

T − θP
, (1)

where χdiam is the diamagnetic susceptibility of the host
matrix, CM is the molar Curie constant, θP is the paramag-
netic Curie temperature, and T is the absolute temperature
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Table 1: Magnetic parameters of xGd-(100-x) H2Ti5O11 (x% Gd3+-TNTs) where (x = 2, 5, 7).

X (mole % Gd) θp, K, ± 0.04381 CM , emu/mol, ± 0.17645 χdia., ± 0.00463 J , x10−3 μeff., μB

2 -0.238 9.594 0.00054 24.86 6.19

5 -0.476 22.127 0.00467 21.53 6.16

7 -0.522 26.413 0.00026 19.77 5.49
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Figure 5: DSC and DTG data for the 5% Gd3+-TNT.

in kelvins. The dc magnetic susceptibility results for xGd3+-
(100-x)- H3Ti7O11, where x = 0, 2, 5 and 7 nanotube are
displayed in Figure 6(a) as a function of the temperature T .
It is clear from this figure that with the increase of Gd3+ ions
content, the magnetic susceptibility is increased. The pure
TiO2 shows the diamagnetic properties at the temperature
higher than 20 K while x Gd3+-(100-x)-H3Ti7O11 that is,
(x Gd3+-(100-x) TNTs) where (x = 2, 5 and 7) showed a
paramagnetic behavior. The data appear to follow a Curie–
Weiss type behavior over the most of temperature range.
All the measured curves are fitted according to the modified
Curie Weiss law in the temperature range 5–100 K with a
correlation coefficient around 0.9998. Values of the param-
agnetic Curie temperature θP , are determined for the investi-
gated samples and tabulated in Table 1. The magnitude of the
paramagnetic Curie temperature θP increases with increasing
the Gd3+ ions in the TNT matrix. Since the paramagnetic
Curie temperature θP , is a rough measure of the strength of
the interaction between the magnetic ions in the samples,
the higher value implies stronger interaction and/or more
ions participating in the interaction. The negative small value
for the paramagnetic Curie temperatures indicates that the
magnetic interaction is predominately antiferromagnetic in
Gd3+-doped TNT.

Figure 6(b) shows the magnetization versus the applied
field curves (M versus H) of 2% Gd3+-98 TNT (as a
representative example) at 10 K. The almost linear field
dependence of magnetization in this applied field range is
a common feature of the paramagnetic compounds. Their
fitting lines pass through the origin point indicating that
Gd3+-doped TNT is paramagnetic materials.

The experimental magnetic moment for the gadolinium
ions μGd3+ was calculated according to the following relation
[28]:

μGd+3

(
exp .

) = 2.827

√
CM

x
, (2)

where x represents the molar fraction of Gd3+ inside the
host matrix. The calculated values of the magnetic moment
are given in Table 1. It is clear that the values of μeff. is less

than the reported value of the atomic magnetic moment of
Gd+3 ions in free ion state: μGd3+ = 7.98 μB [29–31]. The
small negative values of θP , θP < −2 K suggest the presence
of weak antiferromagnetic interaction. The assumption of
the antiferromagnetic nature of the interaction between the
Gd+3 ions is also supported by the fact that the effective
magnetic moment per gadolinium ion, is less than the
magnetic moment of the free gadolinium ion μGd3+ .

Based on the experimental data, one can also determine
the molecular field constant J as follows [32]:

J =
∣∣∣∣
θP
CM

∣∣∣∣ =
2zJi j

N · g2 · μ2
B

, (3)

where N and Z are the total and exchange-coupled number
of magnetic ions, Ji j is the magnetic exchange integral, g
is their spectroscopic splitting factor and μB is the Bohr
magnetron. The calculated values of J = θP/CM from
the experimental data are given in Table 1. It is clear that
the molecular field theory is approximately constant with
increasing the Gd3+ ions content. This behavior assumes
that the ratio z/N is constant, the number of exchange-
coupled Gd3+ ions being proportional to the total number of
magnetic ions in the samples. The data above are consistent
with a random distribution of Gd3+ ions. The magnetic
properties of the materials are due to both isolated and
exchange-coupled Gd3+ ions, their relative number being
dependent on composition [30].

When a magnetic field is applied to a magnetic material,
its magnetic moments tend to align themselves in the
magnetic field direction and a more ordered state is achieved,
so the magnetic entropy of the system decreases. In an
isothermal process of magnetization, the magnetic entropy
change of the system due to the application of a magnetic
field, ΔSM , can be derived from Maxwell relations in [27, 33]:

ΔSM(T ,H) =
∫ Hmax

Hmin

(
∂M

∂T

)

H
· dH , (4)

where Hmin and Hmax represent the initial and final values of
the magnetic field. It seems clear that a high magneto-caloric
effect will be observed when the temperature dependence
of the magnetization (i.e., ∂M/∂T) is large. This occurs,
for example, at the Curie temperature for ferromagnetic-
paramagnetic transitions, at which the maximum absolute
value of the entropy change is expected, and at low tempera-
tures for paramagnetic materials. Measurements of magnetic
entropy variation when a fixed magnetic field change is
applied allow one to determine whether a magnetic material
may be considered to be a good magnetic refrigerant. Thus,
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Figure 6: (a) dc magnetic susceptibility versus temperature for x Gd3+-(100-x) TNT, where (x = 2, 5, 7); (b) The magnetization versus the
applied field curves (M versus H) of 2% Gd3+-98 TNT at 10 K (as a representative example); as well as (c) and (d) Temperature dependence
of the entropy change for different mole percent of Gd3+-TNT under an external magnetic field equal to 400 Oe.

for paramagnetic materials, the entropy change ΔSM will be
(5):

ΔSM = −CM

2
(ΔH)2

(
T − θp

)2 , (5)

where on has CM in emu/mole, T and θ in K and ΔH in
Oe. Figures 6(c) and 6(d) show the temperature dependence

of the entropy change obtained for different mole percent
of Gd3+ inside the host matrix TNT. It is clear that the
entropy change decreases with increasing of the temperature
and increased with increasing of the mole percent of Gd3+

ions added to the host materials. This behavior is expected
for paramagnetic materials because their magnetization
increases quickly when the temperature decreases at a low
temperature range. Because of their paramagnetic behavior
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Figure 7: (a) Dark and Light IV curves of 5% Gd3+-TNT/PTEBS hybrid polymer solar cell; (b) IV curves of pure TiO2 and 5% Gd3+-TNT
hybrid solar cells.

at low temperatures, these materials have an entropy change
that increases its absolute value when the temperature
decreases. This implies the possibility of using these materials
as active magnetic refrigerants in a wide range of temperature
(5–100k).

3.5. Photovoltaic Efficiency of the Hybrid Polymer Solar Cells
Based on Gd3+-TNT. The hybrid polymer solar cells were
fabricated by spin coating of the 5% Gd3+-titanate nanotube
layer onto the conductive FTO-glass which is repeated
several times to obtain a thick film with approximately
8 μm. The titanate film was then sintered at 450◦C for 30
minutes. The PTEBS polymer is then drop cast on top
of the resulting nanotube layer. The photocurrent-voltage
IV characterization of the obtained device is shown in
Figure 7. Dark and light IV characteristics of the device
were tested under AM1.5 illumination with an intensity of
approximately 80 mW/cm2 through the FTO electrode as
shown in Figure 7(a). The PTEBS Gd3+-doped TNT hybrid
solar cell exhibits a short circuit current density (Jsc) of
84 μA/cm2, an open circuit voltage (Voc) of 0.66 V, and
a fill factor (FF) of 0.49, resulting in a power conversion
efficiency (η) of 0.034%. Comparing with the PTEBS pure
titania devices (η = 0.01%), a slightly higher photovoltaic
performance of Gd3+-TNT polymer solar cell was observed
as illustrated in Figure 7(b). This could be attributed to a
better polymer loading and light harvesting of the applied
titanate nanotube film.

These preliminary results demonstrate promising appli-
cation of gadolinium doped titanate nanotubes for efficient
hybrid polymer solar cells. Better alignment of the paramag-
netic Gd3+-TNT in polymer solar cell by applying external

magnetic field is expected to enhance electron transport
properties leading to more efficient light to electricity
conversion. Further studies in this direction are in progress.

4. Conclusions

The aim has been to identify promising design for the future
development of new multifunctional nanomaterials. We have
successfully synthesized Gd3+-TNT nanotubes through a
simple hydrothermal procedure, and comprehensively char-
acterized its properties. The structural and optical analyses
indicate that doping of the TNT by Gd3+ enhances its
thermal stability, hinders the growth of its crystallite size,
and increases its surface area. Doped materials exhibit visible
light absorption efficiency. Moreover, Gd3+-TNT samples
exhibit paramagnetic character and weak antiferromagnetic
interaction. Testing the prepared hybrid polymer solar cells
using doped 5% Gd3+-TNT showed an improvement of
light to electricity conversion efficiencies. There is still a
need to optimize their alignment by external magnetic field
manipulation to further improvement of the solar cells
efficiency to a profitable exploitation extent.
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The performances of a gas-solid two-dimensional fluidized bed reactor in photocatalytic selective oxidation reactions, irradiated
with traditional UV lamps or with a microscale illumination system based on UV emitting diodes (UVA-LEDs), have been
compared. In the photocatalytic oxidative dehydrogenation of cyclohexane to benzene on MoOx/TiO2-A12O3 catalyst the use
of UVA-LEDs modules allowed to achieve a cyclohexane conversion and benzene yield higher than those obtained with traditional
UV lamps. The better performances with UVA-LEDs are due to the UVA-LEDs small dimensions and small-angle emittance,
which allow photons beam be directed towards the photoreactor windows, reducing the dispersion outside of photoreactor or the
optical path length. As a consequence, the effectively illuminated mass of catalyst is greater. We have found that this illumination
system is efficient for photo-oxidative dehydrogenation of cyclohexane to cyclohexene on sulphated MoOx/γ-A12O3 and ethanol
to acetaldehyde on VOx/TiO2.
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1. Introduction

Heterogeneous photocatalysis is the subject of an increasing
interest during the last twenty years. A challenging research
topic is the synthesis and production of chemicals by partial
photo-oxidation reactions by molecular oxygen under mild
conditions [1]. In this context photocatalysis can lead to
more sustainable processes by increasing both reactivity and
selectivity towards the desired products because of mild
operating conditions, that are, low temperature and pressure
[2]. However, a competitive full-scale photocatalytic oxida-
tion process in industrial application requires overcoming
photons and mass transfer limitations in the photocatalytic
reactors [2]. With reference to mass transfer limitations a
large number of novel solutions have been developed for
the photoreactors, including spinning disc reactors [3, 4],
monolith photoreactors [5], and microreactors [6]. Fluidized
bed photoreactors are well known in enhancing mass transfer
kinetics. Moreover, they provide easy temperature control

and good contacting between reactants and photocatalysts
with respect to fixed bed photoreactors [7–11].

Regarding photons transfer, microscale illumination sys-
tems are a promising solution [2]. This type of illumination
is realized mainly by irradiating the photoreactor with
UV emitting diodes (UVA-LEDs) device [12–14]. LEDs are
replacing traditional UV lamps in many applications, owing
to the much higher efficiency in light-electricity conversion,
since the light emission by LEDs is induced by the recombi-
nation of electrons and holes excess [15]. Further advantages
of LEDs derive from the small dimensions, robustness, and
the long lasting (hundred thousands of hours compared to
thousands of hours in the case of classical lamps) [2].

The use of microscale illumination in photoreactors can
provide both a large catalyst surface area per unit of reactor
volume and high illumination efficiency, also profiting of the
small angle of emittance of the LEDs [2].

In this work, the performances of a gas-solid two-
dimensional fluidized bed reactor with traditional UV lamps
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Table 1: List of the photocatalysts and their characteristics

Catalyst Support V2O5 wt% MoO3 wt% SO4 wt% SSA m2/g Band gap energy eV

8Mo2S γ-Al2O3 0 8 2.6 147 3.4

5V TiO2 5 0 0.2 74 2.5

10MoPCAl TiO2-Al2O3 0 10 0.8 148 3.3

and with a microscale illumination system based on UV
emitting diodes (UVA-LEDs) have been compared for the
oxidative dehydrogenation of cyclohexane to benzene as
probe reaction. The effectiveness of the device in pho-
tocatalytic oxidative dehydrogenation both in cyclohexane
to cyclohexene and in ethanol to acetaldehyde was also
evaluated.

2. Experimental

2.1. Catalysts Preparation. The photocatalysts formulation
investigated in this work (Table 1) is the result of previous
optimization studies on photo-oxidative dehydrogenation of
cyclohexane to benzene [16] or cyclohexene [9, 10], and of
ethanol to acetaldehyde [17].

The 8Mo2S photocatalyst was prepared by wet impreg-
nation of Al2O3 (Puralox SBA 150, SASOL, 144 m2/g)
with aqueous solution of ammonium heptamolybdate
(NH4)6 Mo7O24·4H2O. Powder samples were dried at 120◦C
for 12 hours and calcined in air at 500◦C for 3 hours.
A successive wet impregnation with aqueous solution of
ammonium sulphate was performed to obtain sulphated
catalyst samples [9, 10].

The TiO2-Al2O3 formed support was prepared by dis-
persing the parent titania (PC100, 87 m2/g, 20 nm crystallites
average size, provided by Millenium Inorganic Chemicals)
powder in a boehmite sol (10 wt% of Condea Pural in
bydistilled water, pH < 2 by HNO3). The sol was gelled
by slight heating until it was too viscous to stir. The gel
was thus dried at 120◦C for 3 hours and calcined at 500◦C
for 2 hours. After calcination the solid was crushed and
sieved to 50–90 μm size. Finally, the solid (30 wt% Al2O3)
was impregnated with (NH4)6Mo7O24 solution, dried and
calcined at 400◦C [16] to have 10MoPCAl sample.

The 5V catalyst was prepared by wet impregnation
method. Anatase titania sample (PC105, 86 m2/g, 23 nm
crystallites average size, provided by Millenium Inorganic
Chemicals) was added to an aqueous solution of NH4VO3

and dried at 120◦C until achieving a dense paste. The paste
was calcined in static air heating up to 400◦C at 10◦C/min
heating rate, then kept isotherm for 3 hours to get the final
catalyst [17].

The specific surface area of calcined samples was evalu-
ated by N2 adsorption isotherm at −196◦C with a Costech
Sorptometer 1040, after pretreatment at 180◦C for 2 hours in
He flow (99.9990%).

UV-Vis reflectance spectra of powder bare catalysts were
recorded by a Perkin Elmer spectrophotometer Lambda 35
with an RSA-PE-20 reflectance spectroscopy accessory (Lab-
sphere Inc., North Sutton, NH). An 8◦ sample positioning
holder was used to obtain total reflectance spectra with

reference to a calibrated standard SRS-010-99 (Labsphere
Inc., North Sutton, NH). The reflectance data were reported
as the F(R∞) value from Kubelka-Munk theory versus the
wavelength. Band gap determinations were made by plotting

[F(R∞)∗hν]
2

versus hν (eV) as reported in [9, 10].

2.2. Photoreactor and Photocatalytic Tests. A two-dimen-
sional fluidized bed photoreactor was designed in order to
improve both exposure of the catalysts to light irradiation
and contact between reactants and catalysts [18]. The reactor
is a two-dimensional fluidized bed system with 40 mm
× 10 mm cross section, 230 mm height, pyrex-glass walls
(2 mm thickness), and a bronze filter (mean pores size
5 μm) to provide uniform distribution of fed gas [9, 18]. In
the first configuration the reactor was illuminated by two
UV lamps (EYE MERCURY LAMP, 125 W) with spectrum
emission centred at 365 nm, in a dark box (Figure 1(a)). The
light intensity entering at the reactor walls, measured by an
UVA meter, was 30 mW/cm2. The reaction temperature was
controlled by a PID temperature controller connected to a
heating system positioned at the external of the reactor, into
the dark box surrounding it (Figure 1(b)). In the second
configuration the same fluidized bed reactor was irradiated
by two or four UVA-LEDs modules positioned in front of the
Pyrex windows.

In Figure 2 an overall view and a schematic picture of the
fluidized bed photoreactor equipped with UVA-LEDs device
are shown. The reactor is also equipped with an internal
electrical heater, immersed within the catalytic bed to control
the reaction temperature (Figure 2(a)), avoiding the use of
external screens.

Each UVA-LED module consists of 20 pieces of UVA-
LEDs, emitting at 365 nm with a band width of about 38 nm.
The modules (Figure 3(a)) were assembled and adapted to
the fluidized bed photoreactor windows in the best way to
obtain the maximum reactor surface illumination.

A cooling system (Figure 3(b)) was designed with CAD
software and manufactured by using a rapid prototyping
technique. In front of the cooling box, a perforated grid,
designed to contain one UVA-LED in each hole of the grid,
was inserted. The cooling fluid was compressed air injected at
a pressure of about 5 bars. This device (Figure 3(b)) ensures a
perfect cooling of each UVA-LEDs module, whose operating
temperature should not exceed 75–80◦C.

The use of four UVA-LEDs modules resulted in a larger
irradiated window allowing to load a catalysts weight dou-
bled with respect to two UVA-LEDs modules. An electrical
control system connected to UVA-LEDs allows to control
the light intensity incident to the external walls of the
photoreactor. The light intensity was varied in the range 30–
124 mW/cm2.
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Figure 1: (a) Schematic picture of the fluidized bed photoreactor with UV lamps and (b) surrounded by dark box.
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Figure 2: Fluidized bed photoreactor with UVA-LEDs device.

Photocatalytic activity tests were performed with the
laboratory apparatus shown in Figure 4. Hydrocarbons and
water were vaporized by two temperature controlled satu-
rators. The gas flow rates were measured and regulated by
mass flow controllers (Brooks Instrument). Concentrations
of inlet reactants and outlet products were measured by an
online quadrupole mass detector (Trace MS, ThermoElec-
tron) and a continuous CO-CO2 NDIR analyzer (Uras 10,
Hartmann & Braun).

3. Results and Discussion

Typical photocatalytic test started feeding the gas reacting
mixture to the photoreactor at reaction temperature in dark.

After complete adsorption of reactant on the catalyst surface
corresponding to the restoring of initial inlet concentration,
UV sources were switched on. Without UV irradiation no
reaction products were observed either during the hydro-
carbon dark adsorption or after hydrocarbon adsorption
equilibrium was reached.

3.1. Photocatalytic Oxidative Dehydrogenation of Cyclohexane
to Benzene. Photocatalytic oxidative dehydrogenation of
cyclohexane to benzene was carried out on 10MoPCAl
catalyst feeding 830 (stp) cm3/min nitrogen stream contain-
ing 0.1 vol. % cyclohexane, with oxygen/cyclohexane and
water/cyclohexane ratio equal to 1.5 and 1.6, respectively.
The reaction temperature was set at 120◦C. In Figure 5
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Figure 3: (a) UVA LEDs modules, inside the black rectangles, and (b) UVA-LEDs cooling system.
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(8) MS
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Figure 4: Laboratory apparatus for photocatalytic tests.

cyclohexane conversion (X) and benzene production (P) are
compared by using UVA-LEDs or UV lamps. It is observed
that by using two UVA-LEDs modules (catalyst weight: 14 g),
the cyclohexane conversion and benzene concentration were,
respectively, 11% and 108 ppm, while by using UV lamps
(catalyst weight: 14 g) the values were 6% and 58 ppm. This
result indicates that UVA-LEDs have better performances in

terms of catalyst illumination due to the special geometry
that hinders photons dispersion. As a consequence, the
effectively illuminated mass of catalyst is larger. With four
UVA-LEDs modules (catalyst weight: 28 g) the benzene
concentration was higher (217 ppm), the cyclohexane con-
version reaching 22%. In all cases the selectivity to benzene
was higher than 99%.
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Table 2: Apparent quantum yield for different illumination systems; T: two UVA-LEDs modules; F: four UVA-LEDs modules.

UV source Cyclohexane
conversion %

Catalyst
weight g

Incident light
intensity mW/cm2

Irradiated
window cm2

Apparent quantum
yield %

UV lamps 6 14 30 92 0.44

T 11 14 30 40 1.86

F 22 28 30 80 1.86
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Figure 5: Cyclohexane conversion (X) and benzene concentration
(P) as a function of irradiation time; reaction temperature: 120◦C;
light intensity: 30 mW/cm2; catalyst: 10MoPCAl.
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Figure 6: Benzene concentration as function of run time and
light intensity; catalyst: 10MoPCAl; catalyst weight: 28 g; reaction
temperature: 120◦C; T: two UVA-LEDs modules; F: four UVA-LEDs
modules.

The apparent quantum yield, calculated as the ratio
between the number of cyclohexane molecules reacted per
second and the number of photons entering the reactor per
second, is reported in Table 2.

It is evident that the apparent quantum yield with UVA-
LEDs is fourfold that obtained with UV lamps, clearly
indicating that process limitations are due to photon transfer.
The apparent quantum yield is similar by using two and
four UVA-LEDs modules, as expected since the amount of

incident photons per gram of photocatalyst is the same.
This comparison evidences the better performances of
UVA-LEDs, due to their small dimensions and small-angle
emittance, which allow photons beam be directed towards
the photoreactor windows, limiting their dispersion outside
of photoreactor or the length of the optical path.

To assess the effect of light intensity the experiments were
performed ranging between 0 and 124 mW/cm2 and with
different number of UVA-LEDs modules. The cyclohexane
consumption rate grows with light intensity (not reported).
The results are plotted in Figure 6 in terms of benzene
concentration.

It is worthwhile to note that benzene did not form in the
absence of light, while its outlet concentration grew up to
280 ppm with a light intensity of 124 mW/cm2 and catalyst
weight of 28 g. It is evident that the benzene concentration
decreases by decreasing the light intensity and that, at the
same light intensity value (30 mW/cm2), it was two times
higher with four modules of UVA-LEDs compared to two
UVA-LEDs modules illumination.

3.2. Photocatalytic Oxidative Dehydrogenation of Cyclohexane
to Cyclohexene. In photocatalytic oxidative dehydrogenation
of cyclohexane to cyclohexene the best condition for catalyst
fluidization was obtained mixing 7 or 14 g of 8Mo2S catalyst
with 16 or 32 g of α-Al2O3, respectively. The operating
conditions for photocatalytic oxidative dehydrogenation of
cyclohexane to cyclohexene were the same as those used
for cyclohexane oxidative dehydrogenation to benzene. The
incident light intensity was 90 mW/cm2. The photocatalyst
allowed 100% conversion of cyclohexane to cyclohexene,
without formation of benzene and CO2 as by-products [9,
10].

Cyclohexene was the only product detected in the gas
phase; it was formed simultaneously to cyclohexane conver-
sion after the UV irradiation was switched on (Figure 7).
Cyclohexene outlet concentration reached the highest value
(110 ppm after 40 minutes) with four UVA-LEDs modules
and 14 g catalyst weight, while by using two UVA-LEDs
modules and 7 g catalyst weight it was smaller (about
70 ppm) (Figure 7).

3.3. Photocatalytic Oxidative Dehydrogenation of Ethanol to
Acetaldehyde. Photocatalytic oxidative dehydrogenation of
ethanol to acetaldehyde was carried out on 5V catalyst
[17], feeding 830 (stp) cm3/min He stream containing 0.2
or 1 vol. % ethanol with oxygen/ethanol ratio equal to 2;
reaction temperature and pressure were, respectively, 100◦C
and 1 atm. The incident light intensity was 90 mW/cm2.
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Table 3: Influence of inlet ethanol concentration and UVA-LEDs modules number on ethanol conversion, acetaldehyde concentration, and
apparent quantum yield.

UVA-LEDs
modules
number

Inlet ethanol
concentration vol.

%

Ethanol
conversion %

Acetaldehyde
concentration ppm

Incident light
intensity mW/cm2

Irradiated
window cm2

Apparent quantum
yield %

2 0.2 73 1416 90 40 8.2

2 1 27 2592 90 40 15.2

4 0.2 100 1940 90 80 5.6

4 1 57 5472 90 80 16.1
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Figure 7: Cyclohexane conversion (X) and cyclohexene concentra-
tion (P) as a function of irradiation time; temperature: 120◦C; light
intensity: 90 mW/cm2; catalyst: 8Mo2S.
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Figure 8: Ethanol conversion as function of irradiation time; initial
ethanol concentration: 0.2 vol. %; reaction temperature: 100◦C;
light intensity: 90 mW/cm2; catalyst: 5V.

Similar selectivity values to acetaldehyde (96%-97%)
were obtained for both values of ethanol concentration and
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Figure 9: Ethanol conversion as function of irradiation time; initial
ethanol concentration: 1 vol. %; reaction temperature: 100◦C; light
intensity: 90 mW/cm2; catalyst: 5V.

only CO2 and ethylene were detected as by-products. Both
ethanol conversion and products concentrations (Figures 8
and 9) remained unchanged during the irradiation time
(∼60 minutes). The dependence of ethanol conversion from
catalyst weight and irradiation configuration at 0.2 and
1 vol. % inlet concentration are shown in Figures 8 and 9,
respectively.

The comparison of the photocatalytic performances with
two modules of UVA-LEDs and 2 g catalyst weight shows that
ethanol conversion decreases from 73% to 27% by increasing
ethanol initial concentration from 0.2 to 1 vol. %, with small
differences in products selectivity.

However, this corresponds to an increase of acetaldehyde
concentration from 1416 to 2592 ppm (Table 3). Similarly,
with four modules of UVA-LEDs and 4 g catalyst weight
ethanol conversion was complete with 0.2 vol. % alcohol
initial concentration and reached about 57% with 1 vol. %,
giving up to 5472 ppm of acetaldehyde outlet concentration
without variation in products selectivity. Apparent quantum
yield increased by increasing ethanol inlet concentration
(Table 3) reaching higher values than usually reported [19,
20]. At high ethanol initial concentration quite similar values
of apparent quantum yield were found with two and four
UVA-LEDs modules.
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4. Conclusions

In this work the photocatalytic performances of a two-
dimensional fluidized bed reactor illuminated by traditional
UV lamps and by a microscale illumination system based on
UVA-LEDs have been compared for the oxidative dehydro-
genation of cyclohexane to benzene as probe reaction.

By irradiating the fluidized bed reactor by UVA-LEDs
higher photoactivity was achieved with MoOx/TiO2-Al2O3

catalyst in similar operating conditions than with UV
lamps. The microscale illumination system based on UVA-
LEDs allowed overcoming photon transfer limitations. Better
performances in terms of catalyst illumination were likely
due to the special geometry of UV-LEDs that avoids photons
dispersion and long optical paths. Moreover, the UV-
LEDs-fluidized bed photoreactor has smaller dimension and
higher safety and does not need any deflectors. Microscale
illumination is very effective also in different synthesis reac-
tions such as phototocatalytic oxidative dehydrogenation of
cyclohexane to cyclohexene on fludizable sulphated MoOx/γ-
Al2O3 and ethanol to acetaldehyde on VOx/TiO2.
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1. Introduction

The photocatalytic process using TiO2 photocatalyst is very
promising for application in the water purification, because
many organic compounds can be decomposed and miner-
alized by the proceeding oxidation and reduction processes
on TiO2 surface. The most commonly tested compounds
for decomposition through the photocatalysis are phenols,
chlorophenols, pesticides, herbicides, benzenes, alcohols,
dyes, pharmaceutics, humic acids, organic acids, and others
[1–3].

TiO2 is the most commonly used photocatalyst, because
it is nontoxic, chemically stable, cheap, and very efficient.
However it has some disadvantages, from which one of
the most important is a relatively high value of the band
gap, around 3.2 eV, which limits its using to the UV light.
Therefore nowadays a lot of research work is focused on the
preparation of visible light active photocatalysts in order to
utilize the solar light more efficiently and stop using UV
lamps as a driving force of photocatalytic process, because
it consumes a lot of energy.

A lot of works have been done in preparation of
anion-doped TiO2 photocatalysts, such as nitrogen, carbon,
and sulphur-doped TiO2, which showed the photocatalytic

activity under visible light [4–6]. The other solution is
coupling of TiO2 with semiconductor, which has sensitivity
to the visible light. Such semiconductor can be WO3, which
has a band gap of 2.8 eV and can absorb the light in the visible
range. However it also shows high speed of recombination
process between generated free carriers. It was reported that
by coupling of these two semiconductors, TiO2 and WO3, an
efficient charge separation can be achieved which results in
enhanced photocatalytic activity of TiO2 photocatalyst [7–
9].

Different methods of preparation of TiO2/WO3 pho-
tocatalysts were applied, such as sol-gel, ball milling,
hydrothermal, sol-precipitation, and impregnation [9–14].

In presented results the preparation of TiO2-WO3 pho-
tocatalysts was performed by dissolving of WO2 in hydrogen
peroxide, wet impregantaion on the anatase particles, and
calcination at 400 and 600 ◦C . The impregnation method
was selected for preparation to get well dispersion of tangsten
oxide particles on the used TiO2 material, which as original
exhibits high BET surface area, around 300 m2/g. Addition
of tangsten oxide before calcination can also retard the phase
transformation of anatase to less active rutile. The influence
of doping WO3 to TiO2 on its photocatalytic activity under
UV and visible light irradiations was tested.
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2. Preparation of WO3-TiO2 Photocatalysts

As a source of TiO2, a raw material of white TiO2 was used,
which was supported by the Police S.A. Company in Poland.
This TiO2 has BET surface area of 300 m2/g and contains
poorly crystalized anatase phase and some nuclei of rutile.
WO3-TiO2 composites were prepared by mixing of TiO2 with
WO2 dissolved in an H2O2 solution (30%) in a vacuum
evaporator at 70 ◦C for 1 hour. Then the solution was heated
up to 100 ◦C to evaporate the water. The obtained powder
was dried in a dryer overnight and then was subjected to
calcination at 400 and 600 ◦C . The amount of WO3 in the
prepared WO3-TiO2 samples ranged from 1 to 90 wt.%.

3. Analytical Methods

The phase composition of TiO2 and WO3-TiO2 composites
was measured by XRD in X’Pert PRO diffractometer of
Philips Company, with CuKα lamp (35 kW, 30 mA). The
obtained XRD patterns were compared with (JCPDSs Joint
Committee on Powder Diffraction Standards) cards. The
morphology of the photocatalysts surface and content of
WO3 in WO3-TiO2 composites were evaluated by SEM
measurements with EDS analysis. The particle size was
measured in Zetasizer Nano ZS of Malvern Company by
(DLS Dynamic Light Scattering) method. For measurements
photocatalyst samples were suspended in ultra pure water
solution with dispersant and were treated with ultrasonic
vibrations.

UV-Vis spectra of TiO2 and WO3-TiO2 powders were
taken in UV-Vis spectrometer Jasco V-540. These spectra
were transformed to Kubelka-Munk equation for indirect
semiconductor, and the band gap was calculated.

Hydroxyl radicals were detected by using fluorescence
techinque. Coumarine can easily react with hydroxyl
radicals to form highly fluorescence compound, 7-
hydroxycoumarine, which is determined in the Fluorescence
Spectrometer Hitachi F-2500. For these measurements the
photocatalyst samples were irradiated under UV in the
coumarine solution (10−3 M), and then the solution after
separation from a photocatalyst was taken to analysis. The
fluorescence measurements were performed at the excitation
wavelength of 332 nm and the emission of 335–600 nm with
maximum peak at 460 nm. The detailed procedure has been
described elsewhere [15].

For photocatalytic test, azo dye, Acid Red (AR) was
decomposed, 30 mg/L AR in 500 mL solution and catalyst
loading 0.2 g/L under UV irradiation with UV intensity
154 W/m2 and Vis 100 W/m2. Experiments of AR decom-
position were also performed under fluorescence light
irradiation with intensity of Vis = 715 W/m2, for that
photocatalytic test lower concentration of AR solution was
used, 10 mg/L. Fading of AR solution was monitored by UV-
Vis spectroscopy.

4. Photocatalytic Activity Test

The photoactivities of prepared samples were tested for
decomposition of azo dye Acid Red under irradiation of
two different sources: UV and fluorescence lamps. UV was
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Figure 1: Diffuse reflectance spectra of TiO2 and WO3-TiO2

photocatalysts, (a) as received, (b) calcined at 400 ◦C , and (c)
calcined at 600 ◦C .

emited from UV six lamps of Philips Company with power
of 20 W each. These lamps emit the radiation at UV range
of 154 W/m2 and at the visible region of about 100 W/m2

in the range of 312–553 nm with a maximum at around
350 nm. The fluorescence lamps used as a source of visible
light (4×18 W) emit light in the visible region with intensity
of 715 W/m2 and insignificant amount of UV with intensity
of 0.22 W/m2.
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Figure 2: XRD patterns of (a) TiO2, (b) TiO2-WO3-3%, (c) TiO2-WO3-10%, and (d) TiO2-WO3-90% photocatalysts: (1) as received, (2)
400 ◦C -treated, (3) 600 ◦C -treated.

Each time, for the photocatalytic test, the beaker with
500 mL of a dye solution of concentrations around 0.03 g/L
under UV, and 0.01 g/L under visible light and 0.1 g of
photocatalyst was used. The solutions were first magnetically
stirred in a dark for 30 minutes in order to estimate the
adsorption of dye on the photocatalyst surface and then were
irradiated under UV or visible lights from the top of the
beaker. The concentration of a dye solution was analyzed in
UV-Vis spectrophotometer,

5. Results and Discussion

UV-Vis spectra of measured TiO2 and WO3-TiO2 photocat-
alysts are shown in Figures 1(a)– 1(c).

In general modification of TiO2 by WO3 caused increas-
ing the absorption of light to the visible range; however heat
treatment caused almost complete reduction of absorption
in the range of 400–700 nm, and only a few percentage of
light absorption in the range of 500–700 nm could be noticed
for modified samples; the exception is WO3-TiO2 with doped
amount of 5 and 90 wt.%, which exhibited higher absorption
of visible light even after heat treatment.

XRD measurements of TiO2 and WO3-TiO2 photocat-
alysts were performed. Phase WO3 was difficult to observe
in the prepared samples with doping WO2 less than 50%.
In Figure 2 XRD patterns of TiO2 and TiO2 with different
amounts of doped WO3 photocatalysts as received and
calcined at different temperatures are presented.

Original TiO2 consists of poorly crystalized antase phase
with insignificant amount of rutile. Heating of anatase-TiO2

caused narrowing of the diffraction peaks of anatase phase
due to the growing of its crystals. The additional reflexes
from anatase phase such as 103, 112, 116, 220, 215, and
301 were clearly observed for-well crystalized antase. In case
of TiO2-WO3-90% photocatalyst monoclinic phase of WO3

appeared at 400 ◦C whereas at 600 ◦C additionally regular
WO3 phase was present.

Doping WO3 to TiO2 caused inhibition of growing
anatase crystals during heat treatment, and narrowing of the
anatase reflex (101) was insignificant, mostly for the samples
with doped WO3 amount up to 3%. Above 3% of doped
WO3 the anatase reflexes 103 and 112 were not observed,
and some reflexes as 105 and 211 were not distinguished due
to the presence of broad peaks, even after heated at 600 ◦C .
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Figure 3: OH radicals formation on the photocatalyst surface
by the fluorescence measurements of 7-hydroxycoumarine for (a)
TiO2and (b) TiO2-WO3-3%; (1) as received, (2) 400 ◦C -treated,
and (3) 600 ◦C -treated.

The exception is TiO2 with doped amount of WO3 10%, in
which narrowing of anatase 101 reflex was significant, and
reflexes 105 and 211 were clearly identified. In this sample
probably distribution of WO3 particles on TiO2 was not
homogoneous.

Photoactivity of TiO2 and prepared photocatalysts in
direction of OH radicals formation was tested by the flu-
orescence technique. In Figure 3 there are presented results
from OH radicals measurements on TiO2 and TiO2-WO3

photocatalysts during UV irradiation.
The linear correlation of OH radicals formation from

the irradiation time can be noticed. Doping WO3 to TiO2

and higher calcination temperature caused increasing in
the amount of OH radicals formation. This tendency was
observed for modified samples with doping WO3 up to 3%;
for higher amount of doped WO3 the photocatalysts heat
treated at 400 ◦C showed higher amount of OH radicals
formation than those as received and calcined at 600 ◦C .
The highest photoactivity toward OH radicals formation was
noted for TiO2-WO3-3% heat treated at 600 ◦C . In Figure 4
OH radicals formation on the photocatalysts under visible
light are presented.

OH radicals formation under visible light was much
lower than under UV, when we compare Figures 3 and 4, but
again TiO2 doped with WO3 showed higher amount of OH
radicals formation than TiO2. From Figure 4 it can be seen
that TiO2-WO3-10% heat treated at 400 ◦C was much more
photoactive than heat treated at 600 ◦C and no calncinated
one. The same tendency was kept for the other photocatalysts

1

3

2

0
50

100
150
200
250
300
350
400
450

Fl
u

or
es

ce
n

ce
/p

ea
k

su
rf

ac
e

0 10 20 30 40 50 60 70 80 90 100

Vis irradiation time (min)

(a)

3

1

2

0
200
400
600
800

1200
1000

1400
1600

Fl
u

or
es

ce
n

ce
/p

ea
k

su
rf

ac
e

0 10 20 30 40 50 60 70 80 90 100

Vis irradiation time (min)

(b)

Figure 4: OH radicals formation on the photocatalyst surface by the
fluorescence measurements of 7-hydroxycoumarine for (a) TiO2,
(b) TiO2-WO3-10%; (1) as received, (2) 400 ◦C -treated, (3) 600 ◦C -
treated.

with doping WO3 from 5%–90%. The highest OH radicals
formation under visible light was obtained on the TiO2-
WO3 photocatalyst with doping amount of 10% heat treated
at 400 ◦C . However this sample did not show significant
absorption of light in the visible range; coupling of WO3 and
TiO2 could occur at small amount of visible light absorption
by WO3 and absorption of UV light by TiO2, even although
the energy of UV light was insignificant. TiO2 with 90% of
doped WO3 showed much higher absorption of visible light
than the other samples with lower content of WO3 but had
low activity under visible light. It is concluded that TiO2

activity is much more powerful than WO3 in generation of
OH radicals, and WO3 can serve as a support in OH radicals
formation by transfer electrons to the conductive band of
TiO2 under visible light or can retard the recombination
reaction occurring in TiO2.

The influence of doping WO3 to TiO2 on the particles
size of photocatalysts was measured. The results from the
measurements of particles size of TiO2 and TiO2-WO3

samples are listed in Table 1.
In general particles size of WO3 doped TiO2 photocat-

alysts were lower than TiO2. Calcination caused growing of
crystals, and so some heat-treated samples exhibited higher
size of particles than those as received ones.

The structure of photocatalysts and particles size were
observed on SEM photos. For comparison SEM of not
modified TiO2 and TiO2-WO3-3% calcinated at 600 ◦C are
presented in Figure 5.

Some agglomerates of primary particles of TiO2 can be
seen with size over 1 μm in Figure 5(a) whereas TiO2 doped
with WO3 comprises of much smaller particles.
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Figure 5: SEM of (a) TiO2 and (b) TiO2-WO3-3% heat treated at 600 ◦C .

Table 1: Particles size of photocatalysts measured by DLS method.

Sample Particles size [nm]

Amount of doped WO3 (%) 0 1 3 5 10 30 50 90

As received 365 444 355 365 172 190 174 185

400 ◦C -treated 369 380 367 373 222 178 199 175

600 ◦C -treated 402 369 400 415 201 207 205 192

Table 2: Adsorption of AR on the photocatalysts surface.

Photocatalyst

Adsorption of acid red/%

Heat treatment temperature/ ◦C

— 400 600

30
mg/L

10
mg/L

30
mg/L

10
mg/L

30
mg/L

10
mg/L

TiO2 19.8 21.5 14.8 26.9 2.0 14.1

TiO2-WO3-1% 28 36.5 16.8 32.5 3.7 14.6

TiO2-WO3-3% 15.8 38.4 7.8 16.7 — —

TiO2-WO3-5% 14.1 12.6 15.2 20.5 15.9 21.3

TiO2-WO3-10% 0 1 2.8 5.8 0 0

TiO2-WO3-30% 0 0 0 0 0 0.5

TiO2-WO3-50% 0 0 0 0 0 0

TiO2-WO3-90% 0 0 0 0 0 0

Both measurements, DLS and SEM, showed that doping
WO3 to TiO2 cause, reduction of its particles size, mostly
because of reducing tendency of TiO2 particles to form
agglomerates. Smaller particle size of TiO2-WO3 composites
in comparison to TiO2 prepared by the sol-gel method was
also reported by Li et al. [7].

From EDS analysis the measured amount of Ti was
93 wt.%, W – 6 wt.%, and S – 1 wt.%. Sulphur came from
the production process of TiO2.

Photocatalytic activity of prepared samples was tested
for Acid Red decomposition under UV and visible light
irradiations. Preliminary adsorption of this dye on the
photocatalysts surface was performed. The results from the
adsorption measurements are presented in Table 2. The

initial concentrations of AR used in case of UV and Vis
radiations were 30 and 10 mg/L, respectively.

Noncalcined samples of TiO2 and TiO2 doped with low
amount of WO3 up to 5% showed quantitatively adsorption
of AR on their surface, which generaly was decreasing with
heat treatment temperature; only TiO2-WO3 photocatalyst
with doping amount of 5% showed opposite tendency, that
is increased adsorption of AR after heat treatment.

After adsorption, these photocatalysts were submitted to
UV and Vis radiations. The results from the measurements
are presented in Figures 6 and 7.

Photocatalysts which exhibited high adsorption of AR
on their surface showed no linear correlation of ln (C0/C)
from time of irradiation during AR decomposition. The high
acceleration of AR decomposition with time of irradiation on
these photocatalysts could be caused by occurring sensitized
photocatalysis. Therefore doping WO3 to TiO2, which caused
their increased absorption of light to the visible range
and high adsorption of AR, appeared to be beneficial for
decomposition of AR, as it can be seen especially in case of
noncalcined samples used under UV irradiation and TiO2-
WO3-5% heat treated at 600 ◦C used under visible light.
Although both TiO2 and TiO2-WO3 photocatalysts were
active under visible light irradiation, UV light was more
powerful in AR degradation.

Under visible light irradiation WO3-TiO2 photocatalysts
prepared at 400 ◦C were more active for AR decomposition
than those prepared at 600 ◦C and noncalcined one.

6. Conclusions

Doping WO3 to TiO2 caused increasing its absorption of
light to the visible range; however it was observed mostly for
noncalcined samples. Although OH radicals formation on
prepared TiO2-WO3 photocatalysts was higher than on TiO2

it was not a key factor affecting the rate of AR decomposition.
Both high adsorption of AR on the photocatalyst surface and
their ability to absorption of visible light were responsible for
the photocatalytic properties of photocatalysts, and therefore
the TiO2-WO3 photocatalysts with low amount of WO3 (1–
5 wt.%) were more active than the others. Doping WO3 to
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Figure 6: AR decomposition under UV irradiation on TiO2 and
TiO2-WO3 photocatalysts, (a) as received, (b) 400 ◦C -treated, and
(c) 600 ◦C -treated.

TiO2 caused also reduction of its particles size, which could
improve ability of TiO2 for dispersion in water and increase
the accessible surface for adsorbates. Under visible light
irradiation WO3-TiO2 photocatalysts prepared at 400 ◦C
were more active for AR decomposition than those prepared
at 600 ◦C suggesting that monoclinic phase of WO3 is more
active under visible light than regular WO3. Although the
photocatalysts were active under both UV and visible light
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Figure 7: AR decomposition under Vis irradiation on TiO2 and
TiO2-WO3 photocatalysts, (a) as received, (b) 400 ◦C -treated, and
(c) 600 ◦C -treated.

irradiations, UV light was more powerful for decomposition
of AR than visible light, but the latter had important meaning
during occurring sensitized photocatalysis.
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1. Introduction

Advance Oxidation Processes (AOPs) have been reported
to be useful for photooxidation of organic pollutants in
wastewater [1–9]. Among the various Advanced Oxidation
Processes employed in water treatment, heterogeneous semi-
conductor photocatalysis shows great importance due to
its ability to destroy a wide range of organic pollutants
at ambient temperature and pressure, without generation
of harmful byproducts [10–24]. The most commonly used
photocatalyst is TiO2. Titanium dioxide has essentially
proved itself to be the best material for environmental
purification because of its many desirable properties. TiO2

is a cheap, readily available material capable of oxida-
tion of a wide range of organic pollutants into harmless
compounds, often leading to complete mineralization of
organics.

The use of photocatalysis has been proved to be a
good choice to achieve an effective elimination of phenolic
compounds from waters [25–42]. Also, phenol is usually
taken as a model compound for advanced wastewater
treatment studies [43–45].

The photocatalytic processes can operate using catalyst
suspended in the solution or immobilized on various sup-
ports. Photocatalytic reactors with suspended catalyst give
much better contact between the photocatalyst and dissolved
impurities comparing to reactors with immobilized catalyst.
However, in this case the step of separation of the catalyst
is necessary, which increases the overall costs of the process.
Different researchers have tried to minimize these problems
by immobilizing TiO2 on various solid supports or on the
reactor walls, which eliminates arduous step of separation
[46–56]. Titanium dioxide was immobilized on various
supports and using various methods. Immobilization of
the photocatalyst on the reactor walls or other parts of
the reactor shows disadvantages when the activity of the
catalyst decreases, and it has to be replaced. Thus, the better
solution is to immobilize the photocatalyst on the replaceable
elements that can be easily removed and placed again in
the reactor. The other advantage of such supports is to
provide a good contact of the treated medium with the
photocatalyst surface and also a good penetration of light in
the reactor. A flexible textiles seemed to be adequate support
for the photoactive titania coatings. However, textiles are an
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organic materials and can itself undergo the photocatalytic
degradation.

The aim of the presented work was the removal of
organic impurities from water using a reactor with pho-
toactive refill. Titanium dioxide (Chemical Factory “Police”
Poland) was immobilized on the base material as a thin
layer from the alcoholic suspension followed by thermal
stabilization. In case of activity drop of the photocatalyst,
only the photoactive refill can be easily replaced.

2. Experimental

The commercial anatase form of titanium dioxide produced
by Chemical Factory “Police” (Poland) was used as a pho-
tocatalyst. Phenol (POCh S.A., Poland) was used as a model
organic compound. Titanium dioxide was immobilized on
the base material from the alcoholic solution followed by
thermal stabilization. The support for titania photoactive
coating was a glass fabric produced by “Pabiantex” factory
(Poland). The glass fabric with titania coating was a replace-
able photoactive refill placed in the reactor where the process
of water purification was conducted.

The process of photocatalytic oxidation of phenol was
conducted using a laboratory installation (Figure 1) where
the main component of the system was the flow reactor
(Trojan Technologies, Canada). This is a cylindrical reactor
with length of approximately 29.5 cm and the diameter of
6.8 cm. The mercury lamp emitting UV radiation in the
range of 250–800 nm, with high maximum at 254, 436, and
546 nm, was placed inside the reactor, in the center. The
photoactive refill was also placed inside the reactor in a way
to stick the inner walls of the reactor.

The photocatalyst was fixed to the glass fabric according
to the following procedure. The suspension of TiO2 in
ethanol was sonicated for 1 hour with a frequency of 40 kHz.
The glass fabric (size 19 × 24 cm) was immersed in such
prepared suspension and then dried for at 105◦C. The
procedure was repeated twice. After that the coating was
stabilized by thermal treatment at the temperature of 150◦C
overnight. The excess of the immobilized photocatalyst was
rinsed by flowing water through the reactor before the
photocatalytic process.

The solution of phenol, with the initial concentration
of 20 mg/dm3, was pumped to the reactor by peristaltic
pump from the container and was circulated through the
reactor with the flow rate of 36 dm3/h. The volume of the
reaction solution was 2.5 dm3. The amount of the solution
inside the reactor was approximately 1 dm3. The changes of
phenol concentration in the solution were determined by
absorbance measurement at maximal absorption wavelength
270 nm (Jasco V-530 spectrometer, Japan). Total organic
carbon (TOC) concentration was measured by “multi N/C
2000” analyzer (Analytik Jena, Germany). Total dissolved
solids (TDS) content, conductivity, and pH of the solution
(Ultrameter 6P, Myron L Company, USA) were also mon-
itored during the process. The reaction solution circulated
in the reactor for 15 minutes without illumination to obtain
the adsorption equilibrium. The adsorption of phenol onto
photocatalyst surface was low, only about 1% (by weight).

Photoactive
refill

UV lamp

Pump

Stirrer

Figure 1: The scheme of installation for the process of photocat-
alytic oxidation of phenol.

3. Results and Discussion

The experiments of the photocatalytic degradation of phenol
were conducted for the initial concentration of 20 mg/dm3.
The volume of the treated solution was 2.5 dm3. The first
test reaction of photocatalytic decomposition of phenol was
conducted until the complete decay of phenol in the reaction
solution (phenol presence was not detected by UV/Vis
analysis). The next tests were conducted for 10 hours.

At the beginning of studies blank experiments were
performed. No decomposition occurred when an aqueous
solution of phenol flowed through the reactor in the dark,
and the direct photolysis was also negligible. Decomposition
of phenol in the solution could only be observed with the
simultaneous presence of TiO2 and of UV light. Therefore,
it can be stated that in the presence of TiO2 a true
heterogeneous catalytic regime takes place.

Figure 2 presents the changes in phenol concentration
during the photocatalytic process for four tests preformed
with the same photoactive refill. The concentration of phenol
decreases with the time of the process. As can be seen from
Figure 2, the decrease in phenol concentration is the highest
during the first hours of the process. After that, the rate of
decrease of concentration of phenol decelerates; however,
the complete removal of phenol from the treated solution
was obtained. During the first test the complete removal of
phenol was observed after 23 hours of the process. In the
second tests, the concentration of phenol in the solution after
10 hours of illumination was a little higher comparing to
the first one; however, the third and the fourth tests showed
comparable time of decomposition as the second one.

The reaction of photocatalytic phenol decomposition fol-
lowed the first-order reaction kinetics concerning to phenol
concentration. A plot of ln(C0/C) versus time represents a
straight line (Figure 2), the slope of which upon the linear
regression equals the apparent first-order rate constant k′

according to the equation of the Langmuir-Hinshelwood
model:

r = − dC

dt
= krkaC

1 + kaC
, (1)
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Figure 2: The changes in phenol concentration during the
photocatalytic process.

Table 1: Apparent first-order rate constants (k′) and linear regres-
sion coefficients (R2) of phenol photodecomposition reactions.

Test no. k′ R2

1 0.1935 0.9821

2 0.1288 0.9896

3 0.1252 0.9864

4 0.1357 0.9905

which can be simplified to a apparent first-order equation:

ln
(
C0

C

)
= krkat = k′t. (2)

Table 1 lists the values of k′ and the linear regression
coefficients of photodegradation of phenol for each test per-
formed. According to the values in the table, the appropriate
linear relationship appears well.

The changes in phenol concentration were monitored by
UV/Vis spectroscopy. Figure 3 presents an example UV/ Vis
spectra recorded during the photocatalytic process of phenol
decomposition. The progressive fading of the absorption
peak at the wavelength of 270 nm is observed indicating the
decrease of phenol concentration in the consecutive samples
taken for the analysis during the process.

Together with the decrease of the concentration of phenol
in the reaction solution with the time of the process, the
decrease of TOC concentration was observed (Figure 4).
Total disappearance of the reactant was obtained after 23
hours of the process while the organic carbon was still
present in the solution after this time of the photocatalytic
process. TOC concentration in the starting solution was
equal to 14.4 mg/dm3 for the first test. After the photo-
catalytic process was completed, the TOC concentration
decreased to 6.56 mg/dm3, which gives over 54% of removal
of organic carbon from the solution. The decrease of TOC
concentration was the result of the aromatic ring opening
and subsequent decomposition of intermediate products
formed; however, the complete mineralization of phenol was
not achieved. The time of photocatalytic process should be
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Figure 3: The example spectra of the reaction solution recorded
during the photocatalytic process. From top: starting solution, after
1 hour of the process, after 5 hours of the process, after 10 hours of
the process, and after 23 hours of the process.
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Figure 4: The changes of parameters monitored during the
photocatalytic process.

elongated to obtain the oxidation of phenol to the final
products: CO2 and H2O.

The values of TDS, conductivity, and pH measured
during the process give a better view to the degradation
reaction. The changes of these parameters are presented in
Figure 4. The data presented on Figure 4 refer to the first
test of decomposition of phenol. For the other three tests
the tendency of changes was similar. The conductivity and
TDS values tend to increase with the time of the process.
This indicates the mineralization of organic molecules
and increase of dissolved species present in the solution.
However, this also indicates that the decomposition process
was not complete; this is to say it did not lead to full
mineralization of the reactant, since in such a case the values
of TDS and conductivity would settle at the some value and
remained constant. The analysis of organic carbon in the
reaction solution confirms the above statement.
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4. Conclusions

Conclusions are listed as follows.

(i) The process of the photocatalytic removal of phenol
can be successfully conducted in the reactor with
photoactive refill presented in these studies.

(ii) The photoactive refill applied in the studies is
prepared using a very simple method and in the case
of decrease of photoactivity can be easily replaced.

(iii) The titania coating shows a high photocatalytic activ-
ity toward the model organic compound (phenol)
decomposition in water.

(iv) The prepared coating exhibits high stability in
repeated cycles of water treatment.

(v) The proposed reactor with photoactive refill solves
the problem of necessity of replacement of the reactor
or the parts of the reactor when the photocatalyst
activity decreases.

(vi) Application of glass fabric is advantageous since it
is resistant to UV light and does not undergo the
photocatalytic decomposition on the contrary to the
natural fabrics.
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1. Introduction

The widespread pollution of drinking water or effluents from
industries and household with hazards and biorecalcitrant
organic compounds demands an increasing effort towards
the development of technologies for the cleanup of such
wastewater [1, 2]. In past decades heterogeneous photo-
catalysis using TiO2 has been attracted much attention in
the field of environmental research for the degradation of
undesirable organics in aqueous solution [3, 4]. The appeal
of this technology is the prospect of complete mineralization
of the pollutants into harmless compounds to environment
in addition to the abundance, relatively low cost, chemical
stability, and nontoxic nature of the catalyst. However, the
PC efficiency is limited by the high degree of electron-hole
recombination [5, 6].

Recently many studies have been devoted to improving
PC activity by modifying TiO2 using the deposition of noble
metals [7–10]. In these cases, a Schottky barrier between
the metal and TiO2 is formed, while both metal and TiO2

Fermi levels equilibrate. Upon irradiation, the conduction
band electrons flow from TiO2 to the deposited metal that
can act as a sink for the photogenerated electrons. This
migration of the generated electrons to metal particles, on
the one hand, can increase the lifetime of holes and suppress
the electron-hole recombination, thus favoring PC oxidation
of organic pollutants [7, 8, 10]; on the other hand, the
migration can also enhance the PC reductive activity of TiO2

[11, 12]. The reduction of organic pollutant is a process
of increasing COD, generally unbeneficial to environmental
protect. Moreover, the positive-charged holes, negative-
charged metal particles, and organic pollutants are in a same
reaction system; as a result, the system possibly suffers from
a disadvantage that the intermediates of oxidized organic
pollutants are re-reduced, leading to the formation of short-
circuit similar to the mechanism of TiO2 deactivation by
chlorine ions [13] because any species with a reduction
potential more positive than the flat band potential of TiO2

(∼−0.7 V versus SCE, at pH 7), in theory, can be reduced
[14]. In fact, recently many authors have demonstrated
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Figure 1: Schematic diagram of PC and PEC photoreactor systems.

that the PC oxidation activity of the metallized TiO2 is
comparable to, and what is more, less than that of native TiO2

[15–17].
Based on the above considerations, it is significant for

the oxidation of organic pollutants to further transfer the
migrated electrons on the metal particles out of the reaction
system by the alternatively externally applied anodic bias;
the process is addressed as PEC one [18]. The externally
anodic bias potential on the illuminated metal-loaded TiO2

film cannot only spatially separate the capture of conduction
band electrons from the oxidation process but also drive away
the accumulated photogenerated electrons on metal particles
to another compartment of cell. Although many efforts have
been directed to the PEC degradation of organic pollutants
on TiO2 film [19–23], to date, rare information is available
on the PEC oxidation of organic pollutants on metal-loaded
TiO2 film except our recent reported examples [24, 25].
The above-mentioned situation aroused us to make attempts
to prepare a novel platinum-deposited titanium dioxide
film, Pt-TiO2 film, and to investigate photoelectrochemical
performance of Pt-TiO2 film electrode and PEC activity
towards the oxidation of organic pollutants on Pt-TiO2 film
electrode.

2. Experimental

2.1. Materials. Photocatalyst was TiO2 (Degussa P25).
Formic acid solution was 15 mmol−1 (COD: 239 mgl−1). ITO
(indium-tin oxide) conductive glass plates were used as a
support of platinised TiO2 film to conveniently perform
photoelectrochemical measurements.

2.2. Preparation of TiO2 and Pt-TiO2 Film. A TiO2/ITO film
was first prepared according to the procedure described in
literature [23], in which, 40 g of TiO2 powder was added
into 500 mL of distilled water. The TiO2 slurry was sonicated
for 30 minutes to break the loosely-attached aggregates up
and then vigorously agitated to form fine TiO2 suspension.
Then the TiO2 in the suspension was loaded on the ITO
glass plate (1.0 cm × 5.0 cm) by a procedure of dip-coating,
drying, and sintering. The TiO2-coated ITO film was dried
for 15 minutes on a hot plate at 100◦C and subsequently

sintered in a muffle furnace at 400◦C for 2 hours to obtain
the TiO2/ITO film. The quantity of TiO2 loading was about
1.07–1.10 mg cm−2.

Pt-TiO2 film was prepared using a dip-coating proce-
dure followed by Pt photodeposition. An aqueous suspen-
sion of TiO2 (80.0 gl−1) was sonicated 30 minutes before
coating. The suspension was loaded on an ITO glass
(12 cm × 4.8 cm), dried 15 minutes on a hot plate at 100◦C
and then sintered 2 hours at 400◦C. The loading, drying, and
sintering was repeated three times. The quantity of TiO2 was
about 0.94–1.00 mg cm−2 by weighing. The resulting TiO2

plate was immersed in a 40-mL aqueous solution containing
H2PtCl6 (2.2 mmol−1) and HCOOH (1 mol−1) and then
subjected to photodeposition of Pt. The deposited Pt content
was controlled under the different illumination time of 0.5,
1.0, 5.0, 10.0, and 20.0 minutes. An EDS analysis was carried
out to confirm the amount of Pt content in the TiO2 films,
which were 0.7%, 1.8%, 2.7%, 3.5%, and 4.2% (Wt. Pt/ Wt.
TiO2), respectively.

2.3. Characterization of TiO2/ITO and Metal-Deposited TiO2

Films. X-ray reflection diffraction (XRD) was performed
using D/Max-IIIA Diffratometer (Rigaku Corporation,
Japan) with Radiation of Cu target (Kα1, λ = 1.54056 nm).
Scanning electron microscope (SEM) images were obtained
on a JSM-6330F-mode Field Emission Scanning Electron
Microscope (JEOL, Japan). A UV-PC3101PC spectropho-
tometer (SHIMASZU, Japan) was used for recording the UV
absorption spectra of solution. Photoelectrochemical mea-
surement was performed with a Model CH650 Potentiostat.

2.4. Experiments of PC and PEC Oxidation. Formic acid
chemical with analytical grade was supplied by Guangzhou
Chemical Co. and used as a model chemical in this study.
15 mM formic acid solution was first prepared with an
initial COD concentration of 239 mg L−1 and pH 2.73.
About 35.0 mL of the 15 mM formic acid solution was used
in both the PC and PEC reactions. Both of PC and PEC
oxidation reactions were carried out in a photoreactor system
as shown in Figure 1, consisting of two chambers (A and
B, 2.0 cm × 1.1 cm × 8.0 cm) connected via a salt bridge.
When the PC reaction was conducted using the chamber
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Figure 2: XRD spectra of Pt-TiO2.

A only, the PEC reaction was performed using both the
champers. In the meantime, a 500-W UV lamp with main
emission at 365 nm was used as a UV source, and air
bubbling was continuously provided during reaction. Either
the TiO2 or Pt-TiO2 plate was placed in the chamber A
and used as an anodic electrode, while a Pt electrode and
a saturated calomel electrode (SCE) were positioned in the
chamber B and used as counter and reference electrodes,
respectively. The photoelectrochemical measurement was
performed with a potentiostat (Model CH 650, Shanghai).

2.5. Analysis. Chemical oxygen demand (COD) was mea-
sured with potassium dichromate after the sample was
digested with a WMX COD microwave digestion system
[26].

3. Results and Discussion

3.1. Preparation and Characterization of Pt-TiO2 Film. In our
previous work, nano-Ag and Cu were successfully deposited
on TiO2 film by photoreduction [24, 25]. Herein, we also
try to directly deposit Pt on the film surface by the same
method, using H2PtCl6 as a Pt precursor and HCOOH as
a hole scavenger, in order to prepare Pt-TiO2 film. Upon
illuminating TiO2 film inserted in the H2PtCl6-HCOOH
solution, a layer of black deposits on the surface of TiO2 film
was observed. The XRD pattern of the black deposits mixed
with TiO2 was shown in Figure 2. Four weak and broad XRD
peaks were observed at 2θ angles of 39.74, 46.16, 67.56, and
80.98. The 2θ angles are corresponding to that of metallic
Pt, and the breadth of these peaks is characteristic of Pt
nanocrystals [9, 27]. Their average crystal size was calculated
as 8 nm by using the Scherrer equation.

Figure 3 represents the SEM micrographs of the TiO2 and
platinised films. The morphologies are noticeably dependent
on the composition of films. TiO2 film was of highly porous
and particulate surface (Figure 3(a)). The particulate size is
estimated to be approximate 50 nm, greater than that of the
original P25 TiO2 powder (30 nm). The fact indicates that

212406 SEI  15.0 kV  ×50000  100 nm  WD 16 mm

(a)

310332 SEI  15.0 kV  ×50000  100 nm  WD 16 mm

(b)

Figure 3: SEM images of TiO2 and Pt-TiO2 films (a) TiO2 film and
(b) Pt-TiO2 with 1.8 wt.% Pt.
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Figure 4: Change of Voc of Pt-TiO2 with deposited Pt amount
(Voc (N2) for N2-saturated solution and Voc (O2) for O2-saturated
solution).

the TiO2 particles were slightly aggregated during sintering.
The surface of Pt-TiO2 film is similar to that of TiO2

film (Figure 3(b)). It characterized a porous and particulate
appearance, but the particulate size was smoother than that
of the particulates on TiO2 film according to the resolution
used; therefore, it means that the supported film contains
smaller grains in the Pt-TiO2 than in pure TiO2.
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Table 1: The values of kinetic coefficient k in four experiments with application of the first-order kinetic model.

ID Catalyst Process Rate constant (min−1) k Correlation coefficient (R)

A TiO2 PC 0.007 0.9600

B TiO2 electrode PEC 0.011 0.9914

C Pt-TiO2 PC 0.028 0.9901

D Pt-TiO2 electrode PEC 0.038 0.9726
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Figure 5: Decay curves of open circuit voltage after light was turned
off (a) TiO2 film and (b) Pt-TiO2.

3.2. Photoelectrochemical Characterization of Pt-TiO2 Film.
The dependence of photovoltage of Pt-TiO2 film on Pt con-
tent in N2-or O2-saturated solution is showen in Figure 4. In
the dark, the Fermi level of a semiconductor film equilibrates
with the redox couple in solution; upon excitation of TiO2

film, the photogenerated electrons accumulate in the TiO2

particulate film, leading to a rise in the photovoltage. As a
result, any accumulation of electrons in the film will present
a rise in Voc. The observation that Voc (O2) of Pt-TiO2 film
in O2-saturation solution is lower than that in N2-saturated
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Figure 6: Dependence of [Voc(O2)/Voc(N2)] on deposited Pt
amount.

solution confirms the fact, due to the surface-adsorbed O2

scavenging the photogenerated electrons in the O2-saturated
solution. In addition to the above evidence, it is noting
that in either N2- or O2-saturated solution for Pt-TiO2

film, Voc decreases with increase of Pt content. Generally,
TiO2 electrode deposited metallic nanoparticles shifts the
photovoltage to more positive value, ascribing to the fact
that the metallic nanoparticles improve the accumulation of
electrons within the particulate film by facilitating the hole
transfer at the electrolyte interface [7, 24]. An alternative
explanation for the above-observed decrease of Voc was
based on the consideration while metal nanoparticles are
surrounded by electron donors, and these deposited Pt can
diminish the accumulation of photogenerated electrons. We
attribute decrease of Voc to the two tentative factors. Firstly,
the deposited Pt can facilitate the reactions of scavenging
photogenerated electrons, such as, O2 reduction (1) and H2

evolution (2):

O2 + e = 2O−• (1)

2H+ + e = H2 (2)

Figure 5 clearly shows that, after UV light turns off, the Voc of
Pt-TiO2 film decreases more rapidly than that of TiO2 film,
either for N2-saturated solution or for O2-saturated solution,
suggesting that deposited Pt can facilitate the reactions of
scavenging photogenerated electrons for Pt-TiO2 film via the
reactions (1) and (2).
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Figure 7: Dependence of COD removal efficiency on deposited Pt
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At the same time, it is also seen from Figure 5 that,
compared with O2-saturated solution, all the Voc for N2-
saturated solution merely decreases slightly, indicating that
the capture of electrons is mainly by the reaction (1), not
(2). Therefore, the fraction of the remained photogenerated
electrons on the platinised film can be approximately
estimated by Voc(O2)/Voc(N2) [28]. The estimated results
(Figure 6) suggested that there are still rather remained
accumulated electrons on Pt-TiO2 film in the experimental
range although Pt deposition can increase the efficiency of
the charge separation. For example, for Pt-TiO2 film with
0.7% Pt content, the fraction of the remained electrons is
63%. Therefore, it is reasonable to employ an anodic bias to
drive away the remained accumulation electrons in order to
increase PC efficiency.

3.3. PC and PEC Oxidation of Pt-TiO2 Film. The PC and
PEC oxidation activities of Pt-TiO2 films towards formic
acid were evaluated in the term of COD removal efficiency
in the present investigation. Presently, the influence of
Pt content concentration on COD removal efficiencies is
studied in a range from 0 to 4.5% not only for PC process
but also for electrochemical and PEC processes. As shown
in Figure 7, respectively, the COD removal efficiency is
dependent on the amount of the Pt content for both
PC and PEC processes, while the COD removal efficiency
of electrochemical (EC) process changes slightly with Pt
content. For PC processes, the COD removal efficiencies
increase with the Pt content in the range of 0% ∼ 2.7%. The
enhancement effect further shows that Pt serves as an elec-
tron trapper and reduces the recombination of hole-electron
pairs. However, over-deposited Pt resulted in a decrease in
PC activity due to the reason that the cluster or aggregation
of metal deposits on the surface changes the function
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Figure 8: Change of UV spectra of formic acid at various reaction
intervals for PEC process in the presence of 0.8 V versus SCE anodic
bias.

from an electron separation center to an electron recom-
bination center and consequently reduced the PC activity
[29].

For PEC process, a similar change tendency was
observed. However, it was also found that the COD removal
efficiency for PEC process is considerably higher than that
of PC process. For example, in the absence of Pt, the COD
removal efficiency of PEC process is 24.0% while that of
PC process is only 15.9%. For TiO2 film with a Pt content
of 1.7%, the COD removal efficiency of the PEC process
is 73.4% while that of PC process is 60.4%, higher than
the sum the COD removal efficiency for individual PC
process (60.4%) and electrochemical process (11%). The
observations denote that there is a significant synergistic
effect existing in the PEC process.

In addition, the difference between PEC and PC processes
on Pt-TiO2 films with a Pt content of 1.7% is 13%, higher
than that for neat TiO2 film (8%), indicating that the
enhancement effect of the external electric field in the
presence of Pt is more obvious than in the absence of Pt.
The more obvious enhancement effect can be explained by
the fact that the Pt can not only trap the photogenerated
electrons but also assist the external electric field to migrate
them from the TiO2 film to counter electrode in another
compartment of the cell by improving electric conductivity
of TiO2 film as well as decrease the recombination. For either
PEC or PC process, the Pt-TiO2 films with Pt content of 1.7%
possess a relative good performance of COD removal, all the
rest of our experiments was conducted using the Pt-TiO2

films with Pt content of 1.7%.

3.4. Comparison of Rate Constants for PC or PEC Processes.
The UV spectra of formic acid in the PEC process at
various reaction intervals are presented in Figure 8. It can
be observed from the figure that formic acid decreased
dramatically. And the COD removal efficiencies, at any tested
time, are much higher than that for either PC process on Pt-
TiO2 film or PEC process on TiO2 film as shown in Figure 9.
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Figure 9: Dependence of COD removal efficiency on treatment
time for various processes.
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It is also well recognized that PC degradation of organic
pollutants accords with the first-order kinetics [30–32]. In
this work, the first-order kinetics were also confirmed not
only in the PC but also in the PEC process by the linear
transforms ln(CODt/COD0) = −kt of Figure 9 as shown in
Figure 10. The kinetic regression equations and parameters
were listed in Table 1; the rates for the PC oxidation or
the PEC oxidation on Pt-TiO2 film electrode are more
than 4 times or 5.4 times of the PC oxidation on TiO2

film, respectively. The observation further confirms that
the combination of Pt deposition and the application of
external electric field had a beneficial effect on enhancing the
efficiency of the PC oxidation of formic acid.

4. Conclusion

The feasibility of improving the PC activity of TiO2 film
towards the oxidation of organic pollutant by combining
the modification of Pt nanoparticles with the application
of anodic bias was investigated. In this experiment Pt-TiO2

films were used as photoanodes in a two-compartment
photoelectrochemical cell to investigate its photoelectro-
chemical performance and the PEC activity towards the
oxidation of formic acid. The experimental results showed
that the deposited Pt has an apparent enhancement effect
with respect to suppressing the recombination between
the photogenerated charge carriers and enhancing the PC
oxidation of formic acid, and the PC and PEC activities
of Pt-TiO2 film towards the oxidation of formic acid were
considerably dependent on the amount of deposited Pt.
Compared with a TiO2 film, the degradation efficiency of
formic acid on the Pt-TiO2 films increased markedly in both
the PC and PEC oxidation processes.
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The Fenton and photo-Fenton detoxification of non-biodegradable chemical pollution in water was investigated under simulated
UV light in the laboratory and under direct sunlight in Ouagadougou, Burkina Faso. The laboratory experiments enable one to
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hydroxy-Pryridine (CHYPR). The application of the photo-Fenton process on effluent containing the CHYPR showed not to
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The application of the photochemical process on a field pilot solar photoreactor for the detoxification of water polluted with a
pesticide made with Endosulfan showed very promising results, with potential biodegradable effluents obtained at the end of the
photochemical treatment. Optimal conditions of the applied study were found at pH = 3. [H2O2] = 8 mM and [Fe2+] = 0.18 mM
for an initial concentration of 0.36 mM of Endosulfan.
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1. Introduction

An estimation of the global world water pollution reveals that
60%–70% of the total pollution is due to the agricultural
activities, 25% to 30% by industries, and the remaining 5%
to 10% due to the domestic uses [1]. The report showed
that, in the most optimistic cases, the water pollution from
agricultural origin is mostly consisted of the residues of
pesticide and contributes to at least 50% on the deterio-
ration of the quality of natural waters (surface and subsoil
waters). This is closely followed by the pollution of chemical
industrial origin. In fact, more than 1000 new substances

are marketed each year in the world whereas up to now
the toxicological information on only 1000 to 2000 of these
products is accessible [2].

Most of these substances are xenobiotic (c.a. foreign to
life), and very often they are synthetic products. Indeed,
xenobiotic substances are in general not easily biodegradable,
and they cross the biological water treatment systems
without being completely degraded or even sometimes not
degraded at all.

Some of these substances such as the pesticides are rec-
ognized as cause of carcinogenic, mutagen effects, or of hor-
monal disruptions to the fauna, wild life, and human beings.
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To face these problems, waste treatment techniques
such as incineration, wet oxidation, and activated carbon
adsorption are often used. Unfortunately, these techniques
are very expensive, and the environmental virtues of some of
them are discussed.

However, biological processes remain the most economi-
cal and environmentally compatible alternative for wastew-
ater treatment. Thus, it would be important to confirm
the biorecalcitrancy of a wastewater before the application
of a photocatalytic treatment. Moreover, biorecalcitrant
wastewater could only be photocatalytically treated up to
the point where its biodegradability is enough to let the
phototreated water follows a biological treatment. Two case
studies are reported in this paper to illustrate the strategy of
enhancing the biodegradability of biorecalcitrant wastewa-
ters throughout a photocatalytic process. These studies are
representative of two problem solving approaches: one in an
industrial developed country (Switzerland) and the other in
a tropical developing country (Burkina Faso).

1.1. The Laboratory Solving Problem Approach in Switzerland

versus the Field Applied Approach in Burkina Faso

1.1.1. Case Study 1: The Chemical Pollution in Wastewater in a
Swiss Manufacture. In June 2004, a Swiss chemical company
started the manufacture of a new significant chemical,
following a three-step process. Three types of effluent of
a specific composition were generated at each step, and
all the three effluents were mixed to other effluents of the
manufacture and treated in an activated sludge wastewater
treatment plant. Before the new production, the yield of the
wastewater treatment plant was efficient, and it could respect
the legal rejection norms. But since the production of the
new chemical has started, the yield has fallen down and the
plant could not any more respect the standards, even when
the hydraulic capacity overshooting of the treatment plant
was still very low. The laboratory study aimed at making a
diagnosis identifying the biorecalcitrant effluent and studied
its degradation using the photoFenton treatment process.

1.1.2. Case Study 2 The Problem of Persistent Organic Pol-
lutants and Obsolete Pesticides in Burkina Faso. In order to
implement the national plan of the Stockholm’s Convention
on the persistent organic pollutants (POPs), the government
of Burkina Faso carried out in 2001 and 2004 two inventories
of stocks of POPs pesticides available on the extent territory
of Burkina Faso. Table 1 reports the results of these invento-
ries.

It was noticed that 90% of these pesticides were formu-
lated with Cypermethrin (67%) and Endosulfan (3%) which
are classified in the categories II and III (from the toxic
to very toxic) by the WHO. The same report revealed that
13 contaminated sites of major importance are available in
Burkina Faso. Since there is neither incinerator in Burkina
Faso nor a specialized hazardous waste treatment plant, the
experimental approach developed at the EPFL, Switzerland,
was tested for the degradation of a pesticide containing
Endosulfan, one of the chemicals which is known to generate
toxic metabolites after a first step biological degradation [4].

2. Experimental

2.1. Materials and Apparatus. At the LBE-EPFL, the photo-
catalytic studies were performed using a 50 mL Pyrex flask
with a cut-off at λ = 290 nm placed into a Hanau Suntest
(Figure 1).

The radiation source was a Xenon lamp where the radiant
flux (80 mW · cm−2) was measured with a power meter
of YSI Corporation. The lamp had a regular distribution
of wavelengths with about 0.5% of the emitted photons at
wavelengths shorter than 300 nm (UV-C range) and about
7% between 300 and 400 nm (UV-B range). The profile of
the photons emitted between 400 and 800 nm (UV-A range)
followed the solar spectrum.

Experiments were done at the light intensity of 560 W ·
m−2, which corresponds to a relative UVA (300–400 nm)
intensity of W ·m−2. All the chemicals (FeSO4, 7H2O), HCl
and H2O2 (30% w/w) were bought from Fluka (Switzerland),
and all were analytical grade (p.a.).

Three types of wastewaters (see Table 1) containing
pyridine compounds were received from DLK Technology
S.A, a Swiss company specialized in the developing specific
technical plants for water and wastewater treatment.

The pilot plant, a SOLARDETOX ACADUS-2003 device
model delivered by Ecosystem SA, Barcelona, Spain, is a
one plate Compound Parabolic Concentrator (CPC) module
(collector useful surface: 2.12 m2, photoreactor active vol-
ume 15.1 L within a total volume of 16.07 L) made of sixteen
borosilicate cylindrical glass tubes. Each tube lies on a CPC
aluminum mirror with one sun of concentration.

The reactor is mounted on a two-position fixed platform
inclinable at 10◦ and 35◦ allowing operating at the approxi-
mate local latitude of Ouagadougou-Burkina Faso (12.2◦ N),
at 10◦ angle position most of the time. A picture and the
technical design of the CPC photoreactor used are shown in
Figure 2.

From the operational point of view, the plant behaves a
plug-flow reactor in the collector zone, connected to a 50 L
polypropylene stirred tank (recirculating tank or buffer tank)
for wastewater preparation: pH adjustments, catalyst, and
oxidant feeding. The ensemble constituted by a plug-flow
reactor in the collector zone plus a tank and a recirculation
system is equivalent to a batch photoreactor.

2.2. Procedures. In the laboratory, a systematic diagnosis
including the characterization of each of the three effluents
received was first made, followed by the photoassisted studies
on the effluent containing chloro-2-pyridin. 2 liters of
the raw effluent were first acidified at pH = 3. For the
photodegradation processing, 50 mL of this preparation was
put into a 60 mL of a Pyrex flask glass, and reactants (iron
and peroxide) were added. The flask glass was placed into the
Suntest photoreactor for a determined time of illumination.
Samplings were made every 10 minutes for TOC, HPLC, and
spectrophotometric analyses, and during the Zahn Wellens
tests sampling were made daily.

The field application took place at the International
Institute of Water and Environmental Engineering (2iE),
Ouagadougou, Burkina Faso (12◦21′ N, 1◦31′ W). It is an
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After the phototreatment

Before the phototreatment

Figure 1: A Hanau Suntest Simulator containing 04 Pyrex flask samples during a laboratory processing at the BE-EPFL, Lausanne,
Switzerland.

Table 1: Results of the surveys of POPs and obsolete pesticides in Burkina Faso (2001 and 2004) [3].

Form
Quantity

2001 2004 Nature of the pesticide in 2004

Contaminated empty containers (—) 1450000 120’000
Cypermethrin Endosulfan

Powder (kg) 26000 3000

Liquid (Liters) 250000 130000 85700 4000

ideal place where solar applied researches can be carried out
with more than 300 days—2500 sunny hours per year (e.g.,
in Alméria, Spain, it is estimated up to 3000 sunny hours per
year) [3].

At the beginning of an experiment, the mixture is
homogenized to achieve a fixed concentration in the system,
by circulating the preparation in a closed loop circuit (Tank-
pump-photoreactor-tank). A desired stock of pesticide solu-
tion was first dissolved in 2 liters of tap water and stirred
for at least 2 hours in the laboratory. Afterward, the solution
was poured into the conditioning tank of the photoreactor
in which 20 liters of tap water were previously added. Three
more liters of tap water were used to rinse the predissolved
Pyrex flask and added to the conditioning tank. The pH of
the solution was adjusted to 3 with HCl, and the catalyst
(FeCl3) was added. The entire system was homogenized by
closing the valves (1) and (3) and circulating the polluted
water in a closed loop circuit for 15 minutes (see Figure 2).

Once the solution is ready, the required amount of
hydrogen peroxide was added, and the feeding valve (1) was
opened according to the water circulation speed needed for
the operation. The water flow was varied by regulating the
valve (1) to: 0.3, 0.4, and 0.5 m · s−1.

The solar ultraviolet radiation was determined during
the experiments through a UVA radiometer ACADUS 85 UV
mounted on the reactor, at the same angle (10◦) as its plate
part. It provides data in terms of incident UVA radiation per

area unit (W ·m−2) and the accumulated energy E(t) on the
2.12 m2 surface of the photoreactor (in Wh). E(t) is linked
to the instantaneous irradiance flux (UV), the reactor total
active area (A), the water volume (V), and the experiment
duration (t) by the following relation:

E(t) = E(t0) + Δt ×UV × A

V
. (1)

2.3. Analytical Methods. At the LBE, HPLC analyses were
carried out in a Varian 9065 unit provided with a Varian
9012 solvent delivery system, an automatic injector 9100
and a Varian Pro Star Variable (200–400 nm) diode array
detector: 9065 Polychromic. All modules were piloted with a
computer on which the Varian Star 5.3 software is installed
for liquid chromatography data delivery. A reverse phase
spherisorb silica column ODS-2 and a (70/30) (v/v) mixture
of acetonitrile/water mobile phase were used to run the
chromatography in isocratic mode at a flow rate of 1 mL ·
min−1. This technique allows the measuring of the main
pollutant concentration in the solution and to follow the
overall formation and decay of the aromatic and aliphatic by-
products during the process.

A Hitachi UV-vis U-3010 and a Biomate 3 model
spectrophotometers were used, respectively, at the LBE
and at the 2iE, with a 1.0 cm quartz cell. The Hitachi
UV-vis U-3010 spectrophotometer allowed generating the
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Figure 2: A Picture and the technical design of the CPC photoreactor.

Table 2: Synthesis of the characteristics of the three effluents.

Type of effluent Main pollutant Molecular structure pH TOC (g · L−1)

WW1 CTFEP

N

O

Cl

CF3

2-Chloro-3-(2,2,2-trifluorethoxy)-pyridin 8.3 45

WW2 LQV Confidential 6 43.5

WW3 CHPYR

N

OH

Cl

2-Chloro-3-hydroxypyridin 5.8 6.5
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Figure 3: Percentage of biodegradation respectively 07 ( ) and 14
days ( ).

characteristic spectra of phototreated samples in the wave-
length range of 200–600 nm, so that all the chemicals
and/or complexes in the solutions can be signalled at their
maximum absorption wavelength. Once we identified the
specific absorption wavelengths through the spectra, we
chose these particular wavelengths for the analyses on the
multiwavelengths Biomate 3 spectrophotometer during the
field’s application at the 2iE at Ouagadougou, Burkina Faso.

The biological Zahn Wellens tests were carried out on
the phototreated samples after 60% degradation of the TOC,
following the OCDE standard method [5].

The Chemical Oxygen Demand (COD) analyses were
carried out via a Hach-2000 spectrophotometer using the
dichromate solution as the oxidant in a strong acid medium.
2 mL of the samples were put into the low range kits (0–
150 mg · L−1) and digested at 150◦C for two hours. Once
the digested samples were cooled, their optical density was
determined at λ = 430 nm, in comparison to a blank,
prepared with 2 mL of distilled water. The Biological Oxygen
Demand for five days (BOD5) was measured by means of
an Hg-free WTW 2000 Oxytop unit thermostated at 20◦C
according to the standard method.

3. Results

3.1. A Systematic Study of the Photocatalytic

Removal of the Chemical Pollution of

the Industrial Wastewater in Switzerland

3.1.1. Diagnosis: Physicochemical and Biological Characteriza-
tion of Different Types of Effluents Resulting from the Processing
of LQV. Table 2 presents the characteristics of three effluents
(WWi) from the production of the LQV (its molecular
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Figure 4: HPLC chromatograms of the CHPYR effluent before and after the Fenton (a) and the photoFenton (b) processes.

formula is confidential), and Figure 3 shows the results of the
Zahn wellens tests carried out on the three effluents.

From these results, one can conclude the following.

(i) The wastewater mainly containing CTFEP is easily
biodegradable and that with LQV is biodegradable
after a certain periodfor bacteria adaptation.

(ii) The wastewater mainly containing CHPYR is biore-
calcitrant. No change in the degradation rate was
observed at the 7th, 14th, and up to the 28th day.
The Fenton and photoFenton processes were applied
to WW3, and the experimental conditions were opti-
mized for the catalyst (Fe2+) and the electronacceptor
(H2O2).

3.1.2. Fenton and PhotoFenton Treatment of the CHPYR
Polluted Wastewater. Figure 4 shows the chromatograms of
the CHPYR effluent carried out at the beginning and after
24 hours of Fenton treatment on 50% diluted effluent on the
one hand compared to the photoFenton treatment on the
same effluent for 1 h30. The UV spectra of three significant
peaks are observed on the raw effluent (nontreated). The two
most important peaks of the chromatograms completely dis-
appeared in case of the photoFenton treatment, and the one

at 275.2 nm is 90% degraded; all the other peaks regressed
relatively for 50% in case of the Fenton process after 24 hours.

3.1.3. Optimization of the H2O2 and Fe2+ Concentrations.
Figure 5 shows that the optimal conditions for the photoFen-
ton treatment of the CHPYR effluent are obtained in 2
hours with an initial concentration of the solution of TOC
= 2200 mg · L−1 , Fe2+ = 5.2 mM, H2O2 = 768 mM.
Under these conditions, 60% of the organic pollutants
(main pollutants and their degradation intermediates) are
mineralized when the CHPYR is completely exhausted in the
solution within the two hours of photoFenton treatment.

3.1.4. Biodegradability of the PhotoTreated Effluent. Figure 6
shows the results of the OECD’s Zahn Wellens test carried
out on the phototreated CHPYR affluent under the optimal
photoFenton degradation conditions (Fe2+ = 5.2 mM;
H2O2 = 768 mM; pH = 2.8), with a decrease of 60% of
total organic carbon. This shows that, relatively less than
15% to 18% of biological degradation is reached at the
end of the first weeks followed by a fold down to 12%
and stagnation until the 28th day. It is assumed that the
photogenerated intermediates of degradation of the CHPYR
are also biorecalcitrant or toxic. Hence a total mineralization
following the Fenton or photoFenton process is necessary.
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Wellens process carried out on the CHPYR phototreated effluent.
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Figure 7: Evolution of biochemical parameter of the Endosulfan
polluted water during the helio-photoFenton treatment, (�) for the
COD, (�) for BOD5, and (•) for the BOD5/COD ratio.

3.2. Application of the Helio-PhotoFenton Process for the
Degradation Wastewater Polluted with Endosulfan. The mon-
itoring of the biodegradability of the solar-treated effluent
was conducted on 30 minutes sampled effluents. The results
in Figure 7 show that the BOD5 increases during the first 30
minutes of the treatment and decreases during the next hour;
after that it remains constant. At the same time, the COD
is continuously decreasing during one and half hour after
which it remains constant. As a consequence of the evolution
of these two parameters, the intrinsic biodegradability
defined as the ratio BOD5/COD is continuously increasing
up to 50% where it became constant when the energetic
treatment factor of the process is 15 × 103 J · L−1.

4. Discussions

4.1. Study of the Management of the Chemical Industry
Effluents. Figure 4 confirmed the presence of biorecalci-
trant pollutant (CHPYR) with maximum UV absorption
at 309 nm. The studies carried out on the three types of
effluents also showed that the effluents mainly containing
LQV and of the CTFEP were biodegradable and only that of
CHPYR was biorecalcitrant. However, the CHPYR effluent
can be degraded through the Fenton and photoFenton
processes, within the optimal conditions: [Fe2+] = 5.2 mM;
[H2O2] = 768 mM for effluent concentrated at 2.2 g · L−1

of CHPYR. However, the Fenton process was not timely
efficient.

The Zahn Wellens tests carried out on the phototreated
effluent up to 60% TOC reduction did not show any signif-
icant biodegradability meaning that the remaining carbonic
components in the treated effluent still were biorecalcitrant.
It would be preferable to phototreat the effluent totally (i.e.,
up to more than 90% mineralization).

For a better management of the effluents resulting from
that manufacture, the following diagram in Figure 8 would
be recommendable.

4.2. The Scaling up Approach from Laboratory Studies to the
Field Application. Studies in the laboratory and within very
high-tech experimental device potential, made it possible to
highlight the applicability of the Fenton and photoFenton
processes for the detoxification of non biodegradable pollu-
tion in water. However, since the aim of this research is to
undertake this process for solving real problems, its scaling
up applicability (on more significant volumes) still to be
evaluated, particularly when operating using the sunlight
and not the lamps which of course, are cost expensive.
The example of the artificial contamination of water by
Endosulfan in Burkina Faso approaches more the reality
since cases of contamination of water of the ground water
by the pesticides had been reported in Burkina [6].

It’s possible that, by submitting the commercial pesticide
which composed of the active component: the endosulfan
(water solubility (0.325 mg · L−1) and other additives such
as emulsifiers and adhering agents (which stabilizes the
product on the plant once it is pulverized) to the Fenton
and photoFenton processes, some of these additives would
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Figure 8: A proposed scheme of a diagram for the management of the studied effluents.

0

0.2

0.4

0.6

0.8

1

1.2

N
or

m
al

is
ed

(A
/A

0
)

ab
so

rb
an

ce
at

21
8

n
m

0 2 4 6 8 10 12
103×Energy (J·L−1)

0
20
40
60
80

100

D
ec

re
as

e
ab

so
rb

an
ce

at
21

8
n

m
(%

)

0 4 8 12 16 20

H2O2 (mM)

Figure 9: Relative absorbance of the phototreated Endosulfan
contaminated water as a function of the specific energy. The H2O2

is varied from: (•) 8 mM, (�) 12 mM to (�) 16 mM. The insert
is percentage of relative degradation of the Endosulfan (monitored
at 218 nm) when 6 × 103 J · L−1 energy is accumulated in the
photoreactor for the three H2O2 values tested.

be destroyed by photolysis and/or oxidation with oxygen
from air [7]. The decrease of 40% of the absorbance at
218 nm as observed in Figure 9, does not inevitably mean
that the Endosulfan is degraded, since it was shown that
the molecule of Endosulfan is stable when exposed to solar
radiation and the tests of stabilization for the commercial
formulation of pesticides, taking into account the sunlight
exposition aspects [8]. The effect of photolysis and aeration
on the Endosulfan solution could be put into account of the
degradation of the additives (emulsifiers and adherents).

Since the photocatalytic treatment is not considered
as a cost effective process when compared to biological
treatment [9–12], when taken into account the cost of
hydrogen peroxide on the one hand, the technical choice of
a treatment, total photochemical mineralization or coupling
photochemical-biological processes, on the other hand,
it is necessary to make a compromise over the optimal
concentration of H2O2 and the duration of the treatment, by

considering the biodegradability of the phototreated effluent.
In the case of this study, the choice was made on the lowest
concentration of the peroxide (8 mM) with 0.18 Fe2+ mM
for an initial concentration of 0.36 mM of Endosulfan,
conditions within which, is that 50% of the biodegradability
of the phototreated effluent is reached after1 h30.

Assuming the relatively high value of the BOD5/COD
ratio noticed in Figure 7, one can conclude that the
phototreated pesticide effluent containing Endosulfan can
become biodegradable in the natural environment. However,
it would be necessary to send such effluents into a biological
wastewater treatment plant before they could be reused
for any purpose or be rejected in the natural media
(river, dam, or lake) following the scheme proposed in
Figure 8.Otherwise, more studies need to be carried out,
that is, by coupling photochemical and a biological process
to oversee the complete degradation of endosulfan polluted
water.

5. Conclusion

The difficulty and the complexity of treating real biorecalci-
trant wastewaters were observed within the two studied cases.
The increase of the biodegradability was observed after the
photoFenton treatment of the effluent contaminated with
Endosulfan but not with the CHPYR effluent. Thus, a total
mineralization process is recommendable in the second case
and rather an improvement of the biodegradability of the
Endosulfan effluent.

The study on the pesticide effluent enables one to
notice that the photolysis could lower by 30% the COD of
the effluent (Figure 9) by contrast to the absence of COD
decrease for a simple aeration.

In the two case studies, the helio-photoFenton process is
effective proportionally to the amount of hydrogen peroxide
added; but for economic reasons, a compromise should be
made between the highest kinetics of the treatment process of
the Endosulfan effluent and the overall objective (or strategy)
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of the treatment, namely, the coupling of photochemical and
biological processes which is a cost minimization option in
the treatment strategies of biorecalcitrant wastewaters.

Is the high DBO5/DCO ratio in the case of the pho-
todegradation of Endosulfan effluent necessarily a good
indicator to confirm the biotreatability of the phototreated
effluent? Such a request could be looked out through very
concise chemical analyses of the components of the effluents.

Eventually, this study shows a soft approach of transfer-
ring a laboratory high-tech context study to a field applied
context within a North-South cooperation.
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The presented studies have focused on a photocatalytic generation of useful hydrocarbons, mainly methane and ethane, from
acetic acid under N2 atmosphere. CuO-loaded rutile, as well as unmodified rutile and anatase-phase TiO2 photocatalysts were
applied in the experiments. The efficiency of the catalysts towards methane generation changed in the following order: Cu-TiO2

(10% Cu) > crude TiO2 ≈ Cu-TiO2 (20% Cu) > Cu-TiO2 (5% Cu) > rutile. The amount of CH4 produced in the presence of
the catalyst containing 10 wt% of Cu was higher for ca. 33% than in case of pure rutile. The concentration of ethane was 14–16
times lower than the amount of methane, regardless of the catalyst used. Low concentrations of hydrogen were also detected in
the gaseous mixtures. After 5 hours of the process conducted with the catalyst containing 5–20 wt% of Cu the concentration of
hydrogen amounted to 0.06–0.14 vol.%, respectively.
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1. Introduction

Energy has progressively become a major global concern due
to the depletion of natural resources and the global warming
problem. Moreover, although the oil prices, compared to
the prices in summer last year, have recently decreased due
to the global recession, it is impossible to predict what oil
prices will be next year. In view of this, the development
of renewable energy sources is very important. Among
numerous alternative energy sources, bioenergy, especially
biogas, seems to be the most environmentally friendly and
economically viable one. Moreover, except from being the
source of energy, the biogas could be an effective solution to
the wastes and wastewaters problem.

Biogas typically refers to a mixture of gases, mainly
methane and carbon dioxide, produced by the anaerobic
digestion or fermentation of organic matter under anaerobic
conditions. Other compounds present in the biogas could
be N2, H2, H2S, O2, CO, H2O, and NH3. The composition
of biogas varies depending on the origin of wastes used
in the anaerobic digestion process as well as the process
conditions.

The traditional production of biogas based on anaerobic
digestion technology requires the presence of particular
kinds of bacteria. The methanogenic bacteria are highly
sensitive to the O2 concentration in the system and their
activities depend on the concentrations of fatty and acetic
acids, and the pH value [1]. In addition, bacteria are
not able to treat substances which are biorecalcitrant (e.g.,
herbicides) or bactericide. This reduces the number of
possible sources for biogas generation to those which do not
contain substances dangerous to the bacteria [2].

In view of this, it seems to be beneficial to find
another solution for conversion of wastewaters into useful
energy (biogas). In our opinion, such a solution could
be development of biogas production via photocatalytic
decomposition of organic compounds. Photocatalysis is not
specific (or almost not) for particular substrates what means
that could be applied for any type of wastewaters, regardless
of its toxicity. Therefore, different biogas sources could be
utilized for photocatalytic generation of biogas, or “photo-
biogas”.

Most of the already published papers [3–11] on photo-
catalytic production of methane concern reduction of CO2
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under UV light in the presence of pure or modified TiO2.
The reactions were carried out either in liquid or in gaseous
phase. The efficient photoreduction of carbon dioxide in
aqueous medium was found to be difficult since the solubility
of carbon dioxide is rather low (ca. 0.03 mol/dm3 at ambient
conditions) [11]. Therefore, attempts to conduct the process
in gaseous phase were made [12–14]. Generation of methane
from CO2 is often proposed as a method of solving the global
warming problem. Another very important environmental
problem is treatment of wastewaters. As was mentioned
earlier, the photocatalytic production of methane from
sewage is supposed to be helpful in solving this problem.

Literature data concerning photocatalytic generation of
methane from organic compounds in liquid phase are very
limited. All of them concern production of CH4 from
aliphatic acids [15–18] and alcohols [19]. In 1970’s Kraeutler
and Bard [15–17] published a series of papers concerning
photocatalytic decarboxylation of acetic acid in the presence
of Pt/TiO2 catalyst. The main products of the reaction
were methane and carbon dioxide. Similarly, Sakata et al.
[18] observed formation of methane and ethane during
photodecomposition of acetic and propionic acids in the
presence of TiO2 and Pt/TiO2.

One of the crucial points in the photocatalytic generation
of methane from organic compounds is development of
an effective photocatalyst. Most of literature data on the
photocatalytic production of methane in aqueous phase
show application of TiO2 or Pt/TiO2 photocatalysts [15–
18]. In the presented studies we have focused on preparation
of CuO-modified rutile photocatalysts and their application
in photocatalytic generation of methane in N2 atmosphere.
CuO was selected on a basis of literature data [3, 20–23].
For example, Slamet et al. [3] found that CuO was very
effective modifying agent in photoreduction of CO2. The
authors investigated the effect of modification of TiO2 with
CuO, Cu2O and Cu and found that CuO was the most
active modifier compared to the other species. Sreethawong
and Yoshikawa [23] reported that CuO/TiO2 photocatalysts
exhibited significant activity in photocatalytic hydrogen
evolution. Taking into consideration these data, CuO was
selected as a modifying agent in the presented experiments.
Acetic acid was used as a source of the “photobiogas”.
Application of acetic acid as a model compound seems
to be reasonable since amongst the final by-products of
photocatalytic degradation of most organic compounds in
water different aliphatic acids, including CH3COOH, are
present.

2. Experimental

The catalysts used in this study were prepared from crude
TiO2 obtained directly from the Chemical Factory “Police”
(Poland). The crude TiO2 was modified with CuCl2 · 2H2O
as follows. A defined amount of TiO2 was introduced into a
beaker containing aqueous solution of modifying agent and
stirred for 22 hours. After that water was evaporated and the
samples were dried at 105◦C for 24 hours in an oven. Such
prepared samples were calcinated at 700◦C in Ar atmosphere
(5 dm3/h) for 1 hour. The amount of Cu introduced to the

samples was 5, 10 or 20 wt%. In order to compare the results,
a sample containing rutile phase without CuO was prepared
by annealing of crude TiO2 at 800◦C for 1 hour in air. At
the temperature of 700◦C, which was applied for preparation
of CuO/rutile catalysts, the anatase phase, not rutile, was
obtained. Therefore, the temperature of 800◦C was selected
for preparation of pure rutile without CuO.

X-ray diffraction (XRD) analyses were performed on a
powder diffractometer Philips X’Pert PRO (CuKα, 35 kV,
30 mA). UV-VIS/DR spectra were recorded using Jasco V 530
spectrometer (Japan) equipped with the integrating sphere
accessory for diffuse reflectance spectra. BaSO4 was used as a
reference.

The photocatalytic reaction was conducted in a cylin-
drical glass reactor containing 0.35 dm3 of CH3COOH
(1 mol/dm3) and 0.35 g of a catalyst. At the beginning
of the experiment N2 was bubbled through the reactor
for at least 3 hours to ensure that the dissolved oxygen
was eliminated. Then, the UV lamp (λmax = 365 nm),
positioned in the center of the reactor, was turned on to
start the photoreaction. Gaseous products were analyzed
using GC SRI 8610C equipped with TCD and HID detectors,
and Shincarbon (carbon molecular sieve; 4 m, 1 mm, 10–
120 mesh) and molecular sieve 5A (2 m, 2 mm, 80–100 mesh)
columns. Helium was used as a carrier gas.

3. Results and Discussion

Figure 1 presents XRD patterns of crude TiO2 and pho-
tocatalysts modified with CuO. It can be observed that
crude TiO2 contained almost pure (97%) anatase phase.
The diffraction lines were weak and broad suggesting poor
crystallinity of the sample. The crystallite size of anatase in
the crude TiO2 was 9 nm. The catalysts containing 5 and
10 wt% Cu were composed of rutile and CuO only. In case of
the sample containing 20 wt% of Cu, except from rutile and
CuO phases, CuCl was also identified. The presence of CuCl
suggests that the amount of CuCl2 used was too high and
the transformation of CuCl2 to CuO was not complete under
the conditions applied. Some amount of copper (II) was
reduced to copper (I) forming CuCl. The sample prepared by
calcination of crude TiO2 at 800◦C and denoted later as rutile
consisted of 97% of rutile and 3% of anatase [24]. As was
mentioned earlier (see Section 2), the temperature of 800◦C
was selected because application of calcination temperature
of 700◦C resulted not in rutile, but anatase phase. These
data clearly show that the presence of CuO strongly affects
the temperature of phase transformation from anatase to
rutile. Such a phenomenon was already reported in literature
[25]. Francisco and Mastelaro [25] explained it by catalyzing
properties of copper oxide. CuO probably catalyzes the mass
transport to the nucleation region of rutile phase, promoting
rutile nuclei growth, thus favoring the phase transition. CuO
is responsible for a higher number of defects inside the
anatase phase, in such a way that formation and growth of
a higher number of rutile nuclei into TiO2 anatase take place
faster. The mechanism responsible for such a modification is
an excess of oxygen vacancies that accelerates the transition
and the crystallite growth [25].
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Figure 1: XRD patterns of crude TiO2 and Cu-modified photocat-
alysts: (a) crude TiO2; (b) photocatalyst containing 10 wt% Cu; (c)
photocatalyst containing 20 wt% Cu. •-rutile; Δ-anatase; �-CuO;
�-CuCl.

The crystallite size of rutile calculated on a basis of the
Scherrer equation was similar for pure rutile and CuO/rutile
catalysts and ranged from 300 to 320 nm, respectively.
However, since 100 nm is generally considered the upper
limit for XRD crystal size measurements, these data cannot
be interpreted as accurate dimensions of the rutile crystals.
The only conclusion could be that crystallite sizes of rutile
in all of the samples (i.e., pure rutile and CuO/TiO2) were
similar. This might lead to the conclusion that the crystallite
size of rutile, being almost the same for all the samples,
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Figure 2: UV/Vis-DR spectra of crude TiO2, rutile and Cu-rutile
photocatalysts.

should not affect the photocatalytic behavior of the CuO-
modified rutile.

Figure 2 shows UV-Vis/DR spectra of crude TiO2, rutile
and Cu-modified catalysts. It can be observed that all the
spectra of CuO-rutile photocatalysts exhibit a similar course
and are red shifted for over 30 nm relative to crude TiO2,
what indicates a decrease of the band gap energy. This
decrease was associated with phase transformation from
anatase to rutile. A similar red shift relative to crude TiO2

can be observed in case of pure rutile. To determine the
band gap energy (Eg) of the samples, the Kubelka-Munk
method was used. The Eg values were calculated from the

(F(R)hν)1/2 versus hν plots, where F(R) = (1 − R)/2R
[26]. The absorption edge for crude TiO2 was found to be
378 nm, which value corresponded to the band gap energy
of Eg = 3.28 eV. The absorption edges determined for
pure rutile and CuO-rutile samples were 412 and 414 nm,
what corresponded to Eg of 3.01 and 2.99 eV, respectively.
From Figure 2 it can be also found that CuO-rutile catalysts
absorbed more visible light than pure TiO2. The increased
absorption in the Vis region was due to grey color of the
CuO-modified photocatalysts.

The TiO2 and Cu-TiO2 photocatalysts were applied
for the photocatalytic decomposition of acetic acid under
N2 atmosphere. The reaction was conducted for 5 hours.
Figure 3 presents changes of concentration of methane in
gaseous mixtures versus time of irradiation.

For the initial 2 hours of the process, no significant
difference in the amount of methane generated on different
catalysts was observed. The concentration of CH4 was in
the range of 0.24–0.28 vol.% what corresponded to 0.12–
0.14 mmolCH4/molCH3COOH. However, with increasing
time of irradiation the differences between the amounts
of methane formed with application of different cata-
lysts were becoming more significant. After 5 hours of
irradiation the pure rutile was found to be the least
efficient catalyst. The amount of methane formed in the
presence of rutile was ca. 0.6 vol.%, what corresponded
to 0.29 mmolCH4/molCH3COOH. The highest amount
of methane was generated in case of the catalyst con-
taining 10 wt% of Cu. After 5 hours of irradiation the
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concentration of CH4 in gaseous mixture was 0.88 vol.%
(0.43 mmolCH4/molCH3COOH). On the basis of the results
presented in Figure 3, the efficiency of the catalysts toward
methane generation can be put in the following order: Cu-
TiO2 (10% Cu) > crude TiO2 ≈ Cu-TiO2 (20% Cu) > Cu-
TiO2 (5% Cu) > rutile. It should be noticed here that all
the rutile catalysts containing CuO were more active than
pure rutile. The amount of methane generated on Cu-rutile
photocatalyst was higher than that obtained in case of pure
rutile for ca. 16, 33 and 24%, for catalysts containing 5–
20 wt% of Cu, respectively.

Taking into consideration the above results, the catalyst
containing 10 wt% of Cu was further applied in a long term
process. Irradiation was conducted for 28 hours. It was found
that the amount of methane generated was continuously
increasing with increasing time of irradiation. After 5 hours
of the process the concentration of methane in gas amounted
to 0.88 vol.%, whereas after 28 hours the amount of methane
increased up to 3.66 vol.%.

Another gaseous products which were identified in the
reaction mixture were carbon dioxide and ethane. Figure 4

shows a comparison of the amount of these compounds
generated after 5 hours of irradiation. From the obtained
data it was found that the main products of acetic acid
decomposition were methane and carbon dioxide. The
lowest concentrations of CH4 and CO2 in the gaseous
mixture were obtained in case of pure rutile, whereas the
highest—in case of rutile containing 10 wt% of Cu. The ratio
of CH4/CO2 formation was found to be in the range of
0.94–0.98 in case of CuO-modified TiO2, ca. 1.1 in case of
crude TiO2 and about 1.2 for rutile. These data clearly show
that for pure TiO2 the amount of methane was higher than
the amount of CO2. On the contrary in case of the CuO-
rutile catalysts the concentration of CO2 was higher than
concentration of CH4. In Figure 4 it can be also observed
that the amount of ethane was significantly lower than the
amount of methane and carbon dioxide, regardless of the
catalyst used. The lowest concentration of ethane after 5
hours of irradiation was observed for rutile (0.043 vol.%) and
the highest for CuO/rutile catalyst containing 10 wt% of Cu
(0.062 vol.%). The ratio of CH4/C2H6 was found to be about
14–16.

Taking into consideration that the main gaseous products
identified were methane and carbon dioxide and that the
CH4/CO2 ratio was about 1, it might be concluded that
the photodecomposition of acetic acid followed the so-called
“photo-Kolbe” reaction pathway [15–17]:

CH3COOH −→ CH4 + CO2. (1)

Reaction (1) represents the photocatalytic decarboxylation
of acetic acid under anaerobic conditions. The reaction is
initiated by photogenerated holes and can be also written as
follows [27]:

CH3COOH + h+ −→ CH3
• + CO2 + H+, (2)

H+ + e− −→ H•, (3)

CH3
• + H• −→ CH4. (4)

The reaction of the formation of ethane from acetic acid can
be presented as follows [18]:

2CH3COOH −→ C2H6 + 2CO2 + H2, (5)

or, taking into consideration the recombination of methyl
radicals [27]:

CH3
• + CH3

• −→ C2H6. (6)

Reactions (5) and (6) in the discussed system are minor
ones, what can be concluded on a basis of the obtained
data (Figure 4) showing that the amount of ethane was
significantly lower than that of methane.

From Figure 4 it can be also found that amongst the
gaseous products of the reaction hydrogen was present.
Changes of H2 concentration in time of the experiment are
presented in Figure 5. It can be observed that in case of
crude TiO2 and pure rutile the amount of hydrogen was
significantly lower than of the Cu-modified photocatalysts.
In case of the catalysts containing CuO the H2 concentration
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was increasing with increasing Cu loading. After 5 hours of
irradiation about 0.06–0.14 vol.% of H2 was obtained for
photocatalysts containing 5–20 wt% of Cu, respectively.

The photocatalytic evolution of hydrogen in the presence
of sacrificial agents has been already described in the
literature [18, 20–22, 26–34]. In general, when the reducing
agent, or hole scavenger, such as alcohol [20, 23, 26–29],
organic acid [18, 30, 31] or sulfide ion [32, 33], is present
in the solution, the photogenerated holes react with the
reducing agent. As a result the photocatalyst is enriched with
electrons and H2 evolution reaction is enhanced [34]:

2H+ + 2e− −→ H2. (7)

According to Kudo and Miseki [34] the hydrogen
evolution in the presence of sacrificial agent does not mean
the “water splitting”. Water splitting means to split water into
H2 and O2 in a stoichiometric amount in the absence of
sacrificial reagents [34].

The photocatalytic hydrogen evolution can be enhanced
by modification of TiO2. Literature data [20–23] show that
CuO/TiO2 photocatalysts are very effective in H2 generation.
The TiO2 acts as the primary catalyst and CuO acts as a
cocatalyst, helping charge separation [20]. After absorption
of a photon (hν) with sufficient energy, that is, equal or
higher than the band gap energy (Eg) of TiO2, the electrons
and holes are generated. The hole scavenger consumes
holes in the valence band rapidly leaving electrons in the
conduction band of TiO2. The conduction band (CB) of
CuO is positioned below the CB of TiO2 which allows
transfer of electrons from the CB of TiO2 to the CB of
CuO. These results in a more negative CB potential of CuO
and, as a result, enhanced hydrogen evolution. The yield
of H2 evolution greatly relies on the competition between
the trapping of the excited electrons by cocatalyst active
sites followed by reduction reaction and the electron-hole
recombination [23]. As was mentioned earlier, the amount
of hydrogen in case of the Cu-modified photocatalysts was
significantly higher than in case of pure TiO2. This might

lead to a conclusion that the limited hydrogen evolution
in case of crude TiO2 and rutile resulted from rapid
recombination of holes and electrons, since the separation
of electron-hole pairs in case of pure TiO2 is not as efficient
as in the presence of CuO.

The source of hydrogen in case of the photocatalytic
reactions conducted in the presence of sacrificial agents is
still under debate. Bandara et al. [20] have argued that H2

is produced from water. They have drawn such a conclusion
on a basis of the experiment performed with application of
absolute methanol. During this process no H2 evolution was
observed. On the other hand, Sakata et al. [18] proposed
that H2 formation is due to photocatalytic decomposition of
acetic acid:

CH3COOH + h+ −→ •CH3 + CO2 + H+, (8)

•CH3 + •OH −→ CH3OH, (9)

or

CH3COOH + 2•OH −→ HOCH2COOH + H2O. (10)

In the next step, CH3OH and HOCH2COOH are decom-
posed into carbon dioxide and hydrogen:

CH3OH + H2O −→ CO2 + 3H2, (11)

HOCH2COOH + H2O −→ 2CO2 + 3H2. (12)

The overall reaction summarizing (8)–(12) can be written as
follows:

CH3COOH + 2H2O −→ 2CO2 + 4H2. (13)

The photocatalytic decomposition of methanol was also
presented as follows [29]:

CH3OH −→ HCHO + 3H2, (14)

HCHO + H2O −→ HCO2H + H2, (15)

HCO2H −→ CO2 + H2. (16)

From the mechanism proposed by Sakata et al. [18] it can be
found that H2 is produced from methanol and glycolic acid,
which are formed from acetic acid ( (9) and (10)). These two
reactions are possible when hydroxyl radicals are present in
the solution. However, in the low pH region the amount of
OH• radicals formed is not high due to low concentration
of OH−. Therefore, the amount of methanol and glycolic
acid which might be produced in the reactions (9) and (10)
should be rather low. This leads to a conclusion that in the
low pH region the reaction (13) is of minor importance [18].
In view of this, it is more probable that the hydrogen ions
come mainly from decomposition of acetic acid presented
by (8), rather than from decomposition of methanol or
glycolic acid (reactions (11) and (12)). Water could be also
involved in H2 generation through the reaction (7), however,
according to Jang et al. [33] its effect should be insignificant
due to the low concentration of protons in neutral water.
Summing up, the photocatalytic evolution of H2 in the
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presence of acetic acid as a sacrificial agent was probably
mainly due to reduction of protons (H+) generated during
decomposition of CH3COOH (8) . Moreover, it can be also
supposed that some amount of hydrogen was generated from
by-products of acetic acid decomposition, such as methanol
and glycolic acid, as well as from water molecules. However,
the H2 evolution during the latter two processes compared
to the overall hydrogen evolution is supposed to be of minor
importance.

An evidence for the supposition that the source of
hydrogen is acetic acid, not water, might be also the ratio
of methane to carbon dioxide concentrations (Figure 4). As
was mentioned earlier, in case of crude TiO2 and rutile the
amount of methane was higher than the amount of CO2,
whereas for CuO-TiO2 catalysts the concentration of CH4

was lower than CO2. This might suggest that in case of these
two types of photocatalysts some other reactions, despite
of those described by (1)–(6) took place. One explanation
might be generation of hydrogen from acetic acid. Assuming
that both, methane and at least part of the hydrogen were
produced from acetic acid, the amounts of these compounds
should depend on the efficiency of the reactions of their
formation. Thus, the higher amount of H2, the lower amount
of CH4 should be generated, since H+ would take part in
reaction (7) instead of (1)–(4). In case of pure TiO2 the
amount of H2 was very low and therefore the CH4/CO2 ratio
was above 1. For the CuO-TiO2 catalysts higher amount of
hydrogen was generated, what might be supposed to be a
reason of a decrease of CH4 concentration. Moreover, the
effect of C2H6 and possibly higher hydrocarbons formation
on methane concentration in the reaction mixture should be
also taken into consideration. However, taking into account
that the amount of C2H6 was comparable for all the catalysts
used (0.02–0.03 mmolC2H6/molCH3COOH after 5 hours of
irradiation) the effect of ethane generation on CH4/CO2

ratio seems to be of lower importance. Besides, it might be
also supposed that a certain amount of carbon dioxide was
reduced to CH4, what might be concluded from the fact that
the concentration of CO2 in case of crude TiO2 and rutile
was lower than that of methane. Literature data [3, 8, 9, 35]
show that the reduction of carbon dioxide in the presence
of various types of modified TiO2 is possible. However, in
order to state unequivocally what affects the CH4/CO2 ratio
in the presence of pure TiO2 and CuO/TiO2 catalysts, further
investigations are necessary.

Summing up, from the presented data (Figures 3 and
4) it can be clearly seen that the most active photocatalyst
towards hydrocarbons (i.e., methane and ethane) generation
was Cu-TiO2 containing 10 wt% Cu. Since the crystallite
size of rutile in all of the Cu-modified photocatalysts as
well as in pure rutile could be assumed to be comparable,
it might be supposed that the highest photoactivity of Cu-
TiO2 (10% Cu) was associated with the amount of CuO
present in this sample. The photocatalytic activity of rutile-
type samples increased as follows: pure rutile < Cu-TiO2

(5% Cu) < Cu-TiO2 (10% Cu), what suggests that 5 wt% of
Cu was below the optimum value. Taking into consideration
that in case of the Cu-TiO2 containing 20 wt% Cu the yield
of CH4 formation decreased, one might draw a conclusion

that this sample was overloaded with CuO. This overloading
might have led to a “shading effect” of CuO [3], which
means that particles of copper oxide covered most of active
sites of titania. As a result, the TiO2 surface accessible to
acetic acid molecules decreased and the yield of the “photo-
Kolbe” reaction also decreased. However, the efficiency of
photocatalysts toward hydrogen evolution (Figures 4 and 5)
was as follows: Cu-TiO2 (20% Cu) > Cu-TiO2 (10% Cu) >
Cu-TiO2 (5% Cu) > rutile ≈ crude TiO2. These results show
that the catalyst which was the most effective in methane
production (i.e., containing 10 wt% Cu) was the second one
in case of hydrogen generation. Therefore, the explanation
about “shading effect” of CuO in case of the catalyst
containing 20 wt% Cu seems to be unsatisfactory. In view
of these, more probable explanation is that at higher CuO
content, higher amount of acetic acid molecules took place
in the reaction of H2 formation rather than CH4 generation.
Therefore, since the amount of substrate, that is, CH3COOH,
was always the same, the increased production of hydrogen
should lead to a decreased production of methane, what was
observed in the discussed experiments.

4. Conclusions

It was found that it is possible to generate useful hydrocar-
bons, such as CH4 and C2H6, from acetic acid in the presence
of Cu-modified rutile under UV irradiation. The efficiency of
the catalysts toward methane generation changed in the fol-
lowing order: Cu-TiO2 (10% Cu) > crude TiO2 ≈ Cu-TiO2

(20% Cu) > Cu-TiO2 (5% Cu) > rutile. The amount of CH4

produced in the presence of the catalyst containing 10 wt%
of Cu was higher for ca. 7% than in case of crude anatase-
phase TiO2 and for ca. 33% than in case of pure rutile.
The concentration of ethane was 14–16 times lower than the
amount of methane. The lowest concentration of C2H6 after
5 hours of irradiation was observed for rutile (0.043 vol.%)
and the highest for CuO/rutile catalyst containing 10 wt%
of Cu (0.062 vol.%). The mechanism of methane generation
from acetic acid followed the photo-Kolbe reaction pathway,
what was concluded on a basis of CH4/CO2 ratio, which
was found to be ∼1. Low concentrations of hydrogen were
also detected in the gaseous mixtures. The amount of H2

was increasing with increasing Cu loading. After 5 hours of
irradiation about 0.06–0.14 vol.% of H2 was obtained for
photocatalysts containing 5–20 wt% of Cu, respectively. On
the basis of the experimental data it is supposed that the
source of hydrogen was acetic acid, not water.

Further investigations on the effectiveness of methane
generation in the presence of CuO/TiO2 photocatalyst are in
progress.
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Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) doped with multi-walled carbon nanotubes (MWC-
NTs) films is fabricated on quartz substrates by spin coating method. The effects of MWCNTs on the structure and properties of
PEDOT:PSS film have been investigated. X-ray diffractometer (XRD) and Fourier transform Raman spectroscopy (FTRM) show
that the crystallization behavior and the main chain of PEDOT:PSS are not changed. Atomic force microscopy (AFM) shows that
individual nanotubes are well dispersed in the PEDOT:PSS matrix. Moreover, some nanotubes overlap into a net-like structure,
forming new conductive channels, which can enhance efficiently the film conductivity. The conductivity of PEDOT:PSS film doped
with a lower percentage of MWCNTs (0.2 wt%) is 9.16 S/cm, higher than that of pure PEDOT:PSS film (0.28 S/cm), although the
optical transmission of PEDOT:PSS decreases a little after the addition of MWCNTs. The interaction between MWCNTs and
PEDOT:PSS during melt mixing is also given a possible explanation.

Copyright © 2009 Jiao Li 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.

1. Introduction

In the recent years, films fabricated from commercially
available poly(3,4-ethylenedioxythiophene):poly(4-styrenes-
ulfonate) (PEDOT:PSS) aqueous dispersions have attracted
a lot of attention mainly due to their exceptional advantages
of high transparency in the visible range, excellent thermal
stability, and aqueous solution processibility [1, 2]. With
all these properties, PEDOT:PSS is now widely used in
optoelectronic devices. For example, it can be used as a hole
transporter layer in organic light-emitting diodes (OLED)
[3–5], or as a buffer layer between the ITO and active layers
in organic solar cells (OSC) [6–8]. However, the film also
suffers low conductivity with about 0.05 ∼ 0.8 S/cm [9, 10],
which directly affects the performance of the device [11, 12].
Therefore, the improvement of the film conductivity has
been considered to be an urgent work.

Recently, several strategies have been applied to increase
the conductivity of PEDOT:PSS [10, 13–15]. Kim et al.
[10] reported that the enhancement of the PEDOT:PSS
conductivity could be achieved by adding organic solvent

dimethyl sulfoxide or N,N-dimethylformamide. Ouyang
et al. [13, 14] reported that the addition of ethylene glycol to
the aqueous PEDOT:PSS dispersion could induce the change
of conductivity, and they proposed that the conductivity
enhancement results form the conversion of the PEDOT
molecular conformation from “ben structure” to “quioid
structure”.

Nanotubes can serve as a good filler for conducting
polymer. It has been reported that incorporating of nan-
otubes into conventional conducting polymers improves
the conductivity of nanotubes/polymer composites by many
orders of magnitude [15–20], which could be attributed to
nanotubes’ large contact area, high dimensional aspect ratio,
and exceptional electrical conductivity [21].

In this work, the PEDOT:PSS doped with multiwalled
carbon nanotubes (MWCNTs) transparent conducting film
was fabricated on quartz substrates by spin coating method.
The pristine and doped PEDOT:PSS films were characterized
by XRD, FTRM, AFM, UV-Vis spectroscopy, and four-point
measurement. The effects of MWCNTs on the structure and
properties of the PEDOT:PSS film were also investigated.
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Figure 1: Chemical structure of PEDOT:PSS. The “dot” and “plus” represent the unpaired electron and positive charge on the PEDOT chain,
respectively.
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Figure 2: XRD patterns of (a) pure PEDOT:PSS, (b) M-
PEDOT:PSS (0.1 wt%), and (c) MWCNTs films.

2. Experimental

Multiwalled carbon nanotubes (diameter: 10 ∼ 30 nm,
length: 5 ∼ 15μm, purity: >95%) were purchased from
Beijing Nachen Nanotech Co., Ltd and were further acid-
treated by the previously established methods [22, 23]. The
MWCNTs after acid-treatment can be dispersed into aqueous
PEDOT:PSS solution and no precipitation is observed in the
solution after several weeks. PEDOT:PSS aqueous solution
(1.3 wt% dispersed in H2O) was from Aldrich. Other
reagents and solvents were of analytical grade.

The chemical structure of PEDOT:PSS is shown in Figure
1. In the PEDOT:PSS dispersion, PEDOT is the charge trans-
porting species [9, 10]. PSS acts as a charge-compensating
counterion to stabilize the p-doped conducting polymer,
and forms a processable water-borne dispersion of negatively
charged swollen colloidal particles consisting of PEDOT and
excess PSS [24, 25].

All the quartz substrates (20 mm × 20 mm) were ultra-
sonically 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. Prior to spin
coating, the precursor solution of PEDOT:PSS with appro-
priate mass of MWCNTs was prepared. Some amount of acid
treated-MWCNTs were added to the PEDOT:PSS aqueous
dispersion in ultrasonic bath for about 12 hours. The
PEDOT:PSS and acid treated-MWCNTs-doped PEDOT:PSS
films (PEDOT:PSS and M-PEDOT:PSS, separately) with
a thickness of 95–100 nm, as determined with scanning
electron microscopy, were fabricated on transparent quartz
substrates by spin coating method. The spin coating pro-
cedure included 20 seconds of 2000 rpm followed by 30
seconds of 5000 rmp. Then these films were dried at 110◦

for 60 minutes in the vacuum oven before any further
characterization.

The molecular structure analysis of all the samples was
carried out with Fourier transform Raman spectroscopy,
which was recorded with a RFS 100 Bruker spectrometer
(excitation wavelength 1064 nm). Sample structures were
analyzed with D8 Advance Brucker AXS X-ray diffractome-
ter, with Cu Kα1 radiation. The dispersion of acid-treated
MWCNTs in PEDOT:PSS matrix was investigated with
atomic force microscopy, which was performed with Digital
Instruments Nanoscope III operating in tapping mode. The
optical properties were characterized with a TU-1901 Dual-
beam UV-Visible spectrophotometer. The conductivity of
the films was measured by the four-point probe technique
with a Keithley 2400 Source Meter. All the measurements
were performed at room temperature.

3. Results and Discussion

The XRD patterns of pure MWCNTs, PEDOT:PSS, and
M-PEDOT:PSS films are shown in Figure 2. There are
not any sharp peaks in the pristine PEDOT:PSS profile
(Figure 2(a)), which indicates substantial amorphous nature
of the PEDOT:PSS film. Similar results were also obtained
by different research groups [26, 27]. The pure MWCNTs
film shows a sharp peak centered on 2θ value of 25.6◦ corre-
sponding to the (0 0 2) planes of MWCNTs (Figure 2(c)). The
composite film (Figure 2(b)) shows the characteristic peaks
of both MWCNTs and PEDOT:PSS without any additional
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Figure 3: Raman spectra of (a) pure PEDOT:PSS, (b) M-
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Figure 4: AFM image (5× 5μm) of M-PEDOT:PSS (0.1 wt%) film.

bands, which represents the absence of covalent interactions
between the phases. Moreover, the crystallization behavior of
the PEDOT:PSS film is not changed.

The Raman spectrum of pure PEDOT:PSS film is iden-
tified in [28–30] (Figure 3(a)). Raman spectrum shows six
dominant principal peaks of PEDOT. The peak at 1521 cm−1

represents Cα=Cβ asymmetric vibrations; 1421 cm−1 can
be assigned to Cα=Cβ symmetric vibrations, 1365 cm−1 to
C–C stretching deformations, 1256 cm−1 to C–C in-plane
symmetric stretching, and 1143 cm−1 and 1097 cm−1 to C–
C in-plane bending. As shown in Figure 3(c), there are

mainly two optically active phonon modes in the first-
order Raman spectrum of MWCNTs film, and two peaks
at 1592 cm−1 and 1291 cm−1 represent a graphite E2g mode
and an MWCNTs disordered A1g mode, respectively. The
disordered A1g mode indicates the imperfection of the sp2

hybridization of MWCNTs, which may occur during the
production process or the acid-treated process [31]. Raman
spectrum of the M-PEDOT:PSS film is essentially the same as
that of PEDOT:PSS film except one additional peak centered
at 1286 cm−1 (Figure 3(b)).

Chemical and physical interactions between some mate-
rials and MWCNTs often occur during melt mixing, and
these interactions can affect the Raman spectrum of MWC-
NTs. These phenomena have been confirmed by both
theoretical and experimental researches [32, 33]. Combining
with the results of XRD, we speculate that there may be
some noncovalent interactions, which might stem from
the π-π interaction between the delocalized π bond net-
work of MWCNTs and the thiophene rings of PEDOT
backbone. This conjugated interaction would affect the
electronic density among MWCNTs. Therefore, the peak of
MWCNTs at 1291 cm−1, which shifts red from 1291 cm−1 to
1286 cm−1, may result from the change of electronic density
of MWCNTs. While the peak of MWCNTs at 1592 cm−1 is
so weak that it cannot be observed (Figure 3(b)). However,
the mechanism of the interactions between MWCNTs and
PEDOT:PSS during melt mixing is still an assumption and
needs to be further studied.

AFM image (5× 5μm) in Figure 4 shows that individual
nanotubes are well dispersed in the PEDOT:PSS matrix.
Some nanotubes overlap into a net-like structure, which
implies that some continuous channels are embedded in the
PEDOT:PSS matrix.

When PEDOT:PSS is applied in OLED or OSC devices,
it is always important to keep its transmittance high.
Figure 5 shows the wavelength dependence of the optical
transparency of PEDOT:PSS and M-PEDOT:PSS thin films
on the wavelength range from 550 nm to 950 nm, which
corresponds to the power density of ambient sunlight on
the Earth’s surface [34]. The PEDOT:PSS film gives a
good optical transmittance in the above wavelength range
(93.2% average) (Figure 5(a)). Moreover, The transmittance
increases from 950 nm to 550 nm, which is mainly because of
more absorptions in the infrared region for the PEDOT:PSS
film [5, 35], as shown in Figure 5(b). Transmittance curve
of M-PEDOT:PSS film is about 88.5% average, about 5%
less than that of pure PEDOT:PSS film. This may result
from the formation of the conductive network of MWCNTs
and some absorptions of MWCNTs in the above wavelength
range [24, 36].

As shown in Figure 6, the conductivity of pure
PEDOT:PSS film is 0.28 S/cm. While the conductivity
increases drastically when MWCNTs doping concentration
increases from 0.04 wt% to 0.12 wt%, and then increases
moderately at loading levels in excess of 0.12 wt%. When
MWCNTs content reaches about 0.2 wt%, the conductivity
of composite film is 9.16 S/cm. These indicate that the
percolation threshold of the nanocompostie films resides
between 0.04 wt% and 0.12 wt%, where some conductive
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0.20.160.120.080.040

MWCNTs content (wt%)

0

2

4

6

8

10

C
on

du
ct

iv
it

y
(S

/c
m

)

Figure 6: The electrical conductivity of composite films as a
function of weight fraction of MWCNTs.

MWCNT channels in the PEDOT:PSS matrix might form,
as shown in AFM (Figure 4), which can help charge transport
and enhance the conductivity of films [37, 38].

4. Conclusion

In summary, influences of MWCNTs doping on the structure
and properties of PEDOT:PSS films have been investigated.
XRD and FTRM show that the crystallization behavior
and the main chain of PEDOT:PSS are not changed. AFM
shows that individual nanotubes are well dispersed in the
PEDOT:PSS matrix. Moreover, some nanotubes overlap
into a net-like structure, forming new conductive chan-
nels, which can enhance efficiently the film conductivity.

The conductivity of PEDOT:PSS film doped with a lower
percentage of MWCNTs (0.2 wt%) is 9.16 S/cm, higher than
that of pure PEDOT:PSS film (0.28 S/cm), although the
optical transmission of PEDOT:PSS decreases a little after the
addition of MWCNTs. The interaction between MWCNTs
and PEDOT:PSS during melt mixing is also given a possible
explanation. However, this explanation is still an assumption
and needs to be further studied.
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André Devaux1 and Gion Calzaferri2

1 Physikalisches Institut, Westfälische Wilhelms-Universität, 48149 Münster, Germany
2 Department of Chemistry and Biochemistry, University of Bern, 3012 Bern, Switzerland

Correspondence should be addressed to André Devaux, andre.devaux@gmx.ch
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1. Introduction

Supramolecular organisation is a fruitful concept for the
design of systems exhibiting specific macroscopic properties.
Molecular sieves, such as zeolites, have been shown to be
ideal host materials for the supramolecular organisation of
dye molecules, complexes, or clusters. The inserted species
usually exhibit an increased chemical and photochemical
stability in the host matrix. Constraints imposed by the
well-defined geometry of the host channels or cavities lead
to a preferred spatial arrangement of the guests, thereby
generating highly organised materials. Further functional-
ities can be added by assembling host-guest objects into
well-defined macroscopic structures on various supports [1–
18] and by promoting communication between guests and
external species or devices [17–19]. The large variety in pore
structure and morphologies provided by different types of
molecular sieves offers many possibilities for the design of
host-guest materials with specific properties [20]. Readers
are referred to [21–23] for reviews on chromophores in
porous silica and minerals. This tutorial will be focused on
zeolite L, as it has proven to be an excellent host material for
the organization of highly luminescent guest molecules [24–
27]. The reasoning and methods presented here are, however,
also valid for other host materials with similar properties.
The tutorial will start with a description of the host material

and how guests are arranged inside of it. We will follow with
a short theoretical background on Förster resonance energy
transfer, for which we use the abbreviation FRET, illustrated
with a case study. The last section will be devoted to an
overview on how dye-zeolite materials can be arranged into
larger patterns to form highly organized materials for novel
optical applications.

2. Discussion

2.1. Supramolecular Organization of Guests inside of Zeolite
L. Zeolite L crystals can be synthesised with different
morphologies and sizes varying from of 30 nm up to about
10 000 nm, meaning that about 7 orders of magnitude in
terms of volume can be covered [28–34]. Figure 1 depicts the
structure and morphology of zeolite L. The primary building
unit of the framework consists of TO4 tetrahedrons where
T represents either Al or Si. The secondary building unit,
the cancrinite cage, is made up by 18 corner-sharing tetra-
hedrons. These cages are stacked into columns, which are
then connected by means of oxygen bridges in the a,b plane
to form a one-dimensional channel system running parallel
to the crystals c-axis, exhibiting a hexagonal symmetry. The
molar composition of zeolite L is (M+)9[(AlO2)9(SiO2)27]
× nH2O, where M+ are monovalent cations, compensating



2 International Journal of Photoenergy

(a)

(b)

(c)

c

500 nm

Figure 1: Zeolite L. (a) Top view of the structure of zeolite L illustrating its hexagonal framework. It shows a channel surrounded by six
neighbouring channels. The centre-to-centre distance between two channels is 1.84 nm. (b) Side view of a channel that consists of 0.75 nm
long unit cells with a Van der Waals opening of 0.71 nm at the smallest and 1.26 nm at the widest place. (c) SEM image of zeolite L crystals.

the negative charge resulting from the aluminium atoms. n is
equal to 21 in fully hydrated materials, and to 16 for crystals
equilibrated at about 22% relative humidity [35–38].

Zeolite L can be considered as consisting of a bunch
of strictly parallel channels [19, 24–27, 39]. The channels
have the smallest free diameter of about 0.71 nm, while
the largest diameter inside is 1.26 nm. The centre-to-centre
distance between two channels is 1.84 nm. Each zeolite L
crystal consists of a large number of channels (nch) which
can be estimated by

nch = 0.267(dZ)2, (1)

where dZ represents the diameter of the crystal in nm.
For example, a crystal with a diameter of 600 nm features
nearly 100 000 strictly parallel channels. The ratio of void
space available in the channels with respect to the total
crystal volume is about 0.26. An important consequence
is that zeolite L allows through geometrical constrains the
realization of extremely high concentrations of well-oriented
molecules. Depending on their shape and size, the guests
usually behave as monomers. A 30 nm by 30 nm crystal can
take up to nearly 5000 dye molecules that occupy 2 unit cells;
while a 60 nm by 60 nm crystal can host nearly 40 000 of
the same guest type. The dye concentration of a dye-zeolite
material c(p) can be expressed as a function of the loading p
as follows:

c
(
p
) = 0.752

p

ns

(
mol

L

)
, (2)

where ns indicates the number of unit cells which form a site
and can be occupied by one guest. The value of ns is usually

an integer, but this must not necessarily be so. The loading,
or occupation probability, p, is defined as follows:

p = number of occupied sites
total amount of sites

. (3)

Zeolite L is a versatile host material allowing for the
design and preparation of a respectable variety of highly
organized host-guest systems, as illustrated in Figure 2. It is
the only currently available microporous material allowing
the realization of the full range of organizational patterns
presented here. The “cornerstones” in the development of
these composite materials were the finding that dye-loaded
crystals with different well defined domains can be prepared
[40, 41], the invention of the stopcock principle [42, 43], the
discovery of quasi 1D energy transfer [44], the preparation
of unidirectional energy transfer material [17, 18, 45–47],
and finding ways to create hybrid materials fully transparent
in the visible range [48, 49]. The latter is important for
spectroscopic investigations and some applications, since the
small zeolite crystals exhibit considerable light scattering due
to their size and refractive index between 1.4 and 1.5.

Guest species can be inserted into the channels of zeolite
L either by ion exchange or by adsorption from the gas
phase, depending on whether they are a charged or neutral
species, respectively. The geometrical constraint imposed
by the host leads to a highly ordered and well-defined
arrangement of the guests inside the channels. Molecules
that can pass the 0.71 nm pore openings of zeolite L are
usually too large to overtake or stack with molecules already
present in the channels. Thus one can create, by sequential
insertion, materials with two or more defined domains,
each containing only one type of guests. The geometrical
confinement makes it also possible to reach very high
concentrations of essentially monomeric dyes. Very small
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(a) (b) (c)

Figure 2: Schematic representations of supramolecularly organized dye-zeolite L systems. (a) Single and mixed dye materials are obtained
by either loading zeolite crystals with one kind of dye (top) or by simultaneous insertion of different dye molecules (bottom). (b) Antenna
materials can be prepared by the sequential insertion of different dyes. (c) Stopcock-plugged antenna material is obtained by modifying either
bidirectional (top) or mono directional (bottom) antenna materials with specific closure molecules, called stopcocks.

molecules such as naphthalene can, however, form dimers
inside of the channel system [50]. The structural formulae
of dyes discussed in this work are summarised in Table 1.

Larger complexes can be prepared inside of the channel
systems by means of a “ship-in-a-bottle” synthesis, a prin-
ciple that was first developed by DeWild et al. in the early
80s of last century [51]. In a first step, the metal centres are
introduced by means of ion exchange. The potential ligands
can then diffuse into the channels where they will complex
the metal centres. The reaction is easiest close to the channel
entrances, as the access to the deeper lying metal ions is more
difficult due to spatial restrictions. This principle has been
successfully applied for the preparation of many different
materials [52–56].

The channel ends of zeolite L can be modified by specific
closure molecules, consisting typically of a head and a tail.
Due to spatial restrictions, only the tail can pass the channel
openings, while the head group is too bulky to fit through
[42, 43]. Depending on their nature, these so-called stopcock
molecules can be bound to the pore openings by either
physisorption, electrostatical interaction, or by covalent
bonding. As these molecules are only partially located
inside the channels, they can be envisaged as mediators for
interactions of species inside the crystals with outside entities
or objects. Fluorescent stopcocks can be used to extract or
inject electronic excitation energy into or from the zeolite L
crystals by FRET [24–27, 42, 43, 57, 58]. Stopcock molecules
can also prevent penetration of small molecules such as
oxygen and water or hinder encapsulated dye molecules from
leaving the channels [59].

2.2. FRET Processes inside of Host-Guest Materials. This sec-
tion will give a short overview on the theoretical background
of FRET, followed by an experimental case study. Due to
the geometrical properties outlined above, dye-zeolite L

composites are well suited for the study of FRET processes.
The understanding of the FRET process is very advanced
and goes back to the pioneering work of Förster [60–62]. A
chromophore can be considered to consist of a backbone of
positively charged nuclei surrounded by an electron cloud.
When a photon is absorbed by the molecule, its energy is
transformed into kinetic energy of one of these electrons.
The oscillating electromagnetic field caused by the electrons
rapid movement can interact with a neighbouring acceptor
molecule A, as long as it bears states being in resonance
with the excited state of the donor D∗. This radiationless
electronic excitation energy transfer is solely due to the very
weak near field interaction between excited configurations of
the initial state (D∗ · · ·Ai) and of the final state (D · · ·A∗i ).
The Förster mechanism requires no orbital overlap between
the donor and acceptor molecules. It should also be noted
that this process involves no electron transfer from one
species to the other. The donor D and the acceptor A can
be either of the same type or they can be of different species.
The rate constant kEnT for the transfer from one electronic
configuration to the other can be expressed as follows:

kEnT = TF
κ2
D∗A

n4R6
DA

φD∗

τD∗
JD∗A, (4)

where κ2
D∗A describes the relative orientation between the

electronic transition dipole moments (ETDM) of donor
and acceptor. This term can take values ranging from 0
to 4 for perpendicular or colinear arrangement of the
ETDM, respectively. The centre-to-centre distance between
the transition dipole moments is given by RDA. Since the
efficiency of the FRET process depends on the inverse sixth
power of the intermolecular separation, it is useful over
distances in the range of 1.5 nm to 10 nm. The terms φD∗
and τD∗ specify the quantum yield and lifetime of the donor
in absence of acceptors. JD∗A represents the overlap integral
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Table 1: Summary of the structural formulae of dyes presented in this work.
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N
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O
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between the acceptors absorption and the donors emission
bands, thus taking into account the resonance condition. The
environment of the donor-acceptor pair comes into play by
the refractive index n. TF is a term that has been introduced
to collect all constant terms from Theodor Försters original
equation and has therefore the value [26, 27]

TF = 9000 ln(10)
128π5NL

or TF = 8.785 · 10−25 mol. (5)

A nice case study of a FRET process is the mixed Py,Ox-
zeolite L system [63]. The insertion kinetics of the strongly
fluorescent dyes Py and Ox into zeolite L are very similar,
providing a statistically homogeneous distribution of both
dyes over the whole crystal. These dyes form an excellent
donor acceptor pair, due to the large overlap (JPy/Ox) between
the Py fluorescence and the Ox absorption spectra as can be
seen in Figure 3(a). The energy transfer process is illustrated
by the photographic images seven fluorescent samples in
Figure 3(b). Zeolite L crystals with an average length of
300 nm were used for preparation of all samples. The two
references Py and Ox were loaded with a concentration of
5×10−3 M of Py or Ox, while the samples A to E were
filled with a 1 : 1 mixture of both dyes. The concentrations
for samples shown in Figure 3(a) are: A, p = .0028; B,
p = .0070; C, p = .0140; D, p = .0280; E, p = .0560. The
increasing dye concentration from A to E leads in turn to a
decrease in the mean donor-acceptor distance. All samples
were excited at 485 nm, where Py has a strong absorbance
and Ox absorbs next to no light. Sample A exhibits mainly
the green fluorescence of Py, indicating that energy transfer
is insignificant. This is schematically shown by the donor-
acceptor configuration on the left of the photograph. The
low dye loading leads to large donor-acceptor distances. After
selective excitation of the donor, its fluorescence intensity
is dominant (green light). The energy transfer process to
an acceptor is insignificant, and thus acceptor florescence
(red light) is very weak. The yellow colour of sample B is
due to a mixture of green and red fluorescence, meaning
that energy transfer becomes significant in this case. The
process becomes more and more important with increasing

concentration so that from sample C on, the red fluorescence
stemming from Ox is dominant. The donor-acceptor scheme
on the right of the photograph illustrates this for the case
E. The high dye loading results in a short donor-acceptor
distance, increasing the efficiency of the energy transfer
process. As a result, the donor fluorescence is significantly
quenched, while fluorescence from the acceptors is strong.

The same effect can be observed on the single crystal
scale, by following the diffusion of the random dye mixture
as a function of time [64]. The fluorescence microscopy
images of a mixed Py,Ox-zeolite L sample given in Figure 3(c)
illustrate this very nicely. The images were taken after loading
the crystals for 20 minutes (1), 60 minutes (2), 470 minutes
(3a, 3b), and 162 hours (4), respectively. For all images, Py
was specifically excited, with the exception of 3b where Ox+

was specifically excited. The samples with short equilibrium
times exhibit an orange to yellow luminescence, due to the
overlap of the green Py and red Ox emission, an indication
for efficient FRET. After a diffusion time of 162 hours, the
dyes are so far apart from each other that upon selective
excitation of Py only green emission can be observed.

2.3. Organizing Host-Guest Materials on Larger Scale. A
higher degree of supramolecular organization can be reached
by arranging the dye-zeolite composites into larger structure.
Such hierarchically organized structures, presenting succes-
sive ordering from the molecular up to macroscopic scale,
are of great interest for nanotechnology due to the rela-
tionship between molecular arrangements and macroscopic
properties [65, 66]. The organization of quantum sized
particles, nanotubes, and microporous materials on different
surfaces has been studied and used in science, technology,
diagnostics, and medicine [67–76]. Size, shape, and surface
composition of the objects but also the properties of the
surface on which they should be organized play a decisive role
and in some cases determine not only the quality of the self-
assembly but also its macroscopic properties. Self-assembly
strategies in the organization of matter make hierarchical
ordering attractive by avoiding expansive techniques such
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Figure 3: FRET case study on a mixed Py,Ox-zeolite L composite. (a) Excitation and fluorescence spectra of both dyes in zeolite L scaled to
the same height at the maximum. The different overlap areas are indicated by grey shading. (b) Middle: photographic image of dye-loaded
zeolite L layers upon monochromatic irradiation at 485 nm and observation through a 500 nm cut-off filter. The two samples indicated as
P and Ox are references loaded with pure Py and Ox, respectively. Samples A to E contain a 1:1 mixture of Py and Ox with the following
loading for each dye: A, p1/2 = .0014; B, p1/2 = .0035; C, p1/2 = .007; D, p1/2 = .014; E, p1/2 = .028. Left: Crystal and donor-acceptor
pair describing the situation in sample A. Right: Crystal and donor-acceptor pair describing the situation in sample E [63]. (c) Fluorescence
microscopy pictures, visualizing the diffusion of Ox to Py in zeolite L, taken after 20 minutes (1), 60 minutes (2), 470 minutes (3a, 3b), and
162 hours (4), respectively. Py was specifically excited, with the exception of 3b, where Ox was specifically excited. Two crystals of each image
are framed. The scale given in 1 corresponds to a length of 1.5 μm [64].

as photolithography. An overview of hierarchically ordered
materials that were created by self-assembly from dye-zeolite
composites is given in Figure 4 [26, 27].

Hybrid polymer/dye-zeolite L materials with randomly
oriented crystals, as shown in Figure 4(a), are obtained
by dispersing surface modified zeolites in the precursor
monomer followed by a specific polymerization procedure
[48, 49]. Surface modification with alkoxysilane derivates
improves the miscibility of the crystals with the organic
monomers and even enabling copolymerization when an
appropriate organic substituent is used. In this type of
material, the usually strong light scattering of zeolite L can
be suppressed by refractive index matching and avoidance of
microphase separation.

Materials containing crystals oriented in a nematic phase,
as shown in the sketch of Figure 4(b), can be obtained
by using elastic polymers as substrate. After appropriate
treatment of the polymer substrate such as stretching it
with or without gentle heating, the crystals form the desired

nematic phase. The mechanical stretching force influences
the zeolites and most will align along the pulling direction.
The SEM and fluorescence microscopy images of Py-zeolite
L embedded into a PVC polymer film shown in Figure 4(b)
illustrate this well [48, 49].

Strategies based on the minimization of interfacial free
energy for self-assembly have been applied to position small
objects at the micrometric scale [81]. A novel approach
towards micropatterning employing a surface tension was
realized by Yunus et al. [78]. It was shown that dye-zeolite
L crystals can be organized into hexagonal arrangement
on a patterned polydimethylsiloxane (PDMS) surface as
illustrated by the SEM and fluorescence microscopy images
in Figure 4(c). The assembly process here is driven by surface
tension interactions. This principle is a powerful tool for
manipulations at the micrometer scale, allowing us to hier-
archically organize molecular dyes on a macroscopic level.

Zeolite L crystals, with diameter around 700 nm and
length in the range of 1 μm, have been successfully embedded
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Figure 4: Summary of materials obtained by supramolecular organizations of zeolite L crystals. (a) Randomly oriented zeolite L crystals in
a polymer. Photographic images of zeolite L-polymer hybrid materials prepared from crystals loaded with either red or violet dyes (Hostasol
Red GG or Ox+, resp.) [48, 49]. (b) Nematic phase arrangement. Left: SEM and fluorescence microscopy image of Py+-zeolite L crystals
aligned in a stretched PVC plastic film [77]. (c) Hexagonal arrangement. The dye-zeolite L crystals are organized by a surface-tension-driven
self-assembly process on a PDMS/PS film (SEM and fluorescence microscopy image are shown) [78]. (d) Monolayers of standing zeolite L
crystals. Left: SEM image of a monolayer. Right: fluorescence microscopy image of a monolayer loaded with Py [45–47]. (e) Nanofibers with
embedded zeolite L. Left: SEM image of nanofiber with embedded zeolite L crystals. The crystals are oriented along the fiber axis. Right:
Fluorescence image of a PEO/DDT nanofiber (blue emission) with embedded Ox-zeolite crystals (red sparks) [79]. (f) Chain-like assemblies
of zeolite L crystals. Right: SEM image of zeolite crystals linked together by modifying the channel entrances with a cationic stopcock (D291)
and corresponding fluorescence microscopy image [77]. (g) Assembly of zeolite L/bacterium in PBS buffer solution and self-assembly of two
bacteria with functionalized 1-μm zeolite L as the junction [80].

into electrospun polymer fibers [79]. Electrospinning is a
very efficient process for preparation of fibers with diameters
ranging from the nano- to the micrometer scale [82, 83].
Polymer wires as thin as 150 nm are still able to enclose
zeolites [84]. The crystals are aligned parallel to the fiber
axis, as can be seen from the SEM image in Figure 4(e).
Nanowires prepared by incorporating dye-loaded zeolites act
as very bright, polarized light sources (Figure 4(e)), left part)
and are currently investigated for advanced nanophotonic
applications.

Stopcock-plugged zeolite L crystals can be arranged
into chain-like one-dimensional assemblies by exploiting
coordinative interactions between the head groups of the
stopper molecules, as illustrated in the scheme of Figure 4(f).
The reversible nature of such coordinative bonds makes it
possible to maximize the base-to-base interaction between
crystals [85]. The chain-like arrangement of zeolite L
crystals seen in the SEM image of Figure 4(f) is due to
Van der Waals interactions between the long alkyl tails

of the stopcocks. The fluorescence microscopy image on
the right part of Figure 4(f) shows a similar assembly of
stopcock-plugged crystals. The luminescence concentration
at the zeolite basal surfaces indicates the presence of
the stopper molecules. Such microbarcode structures may
be of interest for tagging or bio-imaging purposes [86,
87].

A recent breakthrough was realized by the attachment of
dye-zeolite composites with amino-functionalized surfaces
to living entities such as nonpathogenic Escherichia coli
(E. coli) bacteria [80]. The situation schematically depicted
in Figure 4(g) was investigated by means of optical and
scanning electron microscopy. An interesting observation
was that the crystals seem to always bind to one of the poles of
E. coli. It was also possible to connect two bacteria together
via a bridging, surface modified zeolite L crystal. The self-
assembly of living systems with functional materials through
chemically programmed construction opens up fascinating
research fields.
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3. Conclusion

The supramolecular organisation of molecules, complexes,
or clusters inside the channels of zeolite L leads to host-guest
composites with fascinating properties, a prime example
being their use as artificial antenna materials. Further
functionalities can be added by assembling such host-guest
systems into well-defined macroscopic structures on various
supports and by promoting communication between guests
and external species or devices. The stopcock principle offers
an elegant way to interface dye-loaded zeolite L crystals to
other devices such as solar cells or even biological systems.
Such materials are of interest in the development of novel
optical devices such as luminescent probes, lenses, special
mirrors, filters, polarisers, grids, optical storage devices,
windows, and luminescent concentrators [26, 27, 88–90].
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1. Introduction

2-(N-Acyl-N-arylaminomethylene)benzo[b]thiophene-
3(2H)-ones represent a new family of photochromic
molecular switches with fluorescent signalling [1],
chiroptical [2], and chemosensor activity [3–5]. They
may also serve as pH-sensors [6] and solar energy storage
systems [7]. However the influence of the size and electronic
properties of migrants and substituents in these compounds
on their spectral, luminescent, and photochromic properties
were insufficiently studied. To get a deeper insight into
this problem we synthesized a series of novel N(O)-
acylated compounds (2)–(8) and studied their structure,
spectral properties, and quantum yields of the N→O acyl
rearrangements.

2. Experimental

1H NMR spectra were recorded on a Varian Unity 300
spectrometer; δ values were measured within 0.01 ppm.
IR spectra in Nujol were measured using a Specord 75IR
spectrometer. UV-Vis absorption spectra in toluene were
obtained with a Specord M-40 spectrophotometer. Fluores-
cence emission and excitation spectra were recorded on a
Hitachi 650–60 spectrofluorimeter. Irradiation of solutions

(V = 2 · 10−3 L) was carried out by filtered light of a high-
pressure mercury lamp DRSh (250 W) supplied with a set of
glass filters (λirr = 436 nm). The intensity of light used for
irradiation of the solutions was 3·1016 photons·s−1 for the
spectral line 436 nm. Potassium ferrioxalate was used as the
actinometer for the determination of quantum yields (ϕ) of
the photoreactions [8]. The samples had absorbance of 0.95
at λirr = 436 nm (l = 1 cm, V = 2 · 10−3 L, rate of conversion
of A→B ≤ 5%, the experimental error in ϕ is ±5%).

3. Results and Discussion

3.1. Synthesis. Compounds (2), (3a), (3b), (4a), (4b), (5),
and (6) were synthesized according to the previously
described procedure [9] (Scheme 1). Compound (4c) was
synthesized according to procedure [7].

All the compounds obtained were divided into four
groups according to the electronic and steric properties
of acyl migrants and N-aryl substituents. The first group
of acylated 2-(N-arylaminomethylene)benzo[b]thiophene-
3(2H)-ones consists of the compounds with the gradually
increased bulkiness of the migrant: R1 = H (2), Me
(3a), Et (3b), Pri (4a), But (5). The second one includes
acylated ketoenamines possessing migrants with increasing
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electron-donating properties of α-C substituents: R1 = H (2),
Ph (4c), Me (3a), OMe (4b), NMe2 (6).

The third series represents compounds with varying 4-
substituents in the aroyl migrant: R3 = H (4c), 4-MeO (7a), 4-
Cl (7b), 4-NO2 (7c). In the fourth group we united molecules
with varying 4-substituent in N-Ar part of the molecule: R2

= NMe2 (8a), OMe (8b), Me (8c), I (8d), Br (8e), Cl (8f), F
(8g), CN (8h), COMe (8i), NO2 (8j). Their synthesis is shown
on Scheme 2.

2-(N-aroyl-N-phenylaminomethylene)benzo[b]thiophe-ne-
3(2H)-ones (7a)–(7c) (general procedure). 2-(N-phenylam-
inomethylene)benzo[b]thiophene-3(2H)-one (1a) (1 mmol)
was dissolved in 3 mL of acetonitrile in the presence of
triethylamine and a solution of 1.2 mmol of corresponding
aroyl chloride in 2 mL of acetonitrile was added at room
temperature. The mixture was refluxed for 3–5 minutes. The
precipitate was filtered and crystallized from toluene.

(i) 2-(N-4-methoxybenzoyl-N-phenylaminomethylene)-
benzo[b]thiophene-3(2H)-one (7a). (31%); mp 177–179◦C;
IR (υmax/cm−1, nujol): 1660, 1640, 1590, 1580, 1550; 1H
NMR (300 MHz, CDCl3): δ3.81 (3H, s, CH3), 6.80–7.84
(13H, m, Ar-H), 8.67 (1H, s, =CH); Anal. Calcd for
C23H17NO3S: C, 71.30; H, 4.42; N, 3.61; Found: C, 71.19; H,
4.52; N, 3.73.

(ii) 2-(N-4-chlorobenzoyl-N-phenylaminomethylene)ben-
zo[b]thiophene-3(2H)-one (7b). (64%); mp 215-216◦C; IR
(υmax/cm−1, nujol): 1640, 1580, 1560; 1H NMR (300 MHz,
CDCl3): δ7.16–7.85 (13H, m, Ar-H), 8.67 (1H, s, =CH);
Anal. Calcd for C22H14ClNO2S: C, 67.43; H, 3.60; N, 3.57;
Found: C, 67.50; H, 6.73; N, 3.41.

(iii) 2-(N-4-nitrobenzoyl-N-phenylaminomethylene)ben-
zo[b]thiophene-3(2H)-one (7c). (57%); mp 211–212◦C; IR
(υmax/cm−1, nujol): 1690, 1680, 1600, 1580, 1560, 1520; 1H
NMR (300 MHz, CDCl3): δ7.18–8.17 (13H, m, Ar-H), 8.74
(1H, s, =CH); Anal. Calcd for C22H14N2O4S: C, 65.66; H,
3.51; N, 6.96; Found: C, 65.60; H, 3.66; N, 6.84.

(iv) 2-(N-acetyl-N-arylaminomethylene)benzo[b]-
thiophene-3(2H)-ones (8a)–(8j) (general procedure). Cor-
responding 2-(N-arylaminomethylene)benzo[b]thiophene-
3(2H)-ones (1b)–(1n) [10] (1 mmol) were dissolved in
acetic anhydride (2 mL) in the presence of triethylamine and
refluxed for 5–10 minutes. The precipitate was filtered and
crystallized from toluene.

(v) 2-{N-acetyl-N-(4-N,N-dimethylaminophenyl)amino-
methylene}benzo[b]thiophene-3(2H)-one (8a). (77%); mp
245-246◦C; IR (υmax/cm−1, nujol): 1690, 1640, 1590, 1550,
1510; 1H NMR (300 MHz, CDCl3): δ2.03 (3H, s, CH3), 3.08
(6H, s, N(CH3)2), 6.77–7.82 (8H, m, Ar-H), 8.98 (1H, s,
=CH); Anal. Calcd for C19H18N2O2S: C, 67.43; H, 5.36; N,
8.28; Found: C, 67.56; H, 5.28; N, 8.20.

(vi) 2-{N-acetyl-N-(4-methoxyphenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8b). (43%); mp 193-194◦C;
IR (υmax/cm−1, nujol): 1690, 1660, 1570, 1540; 1H NMR
(300 MHz, CDCl3): δ2.08 (3H, s, CH3), 3.94 (3H, s, OCH3),
7.02–7.83 (8H, m, Ar-H), 8.92 (1H, s, =CH); Anal. Calcd for
C18H15NO3S: C, 66.44; H, 4.65; N, 4.30; Found: C, 66.59; H,
4.66; N, 4.18.

(vii) 2-{N-acetyl-N-(4-methylphenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8c). (83%); mp 210–212◦C;
IR (υmax/cm−1, nujol): 1700, 1650, 1580, 1550; 1H NMR
(300 MHz, CDCl3): δ2.05 (3H, s, COCH3), 2.52 (3H, s,
CH3), 7.15–7.82 (8H, m, Ar-H), 8.95 (1H, s, =CH); Anal.
Calcd for C18H15NO2S: C, 69.88; H, 4.89; N, 4.53; Found: C,
69.87; H, 4.74; N, 4.65.

(viii) 2-{N-acetyl-N-(4-iodophenyl)aminomethylene}ben-
zo[b]thiophene-3(2H)-one (8d). (73%); mp 241-243◦C; IR
(υmax/cm−1, nujol): 1700, 1660, 1590, 1550; 1H NMR
(300 MHz, CDCl3): δ2.11 (3H, s, CH3), 7.03–7.94 (8H, m,
Ar-H), 8.82 (1H, s, =CH); Anal. Calcd for C17H12INO2S: C,
48.47; H, 2.87; N, 3.32; Found: C, 48.38; H, 2.90; N, 3.32.

(ix) 2-{N-acetyl-N-(4-bromophenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8e). (85%); mp 218-219◦C;
IR (υmax/cm−1, nujol): 1700, 1660, 1590, 1560, 1550;
1H NMR (300 MHz, CDCl3): δ2.12 (3H, s, CH3), 7.19–
7.83 (8H, m, Ar-H), 8.82 (1H, s, =CH); Anal. Calcd for
C17H12BrNO2S: C, 54.56; H, 3.23; N, 3.74; Found: C, 54.68;
H, 3.17; N, 3.63.

(x) 2-{N-acetyl-N-(4-chlorophenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8f). (70%); mp 186-187◦C;
IR (υmax/cm−1, nujol): 1700, 1660, 1590, 1550; 1H NMR
(300 MHz, CDCl3): δ2.10 (3H, s, CH3), 7.19–7.84 (8H, m,
Ar-H), 8.83 (1H, s, =CH); Anal. Calcd for C17H12ClNO2S:
C, 61.91; H, 3.67; N, 4.25; Found: C, 62.03; H, 3.60; N, 4.27.

(xi) 2-{N-acetyl-N-(4-fluorophenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8g). (69%); mp 213-214◦C;
IR (υmax/cm−1, nujol): 1700, 1660, 1590, 1580, 1540; 1H
NMR (300 MHz, CDCl3): δ2.10 (3H, s, CH3), 7.20–7.84 (8H,
m, Ar-H), 8.84 (1H, s,=CH); Anal. Calcd for C17H12FNO2S:
C, 65.16; H, 3.86; N, 4.47; Found: C, 65.15; H, 3.95; N, 4.40.

(xii) 2-{N-acetyl-N-(4-cyanophenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8h). (57%); mp 215-216◦C;
IR (υmax/cm−1, nujol): 1690, 1670, 1580, 1560; 1H NMR
(300 MHz, CDCl3): δ2.21 (3H, s, CH3), 7.20–7.90 (8H, m,
Ar-H), 8.73 (1H, s, =CH); Anal. Calcd for C18H12N2O2S: C,
67.48; H, 3.78; N, 8.74; Found: C, 67.54; H, 3.87; N, 8.62.

(xiii) 2-{N-acetyl-N-(4-acetylphenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8i). (48%); mp 186-187◦C;
IR (υmax/cm−1, nujol): 1695, 1670, 1660, 1595, 1570, 1550;
1H NMR (300 MHz, CDCl3): δ2.16 (3H, s, NCOCH3), 2.74
(3H, s, COCH3), 7.15–8.18 (8H, m, Ar-H), 8.82 (1H, s,
=CH); Anal. Calcd for C19H15NO3S: C, 67.64; H, 4.48; N,
4.15; Found: C, 67.69; H, 4.38; N, 4.22.

(xiv) 2-{N-acetyl-N-(4-nitrophenyl)aminomethylene}-
benzo[b]thiophene-3(2H)-one (8j). (37%); mp 199-200◦C;
IR (υmax/cm−1, nujol): 1700, 1670, 1600, 1580, 1560, 1530;
1H NMR (300 MHz, CDCl3): δ2.22 (3H, s, CH3), 7.19–
8.47 (8H, m, Ar-H), 8.74 (1H, s, =CH); Anal. Calcd for
C17H12N2O4S: C, 59.99; H, 3.55; N, 8.23; Found: C, 59.86;
H, 3.63; N, 8.23.

3.2. Photochromic Properties. According to the performed IR
and NMR spectral study compounds (2)–(4), (7), and (8)
exist in solutions as theN-acylated isomers. Their IR-spectra
contain absorption bands of the amide (1660–1730 cm−1)
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and exocyclic carbonyl groups (1660–1680 cm−1). 1H NMR
spectra consist of characteristic signals of methine pro-
tons at 8.70–9.00 ppm which correspond to the initial Z-
configuration [3]. N-Acylated ketoenamines (2)–(4), (7),
and (8) absorb in 420–430 nm spectral region (Table 1).
On the contrary, compounds (5), (6) correspond to O-
acyl derivatives. They possess typical absorption in the
UV spectral region (338–342 nm) [9] and their IR spectra
contain ester carbonyl group signals (1720–1750 cm−1).

For the majority of N-acylated forms A of compounds
(3), (4), (7), (8) irradiation (λirr = 436 nm) of toluene
solutions results in Z→E-photoisomerization around the
C=C bond followed by a fast thermal N→O acyl migration
and S-cis→S-trans isomerization of O-acyl compounds B
(Scheme 3, Figure 1). Quantum yields (ϕ) of the A→B
photorearrangement include all stages shown on Scheme 3
from Z-A to S-trans-B though we consider all thermal
rearrangements to be very rapid [7]. These summarized
quantum yields are given in Table 1.

In the series of compounds with varying migrant volume,
the smallest migrant CHO (2) inhibits A→B photorear-
rangement and restricts it by the thermally reversible Z→E-
photoisomerization. The specific feature of this process is
the formation of photostationary state depending on the
wavelength of irradiation light (Figure 2). N-Acyl derivatives
(3a), (3b), and (4a) reveal typical photochromic behavior
(Scheme 3). The compound with the most bulky But (5)
substituent exists in the thermodinamically stable O-form
B. Its photoinitiated reactions are limited by thermally
reversible anti-syn isomerization around C=N bond.

The representatives of second group (2), (3a), (4b), (4c)
with varying electronic migrant exist in N-acyl form A
and demonstrate N→O acyl rearrangement in accordance
with Scheme 3 (except above described ketoenamine 2).
The compound with the strong electron-donating α-C
substituent NMe2 (6) occurs in the form of O-acyl isomer
B and shows only anti-syn isomerization around the C=N
bond, similar to (5).
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Table 1: Spectral characteristics (long-wave length maxima) of (2)–(8) in acetonitrile solutions and quantum yields (ϕ) of the A→B
rearrangement.

Comp.
Absorption of (Z-A), λmax (nm),

ϕA→B
Absorption of (S-trans-B), λmax (nm),

(ε × 10−4, dm3 mol−1 cm−1) (ε× 10−4, dm3 mol−1 cm−1)

2∗ 424 (1.10) — —

3a∗ 427 (1.04) 0.60 338 (2.32)

3b 425 (1.24) 0.63 339 (2.27)

4a 427 (1.28) 0.62 342 (2.24)

4b∗ 422 (1.17) 0.41 333 (0.81)

4c∗ 423 (1.36) 0.52 340 (2.14)

7a 430 (1.42) 0.48 342 (2.19)

7b 430 (1.32) 0.40 343 (2.09)

7c 431 (1.34) 0.002 —

8a 430 (1.41) — —

8b 425 (1.22) 0.50 353 (2.20)

8c 425 (1.26) 0.50 345 (2.25)

8d 425 (1.23) 0.47 350 (2.56)

8e 424 (1.22) 0.51 347 (2.51)

8f 424 (1.23) 0.49 347 (2.51)

8g 424 (1.19) 0.41 342 (2.30)

8h 424 (1.13) 0.48 346 (2.52)

8i 424 (1.29) 0.45 350 (2.74)

8j 424 (1.14) 0.29 356 (2.65)

5 — — 338 (2.36)

6 — — 342 (2.14)
∗

See [9].

Varying of 4-substituent in aroyl group (7a)–(7c) results
in decrease of quantum yield A→B rearrangement almost up
to zero (Table 1) as correlated with the increase of electron-
withdrawing properties of R3.

In the fourth series the substituents in the position 4 of
the N-Ar moiety of the compounds (8b)–(8j) only slightly
affect the character of the photochromic A→B photorear-
rangement (Table 1). The photochemical transformations of
(8a) with NMe2 substituent lead to formation of a mixture

of O- and N-isomers with predominance of the last one due
to overlap of long-wavelength absorption bands of initial
compound and photoproduct.

In toluene solutions, at 293 K, N-acylated compounds
(2)–(4), (7), and (8) exhibit weak fluorescence with maxima
at 460–470 nm which extinguishes after the rearrangement
into the O-acetyl isomers B due to the fast intersystem
crossing processes (“on-off” process) [9]. The B→A back
reaction occuring when passing dried hydrogen chloride
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Figure 1: Absorption spectra of (8b) in toluene solution before
irradiation (1); after 5 seconds (2); 10 seconds (3); 20 seconds (4);
40 seconds (5); 120 seconds (6) of irradiation (λirr = 436 nm, C =
2.5 · 10−5 M).
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Figure 2: Absorption spectra of (1a) in toluene solution before
irradiation (1); after 120 seconds (2) of irradiation (λirr = 365 nm)
and after 120 seconds (3) of irradiation (λirr = 436 nm); C = 2.5·10−5

M.

through a toluene solution of form B results in complete
restoration of the initial absorption and emission spectra of
form A (“off-on”process).

4. Conclusions

Series of N(O)-acylated 2-(N-arylaminomethylene)-
benzo[b]thiophene-3(2H)- ones with varying electronic
and steric properties of substituents in the acyl migrants
and N-aryl groups were prepared. By means of electronic
absorption, vibrational, and 1H NMR spectroscopy, it was
shown that ketoenamine with the smallest formyl substituent
undergoes only reversible Z→E photoisomerization. The
compounds containing the strongest electron-donating
(NMe2) and the most bulky (But) substituents in acyl
migrants represent the thermodynamically stable O-isomers.
Their irradiation results only in the thermally reversible
anti-syn isomerization around the C=N bond. The other
compounds exhibit negative photochromism (λmax B <
λmax A) based on photoinduced Z→E photoisomerization
followed by the thermal N→O transfer of the acyl group.
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1. Introduction

Photochromic compounds based on spiropyrans as well as
[2H]-chromenes are perspective photosensitive materials for
molecular switches, optical filters with modulated trans-
mission, and hybrid multifunctional materials. Conceptual
aspects of a spiropyran practical application are based on
photo-, thermo-, solvate-, and electrochromic properties [1].

Spiropyrans are applicable for using in molecular
logic devices, photochromic and electrooptical devices [2],
and multifunctional artificial receptors [3]. Photochromic
spiropyrans can be used for creation of various types of
optical memory [4] in quantum computers.

Reactions of different functional groups give an oppor-
tunity to obtain compounds with a variety of untraditional
π-acceptor substituents, which can dramatically change

spiropyran properties. Synthesis of the differently substituted
spiropyrans and results of these structural modifications will
be discussed in this work.

2. Results and Discussion

Previously we synthesized and studied number of spiropy-
rans of benzoxazinone and indoline series [5]. We decided
to continue our research of aldehyde-substituted spirocom-
pounds.

8′-Formyl-3,6′-dimethyl-4-oxo-3,4-dihydrospiro-2H-1,
3-benzoxazine-2,2′-[2H]chromene 4a was synthesized by
the reaction of benzoxazinonium perchlorate 1 with 2,6-
diformyl-4-methyl-phenol 2 followed by cyclization of ob-
tained merocyanine salt 3.
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Reactivity of the aldehyde group in the benzopyran
part allows to obtain derivatives figures 4b, c containing
azomethine and hydrazine fragment as a result of the
reaction with amines and hydrazines correspondingly [6].
Multifunctional spirocyclic compounds and derivatives of
spiropyrans possessing the ability to form mono- and
binucluear complexes with transition metals could attract
great interest due to their potential application as active
light-sensitive components of the organic and composite
nanostructures.
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Spirocompound 4d with the benzocrown-5 fragment was
synthesized [7]. The benzocrown-5 fragment in 4d was con-
nected to the [2H]-chromene part through a conjugated π-
electron-withdrawing C=N bond to prolong the conjugation

chain in the open colored form. This structure is able to
potential selective binding of metal ions.
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The complex formed by capture of metal ion in the
crown-ether cavity could be an original π-acceptor sub-
stituent. Additional π-acceptor nitrosubstituent could turn
on the photochromic properties in spiropyrans containing
azomethyne substituents [8].

Spiropyran 5 was synthesized by condensation of the
1,2,3,3-tetramethylindolenilium salt with the 2,4-diformyl-
6-methyl phenol. New compound 5a was obtained after
condensation with the para-methoxy-phenoxyacetic acid
hydrazide 6.
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Presence of the chelating hydrazide fragment in the
structure 5a allowed to expect a complex compound for-
mation with metal ions. It was shown that methoxy- and
methyl- substituents in the benzopyran part of compound 5a
increase solubility and permit to carry out a detailed study of
the obtained complex properties. In addition, the unshared
electronic pairs of the methoxy group oxygen atom could
expand the possibilities of complexation.

Also new aldehyde-substituted spiropyran 7 was syn-
thesized by condensation of the 1, 2, 3, 3-tetramethylin-
dolenilium salt with corresponding aldehyde.

ON CHO

7

CH3

CH3

H3C

3. Photochromic Properties

Spiropyran 4a containing π-acceptor substituent possesses
photochromic properties in solid state as well as in solution
[9]. Thin films of spiropyran 4a, which were prepared by
thermal vacuum deposition on glass and quartz supports,
turned colored under UV irradiation at λmax = 365 nm. The
resulting colored form is characterized by absorption in the
visible region with λmax = 605 nm and the lifetime of 1 hour
(Figure 1).

Spiropyrans 4b, c do not exhibit photochromic prop-
erties. Such behavior could be explained by the fact that
modification of the 8′-aldehyde group substantially reduced
the electron-accepting effect of this group. Consequently it
reduces the polarity of the Cspiro–O bond and negatively
affects on photochromic properties of the compounds.

It was shown that obtaining of the colored merocyanine
products 4d does not occur under irradiation with UV-light
(365 nm). Only reversible E-Z isomerization was observed
under the experimental condition. The complex formed
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by possible capture of a metal ion by the crown ether
cavity may be a unique additional electron-withdrawing
substituent, which activates photochromic properties in
spiropyrans containing an azomethine substituent. Adding
of the lithium ions to the solution of 4d does not lead to
the breaking of Cspiro–O bond in contrast to the spiropyrans
of indoline series. However, hypsochromic shift of the
absorption maxima (20 nm) was observed after adding of the
calcium ions to the solution of 4d. This fact was explained by
the interaction between cyclic spiroform 4d and Ca2+ ions
(Figure 2).
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Figure 3: Absorption spectra of the compound 5a in acetonitrile
(C = 6, 43 × 10−5 M, T = 30◦C) under irradiation in stationary
conditions by light λmax 365 nm.
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Spiropyran 5a undergoes reversible photochromic trans-
formations and new long-wave maxima appears at the
630 nm under irradiation of the UV-light with the λ =
365 nm in stationary conditions.

The system behavior in UV spectral region is essentially
different for photo- (Figure 3) and back thermal reaction
(Figure 4). Effective route for irreversible process could be
the reason of such properties. Changing of the long-wave
absorption band form is observed during back thermal
reaction that could be explained by obtaining of several cis-
trans merocyanine isomers.

This compound is a potential chemosensor due to its
possibility to capture metal ions by chelating hydrazone
fragment. This process could be interesting for using in active
light-sensitive element of nanostructural materials.

Addition of the zinc salt to the compound 5a acetonitrile
solution results in strong coloration and change of the
spectrum (Figure 5). Irradiation of the solution with the light
546/365 nm does not lead to any changes in the absorption
spectra. This photochromic behavior could be the evidence
of the Cspiro–O bond breaking and consequent involving of
the oxygen atom into complex formation with metal ion
that dramatically stabilizes merocyanine isomer. Obtained
spectrum is probably the superposition of the different
complex compound spectra.
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Figure 4: Change in the absorbance spectra of the compound 5a in
acetonitrile (C = 6, 43× 10−5 M, T = 30◦C) after irradiation (back
thermal reaction).
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Photochromic properties of compound 7 implanted at
the oligocarbonatedimethylacrylate film were investigated.
Absorption spectrum of the spiropyran 7 in the stationary
conditions is represented on Figure 6. Open merocyanine
isomer is produced under irradiation of the polymer film
of compound 7 that leads to the appearance of absorption
maxima at the 585 nm.
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It is proposed to use photochromic compounds
containing polymerized substituent in the structure as
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Figure 6: Absorption spectra of the spiropyran 7 in the oligo-
carbonatedimethylacrylate film during the photocoloration process
(λirr = 365 nm; dt = 10 s; T = 20◦C).
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Figure 7: The SERS spectra (λexc = 514.5 nm) of compound 5a
adsorbed on the annealed (1) and unannealed (2) silver films.

photochromic component in development of the next-
generation intraocular lenses. These devices are very
important due to the physiologically proved strategy of
the retina protection and essential reduction of quantity
of the short wave light reaching a retina and pigmentary
epithelium.

4. SERS and AFM Investigations

Study of the structure and photophysical properties of
photochromes in an adsorbed state is of great importance
for practical applications. One of the most efficient methods
applied to investigate adsorbates is the spectroscopy of
surface enhanced Raman scattering (SERS) [10]. Structure of
the compound 5a adsorbed on the annealed and unannealed
silver films was investigated (Figure 7).
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Figure 8: AFM-images of the photosensitive layer based on the
optically attained (3 minutes) nanostructured AgCl-Ag.

In the SERS spectra the typical band of the colorless
spiropyran form at about 1640 cm−1 is absent [11]. Conse-
quently, in our experiments with application of the SERS
spectroscopy only the colored (with an open pyran cycle)
form of the spiropyran molecules is detected. The equilib-
rium between the colorless and colored forms is shifted to
the merocyanine on the silver surface. The photochromism
in investigated solutions is manifested only with apparently
low quantum yields and very small concentration of the open
form. The dissociation of the adsorbed molecules, that is,
the opening of the pyran ring at the adsorbed state can be
associated with the fact that the energy of Cspiro–O bond
decreases because of the spiro-oxygen interaction with the
sorbent surface.

Using of the light-sensitive layers containing nanostruc-
tured colloid argentums (like AgCI-Ag) in the capacity of
SERS-active substrates could give additional amplification
of the SERS signal. Thin photosensitive layers of AgCI-
Ag had been produced by the thermal vacuum deposition
on the glass and quartz surfaces. Absorption spectra and
AFM-images of the thin films were taken. The aggregate
of the Ag granules with vertical dimensions 5 · · · 40 nm
and horizontal dimensions 50 · · · 100 nm (Figure 8) acts like
colloid and determines resonant absorption of the light in
the AgCI-Ag films. Maximum of the colloidal absorption
band for the AgCI-Ag films is located at the 530 nm
(Figure 9).

5. Experimental

The electronic spectra of the investigated compounds were
recorded at room temperature on a Varian Carry spectrom-
eter. The absorption spectra before and after irradiation
were recorded on a Specord UV-Vis spectrometer fitted with
a special cryostat for low-temperature measurements. The
excitation source was a DRSh-250 mercury lamp with light
filters isolating light with λmax 313 and 365 nm.
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Figure 9: Absorption spectra of the the optically attained nanos-
tructured AgCl-Ag: 1 minute before exposition; 2-3 minutes of
exposition; 3–5 minutes of exposition by laser 514 nm, 30 mW.

5.1. 8
′
-Formyl-3,6-dimethyl-4-oxo-3,4-dihydrospiro-2H-1,3-

benzoxazine-2,2
′
-[2H]chromene 4a. Compound 4a was pre-

pared from benzoxazinonium perchlorate 1 with 2,6-
diformyl-4-methyl-phenol 2 by a procedure described pre-
viously [12]. Yield—22 %. M.p. 146◦C (EtOH). Found (%):
C, 71.07; H, 4.64; N, 4.54. C19H15NO3. Calculated (%): C,
71.02; H, 4.70; N, 4.36. IR, ν/cm−1: 1670 (C=O); 1638, 1610,
1582 (C=C); 958, 936 (C–O). 1H NMR (CDCl3), δ: 2.33
(s, /3 H, 6′-Me); 3.04 (s, 3 H, N–Me); 6.00 (d, 1 H, 3′-H,
J = 12.5 Hz); 6.30–8.13 (m, 7 H); 9.75 (s, 1 H, 8′-CHO).

5.2. 8′-(3-Iminobenzo-15-crown-5)-3,6′-dimethyl-4-oxo-3,4-
dihydrospiro(2H-1,3-benzoxazine-2,2′-[2H]-chromene) 4d.
4-Aminobenzo-15-crown-5 (0.09 g, 0.031 mmol) was added
to a solution of 8′-formyl-3, 6′-dimethyl-4-oxo-3,4-dihydro-
spiro(2H-1,3-benzoxazine-2,2-[2H]-chromene) 4a (0.1 g,
0.3 mmol) in ethanol (3 ml) at reflux. The solution was
heated at reflux for 30 minutes. The solvent was distilled off
in vacuum and the residue obtained was recrystallized from
ethanol to give 0.15 g (81%) 4d. M.p 153–154◦C. Found,
%: C 67.42; H 5.93; N 4.65. C33H34N2O6. Calculated, %: C
67.56; H 5.84; N 4.78. IR, ν/cm−1: 1680 (C=N), 1642 (C=O),
1617, 1578 (C=C), 1264 (C–N), 1148, 974, 952 (C–O).
1H NMR (CDCl3), δ, ppm (J , Hz): 2.35 (1 H, s, CH3); 3.19
(1 H, s, N–CH3); 3.64–4.18 (16 H, m, O–CH2–CH2–O); 6.12
(1 H, d, J = 9.7, H-3′); 6.39 (1 H, dd, J = 8.5, J = 2.3, H-5′′);
6.54 (1 H, d, J = 2.3, H-3′′); 6.74 (1 H, d, J = 8.5, H-6′′);
6.84 (1 H, d, J = 8.0, H-8); 7.00 (1 H, d, J = 9.7, H-4′);
7.10–7.20 (2H, m, H-6, H-5′); 7.43 (1 H, m, H-7); 7.86 (1 H,
m, H-7′); 8.04 (1 H, d, J = 7.8, H-5); 8.26 (1 H, s, N=CH).

5.3. Spiropyran 5a. To para-methoxy-phenoxyacetic acid
hydrazide 6 (1.96 g, 0.01 mol) in benzene (10 ml) we added
an equivalent amount of the spiropyran 5 (3.19 g, 0.01 mol).
The mixture was refluxed for 1 hour and allowed to stand
until a precipitate had separated. The precipitate was filtered
off, dried, and recrystallized from ethanol. Yield 2.8 g (56%).
M.p. 194–196◦C.
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Found, %: C 72.51; H 6.22; N 8.40. C30H31N3O4.
Calculated, %: C 72.43; H 6.24; N 8.45. IR, ν/cm−1: 1673
(C=N), 1639 (C=O), 1610, 1583, 1572 (C=C), 1259 (C–N),
1135, 961, 952 (C–O).

1H NMR (CDCl3), δ, ppm. (J , Hz): 1.19, 1.30 (6 H, 2-s,
gem. (CH3)2); 2.25 (3 H, s, 8′-CH3); 2,78 (3 H, s, N–CH3);
3.8 (3 H, s, O–CH3); 4.58 (2 H, c, –CH2–); 5.7 (1 H, d, J =
8.5); 6.52–7.8 (11 H, m, aromatic H); 8.06 (1 H, s, N=CH);
9.4 (1 H, s, –NH–).

5.4. 6
′
-Formyl-8

′
-allyl-1,3,3-trimethylspiroindoline-2,2

′
-[2H]

chromene 7. Piperidine (0.1 ml, 1.1 mmol) was added drop-
wise with heating to a solution of 2,4-diformyl-6-allyl-
phenol (189 mg, 1 mmol) and 1,2,3,3-tetramethylindole-
nium perchlorate (274 mg, 1 mmol) in 2-propanol (5 ml).
The reaction mixture was refluxed for 10 minutes and cooled.
The precipitate was filtered off and recrystallized. M.p. 84◦C.
Found, %: C 79,99; H 6,62; N 4,11. C23H23NO2 . Calculated,
%: C 80,00; H 6,67; N 4,06. IR, ν/cm−1: 1675 (C=O), 1630,
1590 (C=C), 1010, 920 (C–O). 1H NMR (CDCl3), δ, ppm
(J , Hz): 1.21, 1.32 (6 H, 2-s, gem. (CH3)2); 2.66 (3 H, s, N–
CH3); 3.07–3.20 (2 H, m, =CH2); 4.70–4.91 (2 H, m, –CH2–
); 5.64–5.82 (1 H, m, =CH–); 5.77 (1 H, d, J = 9, 6, 3′-H);
6.53 (1 H, d, J = 7, 7, 4′-H); 6.84–7.57 (6 H, m, aromatic H);
9.81 (1 H, s, CHO).

6. Conclusion

New differently substituted spirocompounds were synthe-
sized on the basis of formyl-containing spiropyrans of ben-
zoxazine and indoline series. Structure and photochromic
properties of obtained compounds were investigated in
solution and in thin solid films.
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1. Introduction

Design and synthesis of novel photochromic spiropyrans and
spirooxazines (SPOs) displaying ionochromic properties are
of significant interest due to their application as magnetic
[1, 2], in devices of molecular electronics [3] and as effective
photoswitchable chemosensors for metal cations [4–6]. The
structure of the latter type compounds usually contains
chelate [7–14], calixarene [15], or crown-ether ionophore
groups [16, 17]. The coordination of metal cations occurring
via interaction with ligating centers located in the chromene
part of a spiropyran (or spirooxazine) can lead to thermally
or photochemically driven cleavage of the Cspiro–O bond
of the cyclic isomer followed by Z/E-isomerization to give
the metastable colored merocyanine form. By contrast, the
complexation with ionophore conjugated with the hetaryl
fragment of a spiropyran (or spirooxazine) results in desta-
bilization of the merocyanine form caused by electrostatic
repulsion between a metal cation and the positively charged
nitrogen atom in the hetaryl moiety [18, 19]. We synthesized
a series of novel SPPs containing 6′-hydroxy group in
order to study their structure in solutions, photochromic
properties, and ionochromic ability towards the alkali-earth
and d-metal cations.

2. Experimental

1H NMR spectra were recorded on Bruker WM-250
(300 MHz) spectrometer using CDCl3 as solvent. The 1H
chemical shifts were calibrated using the signals of solvent
residual protons (δ 7.25 ppm). IR spectra were measured in
Nujol using a Specord 75IR spectrometer. UV-Vis absorption
spectra were obtained in acetonitrile with a Cary-100
spectrophotometer. Irradiation of solutions was carried out
by filtered light of a high-pressure mercury lamp DRSh
(250 W) supplied with glass filter (λirr = 365 nm).

3. Results and Discussion

3.1. Synthesis. The compound 6,7-Dihydroxy-8-formyl-4-
methyl-2H-chromene-2-one (2) was prepared by coupling
6,7-dihydroxy-4-methyl-2H-chromene-2-one with ethyl N-
p-methoxyphenylformimidate formed in situ from 4-
methoxyphenylamine and triethyl orthoformate followed by
the hydrolysis of Schiff base (1) with diluted hydrochloric
acid (Scheme 1). The spyropyrans (4) were synthesized
by condensation of aldehyde (2) with corresponding 3H-
indolium perchlorates (3) in presence of triethylamine.



2 International Journal of Photoenergy

1

N
OEt

HCl/dioxane

O OHO

HO

Me
MeO

O OHO

HO

Me

N

OMe

O OHO

HO

Me

O
2

3a-f

N

Me Me

Me+

N

O

O

O

MeMe

Me

OH
4a-f

R1

R1
R2

R2

ClO4
−

3, 4: R1 = H; R2 = Me (a), C8H17 (b), Pri(c), CH2Ph (d);

R1 = Me, R2 = Me (e); R1 = NO2, R2 = Me (f)

Scheme 1

(i) 6,7-dihydroxy-8-[(4-methoxyphenylimino)methyl]-4-
methylchromen-2-one (1). A mixture of 10 g (45 mmol) 6,7-
dihydroxy-4-methyl-2H-chromene-2-one, 11 g (90 mmol)
4-methoxyphenylamine, and 14 mL triethyl orthoformate
was kept for 5 hours at 170◦C. The precipitate obtained after
cooling was filtered and washed with ethanol. The crude
product was purified by recrystallization from DMFA. Yield
25%, mp 257–258◦C. 1H NMR (CDCl3): δ2.35 (3H, s, CH3),
3.88 (3H, s, OMe), 6.06–7.43 (7H, m, Ar-H + OH), 9.02 (1H,
s, CH=), 15.70 (1H, s, OH). Anal.Calcd for C18H15NO5: C,
66.46; H, 4.65; N, 4.31. Found: C, 66.36; H, 4.60; N, 4.41.

(ii) 6,7-dihydroxy-8-formyl-4-methyl-2H-chromene-2-
one (2). 6,7-Dihydroxy-8-[(4-methoxyphenylimino)methyl]-
4-methylchromen-2-one (1) (2.5 g, 7.7 mmol) was dissolved
under heating in dioxane (300 mL) and 18% HCl (150 mL)
was added. The solution obtained was allowed to stand 10–
15 minutes at 60–70◦C and the reaction mixture was poured
into the water (500 mL). The crude product was filtered,
dried, and purified by recrystallization from 2-propanol.
Yield 32%, mp 234–235◦C. 1H NMR (CDCl3): δ2.40 (3H, s,
CH3), 5.64–7.35 (3H, m, Ar-H + OH), 10.59 (1H, s, CHO),
12.42 (1H, s, OH). Anal.Calcd for C11H8O5: C, 60.01; H,
3.66. Found: C, 60.15; H, 3.58.

(iii) spiropyrans (4a–f) (general procedure). A mix-
ture of corresponding perchlorate (3) (1 mmol), aldehyde
(2) (1.1 mmol) and 0.1 mL (0.7 mmol) triethylamine was
refluxed in 2-propanol (20 mL) for 5 hours. The solvent was
removed, the residue was purified by column chromatogra-
phy on SiO2 with chloroform as an eluent and recrystallized
from 2-propanol.

(iv) 6′-hydroxy-1,3,3,4′-tetramethylspiro[indoline-2,8′-
pyrano[2,3-f]benzopyran]-2′(7′H)-one (4a). Yield 24%, mp
208-209◦C; IR (νmax/cm−1, nujol): 3120, 1685, 1580, 1560,
920. 1H NMR (CDCl3): δ isomer A 1.20, 1.30 (6H, s + s, 2
gem-(CH3)2), 2.34 (3H, s, CH3), 2.77 (3H, s, NCH3), 5.35
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Figure 1: Absorption spectra of (4a) in acetonitrile solution before
irradiation (1); after 15 seconds (2); 45 seconds (3); 90 seconds (4);
150 seconds (5); 180 seconds (6); 8 minutes (7); 16 minutes (8); 26
minutes (9) of irradiation (λirr = 365 nm, C = 2.5 · 10−5 M).

(1H, br. s, OH), 5.84 (1H, d, H9′, J 10.5), 6.16 (1H, s, H3′),
6.58–7.22 (5H, m, Ar-H), 7.47 (1H, d, H10′, J 10.5). Isomer
B: 1.84 (6H, s, 2 gem-(CH3)2), 2.31 (3H, s, CH3), 3.78 (3H,
s, NCH3), 5.98 (1H, s, H3′), 6.16–7.22 (5H, m, Ar-H), 8.47
(1H, d, CH=, J 14.8), 8.92 (1H, d, CH=, J 14.8). Ratio of
isomers A : B (see Table 1). Anal.Calcd for C23H21NO4: C,
73.58; H, 5.64; N, 3.73. Found: C, 73.41; H, 5.65; N, 3.82.

(v) 6′-hydroxy-1-octyl-3,3,4′-trimethylspiro[indoline-
2,8′-pyrano[2,3-f]benzopyran]-2′(7′H)-one (4b). Yield 27%,
mp 145-146◦C; IR (νmax/cm−1, nujol): 3180, 1685, 1610,
1560, 920. 1H NMR (CDCl3): δ isomer A: 1.19–1.93 (21H,
m, 3CH3 + 6CH2), 2.34 (3H, s, Me), 3.17 (2H, m, NCH2),
5.30 (1H, br. s, OH), 5.81 (1H, d, H9′, J 10.5), 6.17 (1H, s,
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H3′), 6.58–7.45 (6H, m, Ar-H + H10′). Isomer B: 1.19–1.93
(21H, m, 3CH3 + 6CH2), 2.30 (3H, s, Me), 4.18 (2H, t,
NCH2), 5.96 (1H, s, H3′), 6.58–7.45 (5H, m, Ar-H), 8.70
(1H, br. s, CH=), 8.92 (1H, d, CH=, J 15.3). Ratio of isomers
A : B is (see Table 1). Anal.Calcd for C30H35NO4: C, 76.08;
H, 7.45; N, 2.96. Found: C, 76.18; H, 7.48; N, 2.87.

(vi) 6′-hydroxy-1-isopropyl-3,3,4′-trimethylspiro[indo-
line-2,8′-pyrano[2,3-f]benzopyran]-2′(7′H)-one (4c). Yield
68%, mp 214-215◦C; IR (νmax/cm−1, nujol): 3160, 1685,
1660, 1615, 1580, 920. 1H NMR (CDCl3): δ isomer A:
1.18–1.83 (12H, m, 4Me), 2.34 (3H, s, CH3), 3.84 (1H, m,
CH), 5.42 (1H, br. s, OH), 5.81 (1H, d, H9′, J 10.6), 6.16
(1H, s, H3′), 6.77–7.41 (5H, m, Ar-H), 7.44 (1H, d, H10′,
J 10.6). Isomer B: 1.18–1.83 (12H, m, 4CH3), 2.31 (3H, s,
Me), 4.02 (1H, m, CH), 5.01 (1H, br. s, OH), 5.96 (1H, s,
H3′), 6.77–7.41 (5H, m, Ar-H), 8.80 (1H, br. s, CH=), 8.92
(1H, d, CH=, J 14.3). Ratio of isomers A : B (see Table 1).
Anal.Calcd for C25H25NO4: C, 74.42; H, 6.25; N, 3.47.
Found: C, 74.35; H, 6.39; N, 3.40.

(vii) 6′-hydroxy-1-benzyl-3,3,4′-trimethylspiro[indoline-
2,8′-pyrano[2,3-f]benzopyran]-2′(7′H)-one (4d). Yield 31%,
mp 216-217◦C; IR (νmax/cm−1, nujol): 3150, 1670, 1630,
1570, 928. 1H NMR (CDCl3): δ isomer A: 1.31, 1.34 (6H,
s + s, 2 gem-(CH3)2), 2.35 (3H, s, CH3), 4.21 (1H, d, CH2,
J 16.7), 4.63 (1H, d, CH2, J 16.7), 5.40 (1H, br. s, OH), 5.89
(1H, d, H9′, J 10.7), 6.16 (1H, s, H3′) , 6.37–7.55 (11H, m, Ar-
H + H10′). Isomer B: 1.25 (6H, s, 2 gem-(CH3)2),), 1.89 (2H,
s, NCH2), 5.53 (1H, br. s, OH), 6.16 (1H, s, H3′), 6.37–7.55
(10H, m, Ar-H), 8.49 (1H, br. s, CH=), 8.93 (1H, d, CH=,
J 15.3). Ratio of isomers A : B (see Table 1). Anal.Calcd for
C29H25NO4: C, 77.14; H, 5.58; N, 3.10. Found: C, 77.07; H,
5.52; N, 3.19.
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Figure 2: Absorption spectra of (4a) in dark conditions in
acetonitrile solution before (1) and after addition of Mg(ClO4)2 (2);
after 5 minutes (3); 10 minutes (4); 20 minutes (5); 30 minutes (6);
45 minutes (7); 60 minutes (8); 90 minutes (9); 120 minutes (10),
180 minutes (11) ([4a] = 2.5× 10−5 M, [Mg2+] = 5× 10−4 M).

(viii) 6′-hydroxy-1,3,3,5,4′-pentamethylspiro[indoline-
2,8′-pyrano[2,3-f]benzopyran]-2′(7′H)-one (4e). Yield 29%,
mp 276-277◦C; IR (νmax/cm−1, nujol): 3170, 1685, 1610,
1570, 920. 1H NMR (CDCl3): δ isomer A: 1.20, 1.28 (6H,
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Figure 3: (a) 1H NMR spectra of (4a) in dark conditions in
CD3CN-nitrobenzene-d6 (1 : 1 v/v) and (b) in presence of
Mg(ClO4)2 · 3H2O after 10 minutes; (c) 1 hour (νMg2+ /ν(4a) = 5).

s + s, 2 gem-(CH3)2), 2.35 (3H, s, CH3), 2.48 (3H, s, CH3),
2.73 (3H, s, NCH3), 5.38 (1H, br. s, OH), 5.84 (1H, d, H9′,
J 10.7), 6.15 (1H, s, H3′), 6.44–7.31 (4H, m, Ar-H), 7.46
(1H, d, H10′, J 10.7). Isomer B: 1.25 (6H, s, 2 gem (CH3)2),
1.83 (6H, s, Me), 2.33 (3H, s, Me), 3.85 (3H, s, NMe), 5.99
(1H, s, H3′), 6.44–7.31 (4H, m, Ar-H), 8.43 (1H, d, CH=, J
15.1), 8.85 (1H, d, CH=, J 15.1). Ratio of isomers A : B (see
Table 1). Anal.Calcd for C24H23NO4: C, 74.02; H, 5.95; N,
3.60. Found: C, 74.19; H, 5.91; N, 3.55.

(ix) 6′-hydroxy-5-nitro-1,3,3,4′-tetramethylspiro[indo-
line-2,8′-pyrano[2,3-f]benzopyran]-2′(7′H)-one (4f). Yield
25%, mp 281-282◦C; IR (νmax/cm−1, nujol): 3170, 1700,
1600, 1560, 970. 1H NMR (CDCl3): δ isomer A: 1.24, 1.37
(6H, s + s, 2 gem-(CH3)2), 2.36 (3H, s, CH3), 2.90 (3H, s,
NCH3), 5.36 (1H, s, OH), 5.82 (1H, d, H9′, J 10.5), 6.19
(1H, s, H3′), 6.55–8.18 (6H, m, Ar-H + H10′). Anal.Calcd for
C23H20N2O6: C, 65.71; H, 4.79; N, 6.66. Found: C, 65.70; H,
4.68; N, 6.78.

3.2. Spectral Properties and Complexation with Metal Ions.
Electronic absorption spectra of SPP (4f) in toluene, chloro-
form, and acetonitrile show broad absorption bands at 295
and 365 nm. For compounds (4a–e), the spectra contain also
additional long-wavelength bands with maxima centered
around 430 and 580 nm (Tables 1 and 2, Figure 1). For
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Figure 4: Continuous variation plot of the (4a)/Mg2+ ([4a] +
[Mg2+] = 5× 10−5 M) in acetonitrile.

SPPs (4a–e), the appearance of long-wavelength bands is
accompanied by the additional proton signals of mero-
cyanine isomers B in the 1H NMR spectra. The long-
wavelength bands in absorption spectra of cyclic (Aλabs

max =
370-371 nm) and merocyanine (Aλabs

max = 580–650 nm) forms
correspond to S0 → S1 transitions while the absorption
bands of the cyclic form (Aλabs

max = 294–299 nm) and
merocyanine form (Aλabs

max = 456–471 nm) correspond to
S0 → S2 transitions (Table 2). According to 1H NMR and
absorption spectroscopy data only SPP (4f) with an electron-
withdrawing NO2-group exists in solution of chloroform
entirely as the cyclic form A, while the solutions of (4a–
e) contain both spirocyclic A and merocyanine B isomers
(Scheme 2). The percentage of the merocyanine form in
the equilibrium mixture was estimated using 1H NMR data
(Table 1). The largest content of form B is observed for the
derivative (4e) with an electron-donating methyl group in
position 5.

The irradiation of SPPs (4a–f) in acetonitrile (λirr =
365 nm) leads to increase in intensity of the long-wavelength
absorption band in the regions of 430–471 and 580–653 nm
due to the formation of merocyanine form which is thermally
converted to the ring-closed isomer A (Figure 1).

Lifetimes of the photoinduced absorption bands of forms
B allow to evaluate their thermal stability because content of
merocyanine isomers in the equilibrium state in low-polarity
solvent is substantially less than that of the cyclic isomers.
Therefore, relaxation process rate constant is determined by
the rate constant for the B → A reaction. The lowest lifetime
of the photoinduced absorption was observed for compound
(4f) with an electron-withdrawing group in 5th position and
the highest lifetime for the compound (4e) with an electron
donating group (Table 2). Analogous results were previously
obtained for the spirooxazines [20].
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Table 1: Long-wavelength maxima of (4) and parameters of (4A)-(4B) equilibrium in chloroform at 293 K.

Comp. Absorption of (4), λmax, (nm),
(ε × 10−4, 1 mol−1 cm−1)

Content of form B,% Ko= [B]/[A]

4a 448 (2.31), 595 (1.72) 28.6 0.401

4b 447 (2.35), 595 (1.78) 56.5 1.299

4c 447 (2.40), 596 (1.82) 23.5 0.307

4d 452 (3.07), 605 (2.04) 9.0 0.099

4e 448 (1.85), 593 (1.63) 63.0 1.702

4f — 0 —

Table 2: Spectral characteristics of isomers A, B for (4a–f) and lifetimes for photoinduced absorption in toluene at 293 K.

Comp. Aλabs
max, (nm) Bλabs

max, (nm) τ, s

4a 295, 354, 370 458, 614 161

4b 298, 355, 371 459, 617 205.7

4c 294, 354sh, 370 456, 619 170.9

4d 295, 354, 370 461, 617 44.1

4e 299, 356, 370 459, 614 257.7

4f 299, 355sh, 371 471, 653 6.5

Under dark conditions, addition of metal cations: Mg2+

(as perchlorate), Zn2+, Ni2+, Cu2+, Hg2+, Pd2+ (as acetates)
shifts the equilibrium to the open form B with increase
in the maximum of absorption band in the visible region
due to the formation of complexes (5) (Figure 2). Position
of the absorption maxima of these bands depends on the
nature of the metal ion. For example, complex (4a) with
Mg2+ is characterized by absorption bands at 369, 406, and
524 nm; with Zn2+ at 387, 440, and 550 nm; with Hg2+ at
(372, 455, and 586 nm). The maxima of these absorption
bands are hypsochromically shifted with respect to the free
merocyanine absorption. The content of the complexes (5)
is greatly raised under exposure of the solution to UV light
(λirr = 365 nm).

The structure of complexes (5) was estimated by IR
spectroscopy. The IR-spectra of initial compounds contain
broad absorption band of the hydroxyl group at 3100–
3200 cm−1 which slightly changes after complex formation,
so the substitution of hydroxyl group protons was excluded.

1H NMR, IR spectrometry and the spectrophotometric
titration method were employed for the analysis of the com-
plexation processes. The 1H NMR spectral changes for (4a)
upon the addition of Mg2+ ions in CD3CN/nitrobenzene-d6

(1 : 1 v/v) solution are shown in Figure 3.
In a metal-free solution, signals of both spiro- and mero-

cyanine forms are present in the spectrum. This spectrum
is characterized by a doublet centered at δ 5.80 ppm for
the proton (4A)-H9′, singlet at δ 6.1 ppm for the proton
(4A)-H3′ and two doublets at δ 8.4 ppm and 8.7 ppm for
the protons (4B)-H1, (4B)-H2. The content of merocyanine
isomer B was estimated as ∼16%. In the presence of
metal sault chemical shifts of protons did not change
significantly. After addition of Mg(ClO4)2·3H2O in darkness
the appearance of a resonance signal at 6.00 ppm for the
proton (4B)-H3′ and substantial increase in the intensity of
multiplet at δ 8.70 ppm for the protons (4B)-H1, (4B)-H2

was observed (Figure 3). At the same time the intensity of
the doublet at δ 5.80 ppm of the proton (4A)-H9′ and singlet
at δ 6.1 ppm for the proton (4A)-H3′ was decreased. The
data obtained indicate that the equilibrium is shifted to the
merocyanine form due to the formation of complex (5)
(Scheme 2). The content of the merocyanine form involved
into the complexation with Mg2+ ion was estimated as∼83%
(1 hour after salt addition).

The absorption at 480 nm (Figure 4) was chosen to
determine the composition of the complex by the method of
molar ratios [21]. The molar ratios plot shown in Figure 4
makes it evident that the composition of the (4a)-Mg2+

complex is 2 : 1.

4. Conclusions

Novel photochromic spiropyrans containing 6′-hydroxy
group in solutions exist as equilibrium mixture of spiro-
cyclic and merocyanine isomers. The addition of metal
salts leads to formation of complexes with merocyanine
isomers and shifts the equilibrium to the ring-opened forms.
The results obtained indicate that binding of cations is
an important factor affecting position of the spyropyran-
merocyanine equilibrium. These ionochromic compounds
can be used as the basis for design of chemosensors for metal
ions.
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1. Introduction

The popular and economic method of polymer modification
is blending two or more components with different proper-
ties [1]. Polymer blending is an attractive route for producing
new polymeric materials with tailored properties without
having to synthesize totally new materials. Other advantages
for polymer blending are versatility and simplicity [2].
Poly(methyl methacrylate) is one of the best organic optical
materials and has been widely used to make a variety of
optical devices, such as optical lenses. It is known that
its refractive index changes upon UV irradiation, either
in the pure [3, 4] or doped state [5], which provides a
means to fabricate structures, such as gratings or waveguides.
On the other hand, poly(vinyl acetate) had the ability to
improve poly(vinyl chloride) photodegradation, photocross
linking and photo-oxidation by making a blend of them
[1]. Also,Kaminska et al. [6] studied the thermal and
photochemical stability of poly(methyl methacrylate)/poly
(vinyl acetate) blends and revealed that poly(vinyl acetate)
acts as a stabilizer with respect to thermal and photochemical
degradation when the processes take place in air. Indeed,
poly(methyl methacrylate) and poly(vinyl acetate) form an
important pair of polymers.

In the present study, a trail will be carried out to produce
the best product of poly(methyl methacrylate)/poly(vinyl
acetate) blend and also to overcome the defects of the
individual homopolymers. Furthermore, the change in the
optical absorption and the optical parameters will be deter-
mined for the samples after exposure to UV (unfiltered light)
and filtered radiation. In addition, the refractive index (n)
will be calculated for the samples.

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 996000 and 167000 g.mol−1 ,
respectively. Chloroform has purity 99.8% (HPLC) and was
used as a common solvent for both PMMA and PVAc.

2.2. Preparation of the Samples. Films (thickness 30–40 μm)
of (PMMA/PVAc) blends were prepared by using solution-
cast technique. Pure PMMA and PVAc were dissolved
separately in chloroform for 48 hours at room temperature.
The solutions of the two homopolymers were then mixed
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Figure 1: FT-IR spectra of (a) pure PMMA, (b) a blend of (50/50
PMMA/PVAc), and (c) pure PVAc before (—) and after exposure to
UV radiation (- - -) for 24 hours.

with different concentrations and subsequently cast onto
glass dishes and left in an oven at 40◦C for 24 hours to
form transparent films. After curing, the samples of the
pure PMMA and PVAc and their blends were removed and
then cut as desired. The concentrations of the prepared
(PMMA/PVAc) blends are (0/100, 25/75, 50/50, 75/25,
100/0) by weight.

2.3. Absorption Spectra. The absorption spectra were
recorded using Perkin Elmer Lambda 4B spectrophotometer
(190–900) nm.

2.4. UV Radiation. The films were exposed to UV and
filtered radiation from a 200 W xenon arc lamp.

2.5. Reflection Measurements. Specular reflection spectra
were recorded with UV-Vis-NIR spectrometer (UV-3101 PC)
shimadzu (200–600) nm.

2.6. FT-IR Analysis. FT-IR spectra were measured with a
Fourier Transform Infrared Spectrometer (FT/IR – 460 plus)
in the wave number range (400–4000 cm−1).

3. Results and Discussion

3.1. Characterization of PMMA/PVAc Blend. FT-IR spec-
troscopy has long been recognized as a powerful tool for
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Figure 2: Absorption spectra of different concentrations of
PMMA/PVAc blend before exposure to radiation.

elucidation of structural information. The position, inten-
sity, and shape of vibrational bands are useful in clarifying
conformational and environmental changes of polymers at
the molecular level [7]. FT-IR transmission spectra as shown
in Figure 1 have been studied to PMMA, PVAc, and their
(50/50 PMMA/PVAc) blend before and after exposure to UV
radiation for 24 hours.

It can be observed that a band at 1435.3 cm−1 corre-
sponds to asymmetrical bending vibration (CH3) of methyl
group of PMMA. Besides, the vibrational bands observed
at 2855 and 1370.7 cm−1 are ascribed to CH3 symmetric
stretching and symmetric bending vibrations of pure PVAc,
respectively. In addition, a strong band at 1718.3 and
1726.9 cm−1 can be attributed to the carbonyl group of
PMMA and PVAc segments, respectively [6]. Also, the
frequency shift of the peak due to C–O band of PMMA
around 1149.9 cm−1 for the sample of the blend implies that
there is a specific interaction between PMMA and PVAc [7].
On the other hand, it can be illustrated that the appearance
of the C–Cl peak characterizing chloroform [8] at 755 cm−1

indicated the presence of solvents molecules.
Moreover, the band around 1063.6 cm−1, due to a

stretching vibration of C–O–C group of PMMA, has shifted
to a higher value (1066.9 cm−1) after exposure to UV
radiation as well as the methoxy carbon (O–CH3) which
appeared at 2841.6 cm−1. Similarly, the wave numbers cor-
responding to the characteristic transmission peaks of PVAc
as acetates group at 1370.7 cm−1 have been affected by UV
radiation. Also, the decrease in the intensity of carbonyl
band for PMMA sample (which is more pronounced than
the intensity decrease of the blend) is an evidence of
side group elimination from PMMA chains upon UV
exposure. The broadening of the whole carbonyl band for
the homopolymers indicates that new oxidized groups are
formed resulting of photochemical reactions [1, 9]. Besides,
the development of the band from 3425 to 3666 cm−1

assigned to OH was observed for pure PMMA and PVAc
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Figure 3: Absorption spectrum of (a) pure PMMA, (b) blend of
(50/50 PMMA/PVAc), and (c) pure PVAc before (—) and after
(- - -) exposure to UV radiation for 24 hours.

more pronounced than their blend after UV irradiation. This
change is an obvious evidence of polymer photooxidation
[1]. Consequently, (50/50 PMMA/PVAc) blend has improved
the degradation of its homopolymer.

Furthermore, the observed decrease of the intensity of IR
spectra can be explained on the bases that most synthetic
polymers degrade after exposure to solar ultraviolet (UV)

radiation due to the presence of photosensitive impurities
and/or abnormal structural moieties which are introduced
during polymerization. The presence of groups such as
ketones and aldeydes is implicated in polymer degradation
[10].

3.2. Optical Absorption Spectroscopy. The study of the optical
absorption spectra is one of the most productive meth-
ods in developing and understanding the structure and
energy gap of amorphous nonmetallic materials. Figure 2
shows the absorption spectra of different concentrations of
(PMMA/PVAc) blend before exposure to radiation. It can be
observed that the intensity of absorption peak has increased
by increasing the concentration of PMMA in the blend.
Moreover, the absorption coefficient (α) has been estimated
for all samples from (1):

α(υ) = 2.3 log(Ii/It)
d

= 2.3A
d

, (1)

where Ii and It are the intensity of the incident and
transmitted light, respectively, A is the absorbance, and d is
the film thickness. Figure 3 shows the absorption coefficient
of PMMA, PVAc, and their (50/50 PMMA/PVAc) blend
before exposure and after exposure to UV radiation. The
observed wideness of the absorption spectrum of PMMA
after exposure to UV radiation can be attributed to the
existence of more transitions from higher vibration levels of
the ground state to higher sublevels of the first excited singlet
state [11]. In addition, the same behavior observed for PVAc
can be interpreted as the existence of ketones and aldeydes
due to the degradation by UV radiation as mentioned before.

3.3. Interband Transitions. When a quantum of radiation
is absorbed by a material, the absorption coefficient, as a
function of photon energy for simple parabolic band, can be
expressed by Davis and Mott formula [12], as in (2)

αE = B
(
E − Eg

)r
, (2)

where B is a constant, Eg is the optical band gap of the
specimen, and r is an index having the values of 2, 3, 1/2,
and 3/2, depending on the nature of electronic transition
responsible for the absorption. Figure 4(a) illustrates the
dependence of (αE)2 on the photon energy E (eV) for the
samples before exposure to light, which brought in to view
a linear behavior that can be considered as an evidence of
the direct transition (i.e., for r = 1/2) [13]. The optical
gab was estimated from the intercept on the energy axis of
the linear fit of the large energy data of the plot [14]. The
absorption spectra [15] clarify an extending tail for lower
photon energies below the band edge, which can be described
by (3)

α = αo exp
(
E

Eu

)
, (3)

where Eu is the energy of Urbach corresponding to the width
of the band tails of localized states in the band gap. The values
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Figure 4: (a) The dependence of (αE)2on photon energy E (eV) for (a) pure PMMA, (b) blend of (75/25 PMMA/PVAc), (c) blend of (50/50
PMMA/PVAc), (d) blend of (25/75 PMMA/PVAc), and (e) pure PVAc without exposure to radiation.
(b) The dependence of (lnα) on photon energy E (eV) for (a) pure PMMA, (b) blend of (75/25 PMMA/PVAc), (c) blend of (50/50
PMMA/PVAc), (d) blend of (25/75 PMMA/PVAc), and (e) pure PVAc without exposure to light.

Table 1: The energy gap Eg (eV) for different concentrations of (PMMA/PVAc) blend after exposure to UV and filtered radiation at different
exposure times.

PMMA/PVAc Exposure radiation
Exposure time (hour)

Percentage of decrease of Eg% (eV)
0 4 12 20 24

(100/0)
filter 4.60 4.57 4.56 4.52 4.48 2.61

UV 4.60 4.50 4.41 4.32 4.23 8.04

(75/25)
filter 4.67 4.66 4.64 4.60 4.59 1.71

UV 4.67 4.54 4.47 4.36 4.30 7.92

(50/50)
filter 4.85 4.84 4.83 4.80 4.77 1.65

UV 4.85 4.68 4.57 4.56 4.53 6.29

(25/75)
filter 4.92 4.92 4.89 4.88 4.88 0.81

UV 4.92 4.83 4.77 4.73 4.70 4.47

(0/100)
filter 5.28 5.28 5.27 5.24 5.24 0.76

UV 5.28 4.25 5.19 5.11 5.07 3.98

of Eu were calculated as the reciprocal gradient of the linear
portion of the plot. Moreover, Figure 4(b) shows the plot of
(lnα) versus photon energy E (eV) samples before exposure
to light.

Tables 1 and 2 summarize the values of optical param-
eters (Eg and Eu), respectively, for different concentrations
of (PMMA/PVAc) blend before and after exposure to filtered
and UV radiation for 24 hours. It can be deduced that
by increasing the concentration of PMMA in the blend,
the values of Eg decreased and the values of Eu increased.
Furthermore, Table 1 has illustrated that the decrease of Eg
values by increasing the exposure time of UV radiation was

more obvious than that after exposure to filtered radiation
because UV radiation has an energy higher than the energy
of any bond molecules [16]. Moreover, the blend of (50/50
PMMA/PVAc) modified the wideness of PMMA spectra after
exposure to UV radiation.

Also, the values of Eu have increased by increasing the
exposure time as indicated in [17]. The increase of Eu values
by increasing the concentration of PMMA in (PMMA/PVAc)
blend can be attributed to the effect of internal potential
fluctuation associated with the structural disorder [11]. In
addition, the values of constant (B) in (2) were determined
from the slope of the linear part of Figure 4(a) for the
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Table 2: The band tail width Eu (eV) for different concentrations of
(PMMA/PVAc) blends after exposure to UV and filtered radiation
at different exposure times.

PMMA/PVAc Exposure radiation
Exposure Time (Hour)

0 4 12 20 24

(100/0)
filter 0.40 0.41 0.43 0.45 0.46

UV 0.40 0.42 0.46 0.49 0.53

(75/25)
filter 0.39 0.39 0.43 0.43 0.43

UV 0.39 0.39 0.43 0.45 0.48

(50/50)
filter 0.38 0.38 0.41 0.42 0.42

UV 0.38 0.38 0.43 0.45 0.47

(25/75)
filter 0.28 0.28 0.30 0.30 0.32

UV 0.28 0.31 0.35 0.38 0.38

(0/100)
filter 0.24 0.28 0.30 0.32 0.32

UV 0.24 0.34 0.37 0.37 0.38

Table 3: Values of the constant B (cm−1 eV1/2) for different
concentrations of PMMA/PVAc blend before and after exposure to
UV and filtered radiation for 24 hours.

PMMA/PVAc
Before exposure
to radiation

After exposure
to filtered
radiation

After
exposure to
UV radiation

(100/0) 67.5 58.5 78.8

(75/25) 39.7 78.4 45.5

(50/50) 91.6 78.7 102.6

(25/75) 85.8 69.5 63.2

(0/100) 127.3 123.2 138.5

samples before exposure to light and also after exposure to
UV and filtered radiation which are summarized in Table 3.
The unit may be given [18] as cm−1 eV(1−r).

3.4. Optical Constants. The absorption coefficient (α) of the
medium provides valuable optical information for material
identification. The attenuation coefficient (k) [19] is directly
proportional to the absorption coefficient (α) as seen in(4)

α = 4πk
λ

, (4)

where λ is the free space wavelength of light. For normal
incidence, the reflection coefficient (R) [19] is given by (5)

R =
[

(n− 1)2 + k2
]

[
(n + 1)2 + k2

] . (5)

The measurements of specular reflection and the
absorbance are used to calculate the optical constants (n,
k) by the two previous equations. Figure 5 illustrates the
refractive index values for the blend of (PMMA/PVAc) with
variant concentrations at wavelength of 200 nm. It has been
found that the value of (n) increases with increasing the
concentration of PMMA in (PMMA/PVAc) blend which is
a result of increasing the number of atomic refractions due

1.3

1.35
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1.5

n
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Concentration (wt%)

[Pure PMMA]

[Pure PVAc]

Figure 5: The variation of refractive index (n) versus different
concentrations of PVAc in (PMMA/PVAc) blends without exposure
to radiation at wavelength of 200 nm.

to the increase of the linear polarizability in agreement with
Lorentz formula [20], as in (6)

n2 − 1
n2 + 2

= 4
3
πNαP, (6)

where n, N, and αP are refractive index, the number density
of molecules, and linear polarizability, respectively. On the
other hand, Figure 6 shows that there is a minimum peak
in the wavelength range of the absorption band followed by
an increase of the values of (n), for PMMA, PVAc, and their
(50/50 PMMA/PVAc) blend, which clarifies the presence of
normal dispersion according to Cauchy′s dispersion formula
[16], as in (7):

dn
dλ
= −2B1

λ3
. (7)

Also, the curves of refractive index (n) show no mini-
mum caused by absorption in the visible wavelength, which
is pointing to the fact that all the samples are colorless
[21]. In addition, the increase in the values of the refractive
index after exposure to UV radiation for 24 hours could
be attributed to localized density increased arising from
photoinduced cross linking [22]. Moreover, Figure 6 shows
that the increase of refractive index (n) for the samples after
exposure to UV radiation was more obvious than that after
exposure to filtered radiation due to the effect of UV.

4. Conclusions

Blend films of PMMA and PVAc with different concentra-
tions have been prepared by casting method, and they were
exposed to UV and filtered radiation for 24 hours. The
films were characterized spectroscopically using FTIR which
illustrated that the decrease of the intensity of transmission
spectra of (50/50 PMMA/PVAc) blend after exposure to
UV radiation for 24 hours was lower than that of PMMA
and PVAc. Consequently, (50/50 PMMA/PVAc) blend has
improved the degradation of its homopolymer. Furthermore,
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Figure 6: Spectral distribution of refractive index (n) for (a) pure PMMA, (b) a blend of (50/50 PMMA/PVAc), and (c) pure PVAc before
(—) and after exposure to filtered (- - -) and UV radiation (. . .) for 24 hours.

the calculated values of the optical parameters illustrated
that there was a reduction in Eg values of the films by
increasing the concentration of PMMA in the blend and
also after exposure to UV radiation. Moreover, the refractive
index values have been calculated from a combination
of reflectance and absorbance measurements at normal
incidence for all films which illustrated that there was an
increase of these values by increasing the concentration of
PMMA in the blend and also after exposure to UV radiation
for 24 hours. In conclusion, from all the previous results,
it could be concluded that (50/50 PMMA/PVAc) blend has
modified the optical properties of its homopolymers and also
it may be suggested to be a good matrix for the dyes used in
fluorescent solar collectors.
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1. Introduction

Modification of polymers physical properties by formation
on their surfaces of thin layers of inorganic compounds
allows obtaining composites with desirable properties. The
last few decades saw an increasing interest in semiconducting
copper sulfide thin films, because of their applications in
various fields of science and technology. Copper sulfide
thin films have a number of applications in various devices
such as: solar cells, superionic conductors, semiconductors,
photodetectors, photothermal conversion devices, electro-
conductive electrodes, microwave shielding coating [1–4],
gas sensors functioning at temperatures tending to room
temperature [4], as polarizers of infrared radiation [5], and
active absorbents of radio waves [6].

Numerous studies are devoted to the production of CuxS
layers in the polymer matrix by chemical methods [7, 8].
Application of these copper sulfide layers depends on their
properties, such as chemical composition, structure, and
electrical conductivity. The properties of the obtained layers

depend on the conditions of synthesis, the precursor of sulfur
and their composition [9, 10]. Compositions of these layers
have been studied by XRD [11, 12], FTIR [13], potentiom-
etry [14], however, to our knowledge, investigations by XPS
are lacking.

The aim of this work was to study the phase composition
of CuxS layers obtained by the sorption-diffusion method in
a polyamide matrix by means of UV/VIS, XPS, and XRD.

2. Experimental Details

Potassium pentathionate, K2S5O6 · 1.5H2O, was prepared
from As2O3 and potassium thiosulfate, and was chemically
analysed according to published procedures [15]. The purity
of the obtained potassium pentathionate was 99.3%. Salt was
stored in the desiccators over sulfuric acid.

The solutions of freshly prepared K2S5O6 · 1.5H2O in
0.1 mol·dm−3 HCl at a concentration of 0.15 mol·dm−3 and
a temperature of 20◦C was used for the diffusion of sulfur(II)
containing anionic particles into PA samples.
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The polyamide PA 6 tape 70 μm thick (specification TY 6-
05-1775-76, grade PK-4, Russia) were used for experiments.
This film is close to a nonporous material, because the
pores of PA 6 are much less than 1.5 nm. The porosity
was measured by the BET method [16] using a Quantasorb
sorption system (USA). Film density was checked by the
flotation method. It was found, that the density of PA is equal
to 1.13 g·cm3.

Prior to the experiments, samples of the PA 6 film 15 mm
× 70 mm in size, were boiled in distilled water for two hours
to remove the remainder of the monomer, then dried with
filter paper and in a desiccators over CaCl2 for 24 hours.

PA 6 films were sulfured in a thermostatic vessel using
a continually stirred acidified (0.1 mol · dm−3 HC1, pH ∼
1.5) 0.15 mol · dm−3 K2S5O6 solutions at a temperature
of 20◦C. Preliminary experiments had shown that sorption
from the solutions of a lower concentration was too slow
and insufficient. At temperatures higher than 30◦C, the
stability of pentathionate solution was insufficient, and
gradual spontaneous decomposition of polythionate with the
liberation of elemental sulfur occurred [7].

After 4 and 5 hours of pretratment in K2S5O6 solution,
the PA 6 film samples were removed, rinsed with distilled
water, dried with filtration paper, kept over CaCl2 for 24
hours, and then used in further experiments and analysis.

Sulfur concentrations in PA 6 film samples were deter-
mined potentiometrically [17]. Firstly, the sample of a
sulfured PA 6 film was thermally treated in 10–15 cm3 of
10 mol · dm−3 KOH diluted with the same amount of
distilled water. Standard calomel and platinum electrodes
were used for the potentiometric titration of the solution
obtained in KOH with 0.05 molkv · dm−3 solution of iodine
under stirring. For the potentiometric measurements the
pH-meter—pH-673 M voltmeter was used.

A solution of Cu(I) salt was produced from the solution
of 0.4 mol·dm−3CuSO4 with addition of 3.4 mol·dm−3NH3·
H2O and 0.36 mol·dm−3 of a reducing agent, hydroxylamine
sulfate, by the method presented in [18]. The pH of the
solution was 9.73. All ions of divalent copper turn into ions
of univalent copper in this mixture independently of the
temperature. After pretreatment in K2S5O6 solution, the PA
6 sample was treated for 20 minutes at a temperature of 35◦C
with a Cu(I) solution, then rinsed with distilled water, dried
over CaCl2 and used in further experiments.

The amount of copper in the sulfide film was determined
with a Perkin-Elmer atomic absorption spectrometer (λ =
325 nm) [19] after fusing the film in concentrated nitric
acid. The content of copper and sulfur was expressed as
μmol · cm−2.

The sheet resistance of CuxS layers of different compo-
sition was measured at the constant current using the E7–8
digital multimeter (Russia) with custom design electrodes.
The measurements were carried out with 1 cm2 square
electrodes, therefore the resistance is shown in Ω/cm2.

The UV/VIS spectra (from 200 to 800 nm) were recorded
on a Spectronic Genesys 8 UV/Visible spectrophotometer
with compensation of PA 6 absorption.

The composition and chemical state of the elements
in the copper sulfide film surface were studied using X-

ray Photoelectron Spectroscopy (XPS) on a KRATOS ANA-
LYTICAL XSAM800 spectrometer. The energy scale of the
spectrometer was calibrated using Au 4f7/2, Cu 2p3/2, and Ag
3d5/2 peak positions [20]. The X-ray source was operating in
aluminium anode mode (Al Kα photon energy of 1486.6 eV).
The hemispherical energy analyser with the pass energy of
20 eV and the fixed analyser transmission (FAT) mode were
used. The main core level photoemission spectra (with 0.1
eV energy increment) of Cu, O, C, and S were taken. The
X-ray excited Auger spectra of copper (Cu L3M45M45) were
collected with a 0.25 eV energy increment. For all spectra,
the charge shift was compensated according to C 1s peak
position. The relative atomic concentrations of copper, oxy-
gen, carbon, and sulfur were calculated from an appropriate
peak area with respect to the sensitivity factors, using original
KRATOS software. Shirley background subtraction was used
for atomic concentrations calculation. Surface cleaning with
Ar+ ions (3 KeV, 18 μA/cm2) was used to remove atmospheric
contaminants from the surface of samples.

X-ray diffractometry was carried out under a Brag
Brendan circuit on a Dron-6 diffractometer (Russia) using
Cu Kα(λ = 0.154178 nm) radiation, 30 kV voltages, and 30
μA current. The scanning range was θ = 28 − 60◦, and the
scanning speed was 1 min−1. Results were registered in the
in situ mode with a computer, and X-ray diffractograms of
PA 6 samples with CuxS layers were treated using the Sarch
Match, Xfit, ConvX, Dplot95, and Photo Styler programs to
eliminate the PA 6 maxima.

3. Results and Discussion

3.1. Chemical Analysis of Thin CuxS Film Layers. As men-
tioned before, the method of preparation influences the
composition and characteristics of sulfide layers. Therefore,
the initial stage of the work was aimed to establish the
chemical composition of CuxS/PA.

The chemical composition of copper sulfide films
obtained in different conditions is presented in Table 1. The
molar ratios of copper and sulfur found in sulfide films show
that nonstoichiometric copper sulfide and nonsulfide sulfur
can coexist.

3.2. Optical Studies of Thin CuxS Film Layers. The typical
UV/VIS absorption spectra of PA 6 samples sulfured for
5 hours in a solution of K2S5O6 at 20◦C are presented in
Figure 1, curve 1, where the spectrum of PA substrate is sub-
tracted. Two absorption peaks are observed in these spectra:
at 250 nm as a peak, and as a less intense and shallower
band at λ = 295 nm. Thus, the UV/VIS absorption spectra
confirm that the sulfur is sorbed by PA 6 films in the form
of pentathionate ions [21, 22]. The intensity of absorption
maxima in the spectra increases with increasing exposure
time of polymer treatment with potassium pentathionate
solution.

After interaction of copper ions with polyamide in the
presence of sulfur, a number of new peaks appear in the
interval of 295–465 nm for PA sulfured in the potassium
pentathionate solution, and a change tendency was observed
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Table 1: Chemical composition of CuxS layers formed in PA matrices, depending on the duration of film pretreatment time.

Parameter
Duration time of treating the PA films in K2S5O6 solution, h

4 5

Sulfur concentration cs, μmol · cm−2 3.10 3.26

Copper concentration cCu, μmol · cm−2 2.04 2.24

Cu/S molar ratio 1 : 1.52 1 : 1.45
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Figure 1: Typical UV/VIS absorption spectra: (1) of the layers of PA
6 sulfured for 5 hours in 0.15 mol·dm−3 K2S5O6 at 20◦C, (2) of the
layers then treated with Cu(I) salt.

in comparison with that before the interaction with copper.
Three obvious absorption peaks at 320 nm, 360 nm, and
abroad absorption peak at 465 nm appeared on the surface
of PA (see Figure 1, curve 2). All these peaks are higher
than relevant peaks of PA before the interaction with copper
indicating that they are copper sulfides species. These data
in Figure 1 are consistent with the number and intensity
of copper sulfides phases detected according to our XRD
measurements (see Figure 5, curve 2).

The variation of the optical absorption coefficient near
the absorption edge follows the power law [23] in the form
of

α =
B
(
E − Ebg

)n

E
, (1)

where E is the photon energy-hν; Ebg is the band-gap energy
of the system; B is the function of density of states near the
conduction and valence band edges. The value of n is 2 for
direct transition and (1/2) for indirect transition.

The optical absorption coefficient is found to have a value
of 1.48 · 104 − 1.52 · 104cm−1.

Transition copper sulfides are usually indirect band-gap
semiconductors [24, 25]. The values of Ebg obtained from the
intercepts of the straight line portion of the curves with the
hν axis for the zero absorption are 1.25 and 1.3 eV for 4 hours
and 5 hours sulfured PA 6, respectively.

The observed Ebg differences could be connected either
with the structural changes of different thickness of layers or
different exposure time in potassium pentathionate solution.
Therefore, the influence of layers composition on the Ebg

value can be regarded as dominant in our experiment.

3.3. XPS Analysis of Thin CuxS Film Layers. CuxS films
deposited on PA 6 surface were examined by XPS measure-
ments. The core levels S 2p, Cu 2 p, O 1s, C 1s spectra and the
Cu Auger spectrum were measured. During formation of the
CuxS layer on the surface of polycaproamide, all processes
proceed in an open medium; therefore, it is not possible
to avoid ambient effects. Since the surface of this layer is
active, it adsorbs oxygen, water, and other contaminants [26–
28]. The layer of sulfide on the surface of the polymer is
distributed in the form of islands enabling an easy contact
of the atmospheric oxygen with copper and sulfur ions.
Therefore the surface of the CuxS layer can differ from
the macrostructure and chemical composition of the entire
layer. It is necessary to emphasize that the XPS method
investigates very thin (up to few nm) surface layers, whereas
the grains size in the film determined by optical microscopy
[29] is approximately 30 μm, that is, can reach several tens of
microns.

The data of XPS analysis show that the composition
of CuxS layers formed at different pretreatment time in
0.15 mol · dm−3 K2S5O6 solutions is rather similar. They
consist of copper, sulfur, carbon, and oxygen in various
combinations. Oxygen on the surface of the copper sulfide
layer was established by other methods, for example, during
precipitation of thin Cu2S films from solutions [30]. The
amount of oxygen significantly reduces when the surface of
the sulfide layer is cleaned with Ar+ ions.

The XPS Cu 2p spectra of PA 6 sample sulfured for
5 hours and afterwards treated in Cu(I) salt solution are
shown in Figure 2. In the spectra taken before sputtering
(see Figure 2, curve 1), the “shake-up” satellite at 944 eV
position and a low intensity peak at 935.5 eV are clearly
visible. The “shake-up” satellite is an evidence of Cu(II) ions
[26], while the peak at 935.5 eV coincides with the known
CuSO4 peak position at 935.4 eV [31]. A high-intensity peak
at 932.8 eV (FWHM = 1.85 eV) is close to reported peak
positions of Cu2S (932.5 eV), Cu2O (932.5 eV) [31], and Cu–
Cu (932.63 eV) [20]. However, this peak is shifted by 0.6 eV
from the known CuS peak (932.2 eV) [31], and by 0.8 eV
from the CuO peak (933.6 eV) [31]. A more clear distinction
between the mentioned Cu(I) and Cu(II) bonds is described
afterwards using copper Auger peaks. After Ar+ sputtering
(see Figure 2, curve 2) the “shake-up” satellite and the peak at
935.5 eV disappear, while the high intensity peak at 932.8 eV
becomes more intense and narrow (FWHM = 1.6 eV), its
position being unchanged. It is known that evaporation of
volatile sulfur oxides takes place due to bombardment by
Ar+ ions of the oxidized sulfide surface [32]. Therefore, the
sample surface before sputtering can be described as Cu2S
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Figure 2: Copper XPS Cu 2p spectra of PA 6 sulfured for 5 hours
and treated with Cu(I) salt: (1) before and (2) after Ar+ cleaning.
Arrows show possible positions of copper peaks as described in the
text.
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Figure 3: Copper Auger spectra of PA 6 sulfured for 5 hours and
treated with Cu(I) salt: (1) before and (2) after Ar+ cleaning. Arrows
show possible positions of copper peaks as described in the text.

copper sulfide with oxidized upper layers. The sample surface
after Ar+ cleaning can be described as Cu2S sulfide with
removed volatile sulfur oxides if the identification of Cu2S
sulfide is reasonable.

For a clearer picture of Cu bonds, the copper Auger
spectra excited with X-rays are shown in Figure 2. It is
difficult to distinguish Cu2S, Cu2O, and Cu–Cu bonds from
Cu 2p peak positions (see Figure 2), but the Cu L3M45M45

peak positions for Cu2S, Cu2O, CuSO4, CuO, CuS, and
Cu–Cu bonds are more isolated – 569.5 eV, 569.9 eV, 570.5,
568.7 eV, 568.5 eV [31], and 567.93 eV, respectively [20].
Before Ar+ ions bombardment the Cu L3M45M45 peak
position (569.7 eV, Figure 3, curve 1) coincides with known
Cu2S, Cu2O positions (569.5 eV, 569.9 eV, respectively) [31].
After surface bombardment, the peak becomes more intense
and its position is shifted (569.8 eV). This implies that there
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Figure 4: Sulfur XPS S 2p spectra of PA 6 sulfured for 5 hours and
treated with Cu(I) salt: (1) before and (2) after Ar+ cleaning, (3)
sulfured PA 6 (for 4 hours at 20◦C) before Cu(I) salt treatment.
Arrows show possible positions of sulfur peaks as described in the
text.

are no CuS, CuO, or Cu–Cu bonds, and the dominating
phase of copper sulfide is Cu2S. However, now the peak
position is closer to the Cu2O position and is slightly shifted
from the known Cu2S position.

In the XPS S 2p spectra, different sulfur bonds for Cu(I)
salt treated PA 6 (see Figure 4, curve 1) and PA 6 sulfured for
4 hours (see Figure 4, curve 3) were found. For both samples,
the higher energy peak position (168.9 eV) coincides with
the known CuSO4 position (168.8 eV) [31]. This peak for
both samples corresponds to sulfur S(VI) bond to oxygen.
We assign this peak to sulfur SO4

2− bonds in CuSO4 in
case of the oxidized surface for Cu(I) salt treated PA 6
(see Figure 4, curve 1) and to sulfur S2O3

2− bonds PA 6
sulfured in pentathionate for 4 hours (see Figure 4, curve
3). The lower energy peak position (161.8 eV) for Cu(I)
salt treated PA 6 is in good agreement with known Cu2S
and CuS positions (161.92 eV and 162.1 eV, respectively)
[31]. For sulfured PA 6, the lower energy peak position
(163.7 eV) is almost the same as the known S–S peak position
(163.9 eV) [31], therefore we assign this peak to S2−–S2+

bonds in pentathionate or possible elemental sulfur. For
Cu(I) salt treated PA 6, oxidized sulfur states are formed
on the outermost surface of the Cu2S; most likely due to
an atmospheric influence. After Ar+ ions bombardment (see
Figure 4, curve 2), the higher energy peak disappears from S
2p spectra. This confirms removal of volatile sulfur oxides
from the copper sulfide surface as was shown in Cu 2p
spectra (see Figure 2, curve 2).

Copper and sulfur XPS spectra were almost identical for
PA 6 sulfured for 4 hours and treated with Cu(I) salt (not
shown here).

Surface atomic concentration after sample treatments is
presented in Table 2. The first column (sample description)
corresponds to an appropriate PA 6 treatment: “Pure PA 6”—
polyamide surface before pentathionate treatment; “Sulf.
4 hours PA 6”—PA 6 treated for 4 hours at 20◦C in
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Figure 5: X-ray diffraction patterns of CuxS layers on PA 6 (peaks of
djurleite—D, chalcocite—Ch). PA 6 initially pretreated for different
time and then treated with Cu(I) salt solution for 20 minutes at
35◦C. Pretreatment time: 1–4 hours, 2−5 hours.

pentathionate solution; “Sulf. 4 hours PA 6 Ar+”—PA 6
treated for 4 hours at 20◦C in pentathionate solution after
surface bombardment with Ar+ ions for 30 seconds; “Sulf.
4 hours PA 6 Cu(I)”—PA 6 treated for 4 hours at 20◦C in
pentathionate solution and afterwards in Cu(I) salt solution;
“Sulf. 5 hours PA 6 Cu(I)”—PA 6 treated for 5 hours at
20◦C in pentathionate solution and afterwards in Cu(I) salt
solution.

Surface atomic concentration shows that prolonged (5
hours) PA 6 treatment in pentathionate solution provides
increased Cu and S concentrations on PA 6 surface after
treatment in Cu(I) salt. In pentathionate-treated PA 6, sulfur
atomic concentration decreases after surface cleaning with
Ar+ ions. The same (4 hours) sample surface treated with
Cu(I) salt shows a twice higher sulfur atom concentration
even before bombardment with Ar+ ions. After surface
cleaning, the Cu/S atomic ratio in PA 6 sulfured for 5 hours
and treated in Cu(I) salt solution is 1 : 1.4. After Ar+ surface
cleaning, in this sample the oxygen atomic concentration
(22.7%) was approximately three times as high if compared
to PA 6 sulfured for 4 hours and cleaned with Ar+ (7.7%).

A summarizing analysis of XPS spectra in Cu 2p spectra
has shown that the detected position of the peak (932.8 eV)
is difficult to distinguish between Cu2O, Cu2S, and Cu–Cu
bond positions, but it is fairly separated from the known CuS
and CuO bond positions, implying the absence of detectable
Cu(II) ions in CuS or CuO bonds after Ar+ surface cleaning.
This is confirmed by disappearance of low intensity of the
“shake-up” satellite which disappears after surface cleaning
with Ar+ ions. The Cu L3M45M45 peak position excludes
Cu–Cu bonds and confirms existence of only Cu(I) bonds
in the obtained film, though possible Cu2O bonds cannot

be excluded. The sulfur S 2p spectrum for sulfured PA 6
shows sulfur bonds in pentathionate and possible elemental
sulfur. For Cu(I) treated PA 6 samples, only sulfide bonds
are found in S 2p spectra after surface cleaning with Ar+

ions. The oxygen atomic concentration and CuLMM peak
shift towards Cu2O position after Ar+ bombardment suggest
a certain amount of oxidized Cu(I) in the deeper layers. The
chemical bonds of Cu2S layers initially sulfured for 4 hours
and 5 hours are similar, while the atomic concentration of
elements in the layers differs. Nevertheless, the Cu/S ratio
for both Cu2S layers is almost the same after Ar+ surface
cleaning: 1.3 for 4 hours and 1.4 for 5 hours sulfured samples.
The XPS data show that the formation of Cu2S takes place in
the bulk of deposits, but it cannot be excluded that the films
contain some CuxS sites; then x is close to 2. Due to very
close (or overlapping) peak positions in spectra, accurate
determination of the x values in CuxS layers from XPS data
is impossible.

Another aim of the work was evaluation of the influence
of sample treatment on the electrical conductivity of the
obtained layers. Sheet resistance for PA 6 treated by Cu(I)
salt solution was found to range from 6300 to 102Ω/cm2

and is shown in the second column of Table 2. Sheet
resistance variation indicates that the longer pentathionate
treatment of PA 6 leads to a better electrical conductivity of
produced copper sulfide films. The lowest sheet resistances
of 102Ω/cm2 suggest formation of copper sulfide layers with
the Cu/S molar ratio 1.45.

3.4. X-Ray Diffraction Analysis of Thin CuxS Film Layers. The
phase composition of the deposited film was investigated
by comparing the obtained XRD spectra with those of
known minerals [33]. Structural studies of CuxS layers
deposited by the sorption-diffusion method are limited by
the polycrystallinity of the layers obtained, as well as by
the existence of CuxS phases of various compositions and
structure and by the crystallinity of the PA 6 film itself. The
intensity of PA 6 peaks at θ < 13◦ exceeds the intensity
of copper sulfide peaks several times. Therefore, the area of
2θ ≥ 26.0◦ was investigated in more detail.

The X-ray diffraction patterns of the layers showed that
peaks of various copper sulfide phases are present in the XRD
diagram (see Figure 5).

Analysis of the XRD spectra shows that the hexagonal
chalcocite Cu2S (PDF 84–209) maximum 2θ = 49.28◦

and monoclinic djurleite Cu1.9375S (PDF 42–564) maximum
2θ = 38.1◦ prevailed in the composition of the sulfide film
for PA 6 sulfured for 4 hours and 5 hours (see Figure 5, curve
1, 2).

When the time of pretreatment in the penthathion-
ate solution is prolonged until 5 hours, changes in film
composition occur; the intensity of the peaks of djurleite
slightly decreases, and the intensity of the chalkosine peaks
increases. This phase predominates in the composition of
the sulfide film (see Figure 5, curve 2). After a longer period
of sulfuration in K2S5O6 solution, one more djurleite (PDF
42–564) maximum 2θ = 31.72◦ peak appears (see Figure 5,
curve 2), and the intensity of copper sulfide peaks increases.
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Table 2: The sheet resistance and surface atomic concentration calculation results.

Sample description Sheet resistance, Ω/cm2 Surface atomic concentration, %

Cu 2p O 1s C 1s S 2p

Pure PA — — 15.8 84.2 —

Sulf. 4hours PA — — 18.1 80.6 1.3

Sulf. 4hours PA Ar+ (30s) — — 7.7 91.2 1.1

Sulf. 4hours PA Cu(I)
6300

1.6 12.8 83.5 2.2

Sulf. 4hours PA Cu(I) Ar+ (30s) 5.0 10.2 80.8 3.9

Sulf. 5hours PA Cu(I)
102

2.1 31.5 62.8 3.6

Sulf. 5hours PA Cu(I) Ar+ (30s) 19.7 22.7 43.2 14.4

Consequently, we assume that the concentration of copper
sulfide in the obtained film increases.

Crystallite size was determined by Scherer’s formula [33]:

D = 0.9λ
β cos θ

, (2)

where λ is X-ray wavelength, θ is Bragg’s angle, and β is
the full width of diffraction line at half of the maximum
intensity.

For PA 6 initially pretreated for 4 hours in K2S5O6

solution and then treated with Cu(I) salt solution for 20
minute at 35◦C (see Figure 5, curve 1), grain size for
chalcocite, Cu2S, was ∼35.60 nm and for djurleite, Cu1.9375S,
it was 54.17 nm. For PA 6 initially pretreated for 5 hours
in K2S5O6 solution (see Figure 5, curve 2), grain size for
chalcocite, Cu2S, was ∼95.56 nm and for djurleite, Cu1.9375S,
it was 59.175–90.107 nm.

3.5. Mechanism and Kinetics of Copper Sulfide Formation.
The differences of the obtained parameters of thin copper
sulfide films on the PA 6 surface permit us to conclude
that they may be connected with the peculiarities of their
structure and mechanism of reaction following the diffusion
of pentathionate across the polycaproamide interface. The
mechanism of the heterocatalytic degradation of the pen-
tathionate is still a matter of active investigation.

Pentathionate is, thereby, characterized as sulfur di-
(thiosulfate), that is, two thiosulfate groups are bonded to
a sulfur atom through the thiosulfur atoms of the thiosul-
fate groups. The sufur sulfur bonds in the pentathionate
−2O3 S2S++S2O3

2− are more ionic then covalent.
With excess alkalis, pentathionate was found to undergo

hydrolysis quantitatively as follows [34]:

2S(S2O3)2
2−+ 6HO−−→4S2O3

2−+S+SO3
2− +3H2O. (3)

The stabilizing effect of acids on pentathionate is probably
due to the removal of hydroxyl ions. This effect of acids
on pentathionate may be also (especially from higher acid
concentrations to a small extent) due to the polarizing
influence of protons on the oxygen atoms of the terminal sul-
furoxy groups. At sufficiently high acid concentrations this
polarizing proton effect causes breakdown of pentathionate

acids with liberation of hydrogen sulfide and elemental
sulfur, respectively. The ionisation of thiosulfate ion in
monosulfur di-(thiosulfate) in pentathionate is facilitated
through the higher electronegativity of sulfur.

Therefore, a polythionic compound of the pentathionic
type should keep its central sulfur more firmly bound to
the lower oxidability of the thio anion from which it is
built up. Since the pentathionate solutions are unstable, after
several hours a degradation of the initial solution starts and
new structural units like elemental S, polythionates (namely,
K2S3O6, K2S4O6), sulfite, and sulfate may appear. We expect
that the chemical degradation also influences the parameters
of the anionic particles containing sulfur atoms diffused into
PA 6.

Our data suggest a situation in which previously diffused
sulfur particles lead to a modification of PA 6 surface, which
favours the further sorption of copper ions.

The results of sorption were interpreted in terms of the
semiquantitative estimates of the sorption mechanism. A
variety of new effects become important as far as the interac-
tions of inorganic sorbates with PA 6 surface are concerned,
for example, the electrostatic interaction of sorbate ions,
namely S3(SO3)2

2− with charged sites of the sorbent, such
as the ionised polycaproamide functional groups –CO–NH–
and –NH2, and exchange reactions of these ions with ligands
previously bonded to the polymer surface or their ionised
functional groups. The charge of these particles becomes
dependent on the degree of ionisation and consequently on
the pH of the medium [22].

The UV/VIS, XPS and XRD data analyses (Figures 1, 2,
3, 4 and 5) allow us to assume a reaction scheme in which
copper sulfide layers on PA 6 are formed by the sorption-
diffusion method via heterogeneous chemical reactions [35]:

S3(SO3)2
2− + 2Cu+ + 2H2O

−→ Cu2S + 2S + 2H2SO4,
(4)

2xCu± + S −→ CuxS + xCu2±, (5)

S3(SO3)2
2− + 6Cu+ + 2H2O

−→ Cu2S + 2CuS + 2Cu2+ + 2H2SO4,
(6)

2CuS −→ Cu2S + S. (7)



International Journal of Photoenergy 7

As mentioned before, pentathionate solutions are unsta-
ble; therefore we should expect also the products of chemical
degradation to diffuse into PA 6 [36]:

S3(SO3)2
2− −→ S + S2(SO3)2

2−. (8)

The formed ions can also decompose:

2S2(SO3)2
2− −→ S3(SO3)2

2− + S(SO3)2
2−. (9)

The presence of SO4
2− ions in the CuxS layers formed on

PA 6 can be explained by reaction (6) or the decomposition
of adsorbed S3(SO3)2

2− by the reaction [36]

S3(SO3)2
2− −→ 3S + SO2 + SO4

2−. (10)

Cu2O are conveniently prepared by the reduction of
CuSO4 using a hydroxylaminosulfate in alkaline (NH3·H2O)
solution. However, these compounds are rather unstable
thermally and tend to be oxidised in air [37]:

2Cu2O + O2 −→ 4CuO. (11)

The mentioned regularities enable copper sulfide films of
desired conductivity to be obtained on PA 6 surface.

4. Conclusions

(1) Layers of copper sulfide of various composition are
formed on the surface of polycaproamide if a sulfurized
polymer is treated with the water solution of Cu(I) salt: the
anionic particles containing sulfur atoms of low oxidation
state react with copper ions. The CuxS/PA layers are indirect
band-gap semiconductors. Obtained values of Ebg were 1.25
and 1.3 eV for 4 hours and 5 hours sulfured PA 6, respectively.

(2) Copper XPS spectra analyses showed the existence of
only Cu(I) bonds in the deeper layers of the formed Cu2S
film, although possible bonds of Cu2O were not excluded.
In sulfur XPS spectra for sulfured PA 6, sulfur bonds in
pentathionate and possible elemental sulfur were found. For
Cu(I) treated PA 6 samples, sulfide bonds are found only
in S 2p spectra after cleaning the surface with Ar+. Surface
atomic concentration calculations show that prolonged PA 6
treatment in pentathionate solution results increased Cu and
S concentrations on the formed film surface.

(3) Results of X-ray diffraction analysis confirmed for-
mation of CuxS layers of various phases. Comprising in itself
mainly phases of hexagonal chalcocite Cu2S (84− 209 : 2θ =
49.28) and monoclinic djurleite Cu1,9375S (42 − 564 : 2θ =
38.1◦) prevails in the composition of CuxS film, if PA 6 is
sulfured for 4 hours in K2S5O6 solution, but when the period
of sulfuration is prolonged (5 hours), the peaks of chalcocite
and djurleite increase. After a longer period of sulfuration, a
peak of djurleite Cu1,9375S (42 − 564 : 2θ = 31.72◦) appears.
Consequently, we assume that the concentration of copper
sulfide in the obtained film increases.

(4) It was found that grain size for chalcocite, Cu2S, was
∼35.60 nm, for djurleite, Cu1.9375S, it was 54.17 nm for PA 6
initially pretreated for 4 hours in K2S5O6 solution and then
treated with Cu(I) salt solution for 20 minutes at 35◦C. For

PA 6 initially pretreated for 5 h in K2S5O6 solution, grain
size for chalcocite, Cu2S, was ∼95.56 nm and for djurleite,
Cu1.9375S, was 59.175 − 90.107 nm.

(5) The electrical conductivity of the CuxS/PA films at the
constant current depends on the layer phase composition.
The lowest sheet resistance of 102 Ω/cm2 suggests formation
of copper sulfide layers with the Cu/S molar ratio of 1 : 1.45.

(6) On the basis of our experiments, the mechanisms
of pentathionate reactions in sulfuration medium during its
diffusion into PA 6 surface have been considered. Polythionic
compounds in their reactions were found to behave as
derivatives of divalent electropositive sulfur S2+ and to
undergo hydrolysis and degradation as indicated in the
provided reaction formula.
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We present photoluminescence (PL) measurements of two different, 3 monolayers and 12 monolayers (ml), CdTe self-assembled
quantum dot (SAQD) samples. The spectra were recorded in the temperature range 20 K–300 K, with photoexcitation over the
ZnTe barrier layer. PL spectra displayed two main emission bands. High-energy PL emission (E1) is ZnTe LO like phonon-
(ωLO = 204.2 cm−1 (3 ml), ωLO = 207.3 cm−1 (12 ml)) assisted deexcitation. Dominant low-energy band (E2) presents the direct
deexcitation to ground state of the CdTe quantum dots.
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1. Introduction

Great interest has been observed recently in studying
the properties of layers of semiconductor materials with
a mismatch between their lattice parameters. Favourable
conditions for the formation of self-assembled quantum dots
are created in such layers [1]. The wide band-gap CdTe/ZnTe
system is current interest because of its potential applications
in short-wavelength optoelectronic devices, but the large
lattice mismatch (6.4%) makes it very difficult to grow
CdTe/ZnTe structure of high quality [2].

In the majority of experiments reported so far, dots with
sizes larger than the exciton Bohr radius have been studied
[3–5]. For instance, the typical size of II-VI CdSe QD’s, where
the exciton Bohr radius is equal to 3 nm, ranges from slightly
larger than this value [3] to even 15 nm in diameter [4]. In
these cases then, leakage of the exciton wave function into the
barriers is not expected to change significantly for QD size
distributions within an ensemble. Consequently, for large
QDs no size dependence of the exciton-LO phonon coupling
is observed.

Detailed measurements of PL, photoluminescence excita-
tion (PLE), and resonant PL spectroscopy on similar systems
are performed in literature [1, 5]. To study the carrier

excitation processes in CdTe/ZnTe SAQD excitations below
energy of ZnTe gap were used to identify major carrier
excitation mechanisms in CdTe QD’s [5].

In our earlier papers we using far-infrared spectroscopy
[6], Raman spectoscopy [7], and resonant Raman spec-
troscopy [8] to investigate structural and phonon properties
of CdTe/ZnTe SAQD. By extending this study to phto-
luminescence spectroscopy we expect to obtain electronic
structure and get complete picture of optical properties of
these samples.

2. Samples and Characterization

Investigated samples were grown by molecular beam epitaxy
on GaAs substrate. CdTe buffer layer, 4 μm thick, was
deposited on the substrate. After a 0.6 μm thick ZnTe
layer, 3 or 12 monolayers (ml) of CdTe were deposited
to form a random distribution of quantum dots. The dot
layer was covered by 0.1 μm ZnTe capping layer, which is
schematic presented in Figure 1. High mismatch of lattice

parameters of CdTe (6.482 ´̊A) and ZnTe (6.104 ´̊A) provokes
gathering of CdTe molecules and forming of quantum dots.
Further details of the samples growth can be found in
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Figure 1: A schematic presentation of a six-layer structure.

[1]. It is important to note that the chosen sample set
enables us to study quantum dots (QD) with different
lateral sizes. Namely, CdTe QDs are very small, and, as esti-
mated by transmission electron microscopy and magneto-
photoluminescence measurements, their lateral size is of the
order of 2–4 nm in diameter in sample with 3 ml. In second
sample (12 ml) there are no CdTe islands; that is, there is a
layer with CdTe regions surrounded by alloyed material. This
work is focussed to emphasize different properties of these
two cases.

Photoluminescence spectra (PL) were excited by several
lines of Ar-laser line (514.5 nm, 501.7 nm, 496.5 nm, 488 nm)
and Kr-laser line (647.5 nm), measured using a Jobin Yvon
model U-1000 monochromator, with a conventional photo-
counting system. All Ar-laser lines excite excitons over the
ZnTe barrier layer.

3. Results and Discussion

The electronic band structure was characterized by a PL
spectrum. PL spectra depend on energy excitation. In the
case of argon laser excitations the PL spectra displayed two
main emission peaks. Typical PL spectra are presented in
Figures 2 and 3. Registered bands are separated and no
additional analysis was needed to follow the temperature
dependence of the energies corresponding to the maximum
emission of these bands. Results of all measurements are
presented in Figure 4.

We emphasize peaks positions for temperatures at the
end of measurement interval. In the case of 3 ml; we have
2.26 eV (E1) and 1.84 eV (E2) at T = 300 K, and 2.346 eV
(E1) and 2.17 eV (E2) at T = 20 K. Change in E1 energy
is about 85 meV and change in E2 is about 330 meV. Red-
shift of the high-energy peak E1 with increasing temperature
is the same order of the shift that one would expect from
the temperature-induced shrinking of the ZnTe band gap.
This peak is registered even at room temperature. Red-shift
of the low-energy peak E2 with increasing temperature is
much larger than the shift that one would expect from the
temperature-induced shrinking of the CdTe band gap. In
the case of 12 mL; we have 2.307 eV (E1) and 2.11 eV (E2)
at T = 200 K, and 2.337 eV (E1) and 2.13 eV (E2) at T =
20 K. Change in E1 energy is about 30 meV and change in
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Figure 2: Typical PL spectra of sample with 3 ml of CdTe in the
finishing layer; PL spectra are excited by λ = 514.5 nm Ar-laser
line and recorded at 175 K. Insert: schematic presentation of the
structure of SAQD.

E2 is about 20 meV. Red-shift of both bands with increasing
temperature is below values one would expect from the
temperature-induced shrinking of the ZnTe and CdTe band
gap.

Band energies vary almost linearly with temperature, as
presented in Figure 4. The high-energy peak, E1, is related
to the band gap of the ZnTe barrier [9]. The low-frequency
band, E2, is related to the recombination in the CdTe
quantum dots [5]. MP resonant processes are registered at
temperature bellow 200 K. This process is dominant for QDs
with high emission energy, that is, presumably with smaller
size [5].

Energies of localized states in QDs, experimentally
registered by PL emission characteristics of the QDs, can
be reasonably well described by the effective-mass approx-
imation (EMA) with parabolic energy bands. Calculation
of electronic transitions is done in EMA [10]. Parameters
of CdTe and ZnTe, effective masses, and conduction and
valence offsets are transferred from literature [11]. If we
assume spherical symmetry of a particle, that is, that single
sphere of CdTe is surrounded by ZnTe, calculated value of
QD diameter is 3 nm in case of 3 ml matches experimental
E2 value.

When adding a large quantity of CdTe between two
layers of ZnTe, it is expected to find larger QDs. As a
consequence the energy E2 would be lower. This expectation
was not fulfilled for the 12 ml sample; see Figure 4. To explain
experimental results in 12 ml case, we use model core/shell
type nanostructures where QD is of gradient composition.
CdTe core of radius rC is surrounded by concentric spherical
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layers each of CdxZn1−xTe composition (x is proportional to
the layer distance from the center) and finally from radius rS
by Cd0.1Zn0.9Te. We suppose that electrons and holes from
QD are in spherical step-like energy well. Cd concentration
in the surrounding CdxZn1−xTe gradually decreases to 10%
(x = 0.1), step by step. We assumed that effective masses
and conduction and valence offsets change proportionally to
x. The existence of these intermediate layers, as a model of
graded composition, influences rapidly electron, hole, and
excitons spectra. For measured E2 the diameter of the core
is 1.55 nm and the diameter of outer sphere is 6.48 nm.
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Figure 5: Typical PL spectra of sample with 3 ml of CdTe in the
finishing layer; PL spectra are excited by λ = 647.5 nm Kr-laser line
and recorded at different temperature.

In case of 3 ml there is red-shift of the low-energy peak
(E2) with increase of temperature, which is much larger than
the shift one would expect from the temperature-induced
shrinking of the CdTe band gap. In our opinion, even in
the case of 3 ml, due to interdiffusion there are fluctuations
of QD chemical composition and QD size distribution. So,
we deal with the ensemble of QDs of different depths of the
corresponding potentials. Thermally induced redistribution
of carriers within the dot ensemble causes observed energy
shift of photoluminescence energy. Opposed to that in the
12 ml CdTe sample all transitions are preserved due to
relatively homogeneous thickness of the layer.

When the sample is excited by λ = 647.5 nm Kr-laser
line, PL takes place only in the buffer layer of CdTe which is
clearly seen in Figures 4 and 5. The temperature dependences
of PL emissions peaks and their intensities are identical to the
dependences registered for the CdTe bulk crystal.

In principle, registered MP resonant process (see Figures
2 and 3.) can be described by the following equation: Ein −
K�ω = E; Ein and E are the incident photon energy and
electron transition energy, respectively [9], �ω is the phonon
energy, and K is the MP order.

MP emission is not registered at T = 300 K. MP emission
processes are registered at temperature below T = 200 K
(for 2.41eV laser energy, K = 4). The equation means that
when the energy of the scattered photon approached the
energy E1, the Raman line becomes strongly enhanced. This
is schematically presented by arrows on the top in Figure 4.
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4. Conclusion

Structural and optical properties of CdTe/ZnTe self-
assembled quantum dots (SAQDs) growth by molecular
beam epitaxy are investigated in this paper. Photolumines-
cence spectra consist of two main emission peaks: high-
energy band connected to barrier band gap and low-energy
band concerned to CdTe QD electron-hole recombination.
Two mechanisms of relaxation are present in this system:
relaxation directly to the CdTe quantum dot exciton ground
state and optical phonon-assisted deexcitation. It seems
that CdTe quantum dots when embeded in ZnTe barrier
layers are very efficient carrier receivers. CdTe/CdxZn1−xTe
heterostructures inhomogenity modelled by gradual com-
position influence drastically basic transition energy. The
present observations can help improve understanding of the
optical and the microstructural properties in the CdTe/ZnTe
self-assembled quantum dots. The registered multiphonon
emission processes depend on temperature. When the energy
of the scattered photon approached the energy E1, the
corresponding pon line becomes strongly enhanced.
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We demonstrated a method to control the bandgap energy of GaN nanowires by forming GaN@InGaN core-shell hybrid structures
using metal organic chemical vapor deposition (MOCVD). Furthermore, we show the growth of Au nanoparticles on the surface
of GaN nanowires in solution at room temperature. The work shown here is a first step toward engineering properties that are
crucial for the rational design and synthesis of a new class of photocatalytic materials. The hybrid structures were characterized
by various techniques, including photoluminescence (PL), energy dispersive x-ray spectroscopy (EDS), transmission and scanning
electron microscopy (TEM and SEM), and x-ray diffraction (XRD).
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1. Introduction

The optical, electrical, and chemical properties of semicon-
ductor nanostructures have been studied intensively in the
last two decades. Semiconductor nanostructures have been
shown to have unique properties compared to the bulk. Due
to their large surface to volume ratio, effects at the surfaces,
and/or interfaces in multicomponent nanomaterials, have
been shown to strongly influence the properties of the
materials. By controlling the size, shape, and composition of
these materials, the energy levels within the materials can be
altered in a way that may offer better control over exciton
creation, charge separation, recombination, and transport.
With the increasing push to find clean energy alternatives
to fossil fuels, many recent studies have been exploring the
potential use of nanomaterials for energy conversion. Solar
energy is possibly one of the cleanest and most abundant
sources of renewable energy. Photocatalysis has been shown
to be one of the most promising areas of solar energy
conversion and is the focus of this research.

Many semiconductors that fulfill the requirements of
being a good substrate for photocatalytic reactions possess
bandgaps that are too large for solar applications. For

example: GaN has been intensively used for water splitting
and other photocatalysis reactions but possesses a wide
bandgap (3.4 eV), which is not capable of absorbing light
over the majority of the solar spectrum. The need to increase
the absorption efficiency of photocatalytic materials in the
visible portion of the solar spectrum is one of the major
challenges to be addressed.

New “engineered” nanomaterials may offer unique solu-
tions critical for the harvesting of solar radiation and conver-
sion to electrical and chemical energy. The assembly of two
or more nanostructured components with precise control
over the size, shape, composition, and spatial orientation
is desirable not only for the combination of different func-
tionalities, but also for advanced properties that can arise
independent of the single-component materials. Engineering
hybrid multi component nanostructures draws on the vast
array of synthetic techniques now at our disposal to assemble
nanocrystals with very different properties; a semiconductor
nanocrystal can be combined with a metal in such a way that
the hybrid structure can be tailored to a specific application.

InxGa1–xN has been shown to be a good candidate for
solar energy conversion since the material forms a solid
solution with a bandgap that can be tuned from 3.4 eV to
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Figure 1: (a) SEM image of GaN nanowires grown with NiNO3 catalyst on c-Al2O3 substrate. The wires have random orientation with
diameters from 50 to 500 nm, and lengths on the order of 10 to 20 μm. (b) XRD of the GaN nanowires indicates that it has the wurtzite
crystal structure. The peaks shown correspond to the (100), (002), and (101) planes from left to right. (c) TEM phase contrast image of a
single GaN nanowire oriented along the [001] zone axis. The wires length extends along the [210] direction. The inset shows the electron
diffraction pattern, indicating that the wires are single crystalline. (d) SEM showing vertically aligned GaN nanowires on a-LiAlO2 tilted 30◦.
The inset shows the triangular cross-section of the nanowires from the top-down view.

0.9 eV by altering the alloy composition from x = 0 to 1 [1].
There has been considerable difficulty, however, in producing
high-quality InGaN materials with indium concentrations
greater than x ≈ 0.2 due to a large miscibility gap [2]. At
high indium concentrations, alloy decomposition, indium
segregation, and strain related cracking are often observed.
Metalorganic chemical vapor deposition (MOCVD) is the
most widely commercially used technique for growing GaN
and InGaN films. While full composition tunability of
InxGa1–xN nanowires (with x = 0 to 1) has recently
been demonstrated using chloride precursors [3], the direct
growth of InGaN nanowires using MOCVD remains elusive.
In the chloride approach, relaxation of strain due to the
small dimensions of nanowires and low growth temperatures
was suggested to be critical in overcoming the miscibility
gap. This idea was strengthened by theoretical calculations

that modeled indium incorporation as a function of strain
and wire diameter [4]. A similar relaxation of strain may be
possible in core-shell geometry by reducing the dimensions
of the epitaxial interface and may lead to higher indium
content alloys.

Here we show that a GaN@InGaN core-shell morphology
can be accomplished using MOCVD and will allow us to tune
the bandgap of the nanowires to absorb solar radiation in
the visible. To achieve this, single-crystalline gallium nitride
GaN nanowire cores were grown [5, 6] and subsequently
coated with InGaN shells [7]. Trimethylgallium (TMG),
trimethylindium, and ammonia were used as the Ga, In, and
N precursors, respectively. The 1 D nanowire growth was
achieved using the vapor-liquid-solid (VLS) mechanism [8],
with gold or nickel as the catalyst. Using Ni(NO3) as the
catalyst’s precursor on a c-plane sapphire substrate yielded
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Figure 2: (a) TEM image showing the morphology of the GaN@InGaN core-shell nanowires. (b) Energy dispersive X-ray spectroscopy
shows peaks from the In shell and the Ga shell indicating the presence of Indium in the shell of the GaN@InGaN core-shell heterostructure.

GaN nanowire arrays with no apparent preferred orientation
with respect to the substrate. Scanning electron microscopy
(SEM) images of the wires are shown in Figure 1(a). The
wires generally have triangular cross-sections with widths
from 50 to 500 nm and lengths on the order of 10 to 30 μm.
The X-ray diffraction pattern shown in Figure 1(b) confirms
that the wires are GaN and have the wurtzite crystal structure
with lattice constants a = 0.319 nm and c = 0.514 nm.
The transmission electron microscopy (TEM) phase contrast
image shown in Figure 1(c), and electron diffraction pattern
(inset) confirms that the wires are single crystalline. The
images, taken down the [001] zone axis, show that the wire’s
length extends in the [210] direction. TEM taken for many
wires indicates that this is the primary growth direction. The
optical properties of the wires will be discussed below.

To improve the orientation and uniformity of the wires
we have chosen a substrate that closely matches the preferred
wire growth direction [6]. On this substrate the use of
gold as the catalyst further improves the wire’s uniformity
and alignment. The tertiary structure offered by controlling
the growth direction and uniformity will provide a better
template for later film overgrowth, and particle decoration.
An SEM image of GaN wires grown on a-LiAlO2 is shown
in Figure 1(d) with the substrate tilted 30◦ from normal. The
crystallographic orientation along the wires length remained
in the [210] direction. However, when LiAlO2 was used,
the wires grew vertically and perpendicular to the substrate.
Figure 1(d) (inset) is taken from the top-down view, and it
clearly shows the triangular cross-sections of the nanowires.

The core-shell wires were synthesized by first growing
GaN nanowires (as discussed previously), followed by thin-
film deposition of InGaN at reduced temperatures. TEM
images of the nanowires (Figure 2(a)) show that the InGaN
shell is a smooth and continuous coating. Energy dispersive
X-ray spectroscopy (EDS), shown in Figure 2(b), shows the
presence of indium and gallium.

Photoluminescence (PL) spectra were taken for both
as-made GaN and core-shell GaN@InGaN nanowires. PL
was carried out on individual wires to clearly demonstrate
that the emission is from the nanowires and not from
a film on the underlying substrate. The PL spectra in
Figure 3(a) are of single GaN and GaN@InGaN core-shell
nanowires dispersed on glass cover slips. The wires were
excited with a 349 nm Q-switched diode laser operating at
6 kHz, focused down to ∼5 μm spot. The GaN nanowire
showed a peak emission at 384 nm (3.2 eV). Importantly,
the well-known defect induced yellow emission band is not
observed, indicating that the high optical quality of these
nanowires. The narrow peak observed at 349 nm is due to the
excitation laser. PL spectra of several GaN@InGaN core-shell
wires, taken from samples grown at different temperatures,
show that the wavelength can be tuned from 380 nm to
550 nm. CCD images collected from the nanowires shown
in Figure 3(b) indicate the color and approximate size of
the wires. A plot of emission energy versus concentration
is shown in Figure 3(c). The wavelengths observed here
correspond to approximate indium concentrations of 0, 18,
and 25 percent indium. The presence of two peaks on the
right-most spectrum (Figure 3(a)) indicates that there may
be some spinodal decomposition or phase segregation of the
InGaN shell at higher indium concentrations. Further work
will hopefully yield even higher indium concentrations.

There has been significant interest in growth of metals on
the surface of nanorods and wires to facilitate charge transfer.
A number of approaches have been used to grow metals on
semiconductors through reduction, physical deposition, or
photochemistry to give Au and Ag on ZnO [9, 10], Co and
Au on TiO [11, 12], and others [13, 14]. Here, we describe
our progress on the development of metal-semiconductor
heterojunctions focused on GaN nanowires interfaced with
Au nanoparticles as shown in Figure 4. Figure 4(a) presents
the GaN nanowires before they were introduced to the gold
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Figure 3: Photoluminescence of individual wires are shown. (a) PL spectra from left to right with peaks around 380, 450, and 525 nm. The
images in (b) are the corresponding wires from the PL spectra in (a) arranged from left to right. (c) A plot of concentration versus bandgap
energy shows the approximate concentration of the wire shells.

solution. A facile method for the growth of Au on the tips
of CdSe nanorods was developed by one of the co-authors
of this paper based on the reduction of Au by dodecylamine
in the presence of didodecyldimethylammonium bromide
(DDAB) at room temperature. The method was used here
to grow gold on the GaN nanowires and is described in
the experimental section [15]. The results of the growth are
shown in Figure 4(b). The gold particles have an average
diameter of ∼30 nm. The composition of the hybrid wires

(shown in Figure 4(b)) was characterized by EDS and clearly
shows a peak that confirms the Au growth.

Conclusion. We demonstrated a method to engineer
bandgap by growing GaN/InGaN core-shell structures. The
bandgap energy was tuned from 380 nm to 550 nm, which
could improve the absorption efficiency. Then, we succeeded
to grow catalytic metal (Au) on the surface of the GaN
nanowires, an important hybrid structure for photocatalysis.
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Figure 4: SEM images taken (a) before and (b) after growth of gold nanoparticles on GaN nanowires. (b) Gold nanoparticles can clearly be
seen to decorate the surfaces of the GaN nanowires, the inset shows a close up of a single wire with multiple particles attached. (c) EDS of
the particles taken by TEM confirms that they are gold.

2. Experimental

GaN and GaN@InGaN core-shell nanowire growth was
carried out in a Thomas Swan, Showerhead 3 × 2 MOCVD
cold-wall reactor. The growth substrates were prepared by
drop-casting 40 μL of 0.2 M solution of NiNO3 in ethanol
onto 1 cm2 c-plane sapphire wafer. For LiAlO2 substrates,
3μL of 5 : 1 ratio B. B. International 10 nm gold colloid
to ethanol was drop-cast onto 1 cm2 wafers. Pure GaN
nanowires were grown for 10 minutes at ∼825 ◦C . The
reactive and carrier gas flows were 600, 41, 200, and 400 sccm
for ammonia, TMG, hydrogen, and nitrogen. The TMG
bubbler was kept at 5◦C, and the reactor pressure was
140 Torr. For core-shell wires, the same conditions were
used for GaN nanowires with a subsequent step for InGaN
deposition. The InGaN shells were grown for ∼15 minutes
with temperatures from 700–750◦C. The reactive and carrier
gas flows were 5000, 1, 190, and 1000 sccm for ammonia,
TMG, TMI, and nitrogen. The TMI bubbler was kept at
18◦C, and the reactor pressure was 400 Torr.

PL was acquired using a WITec Alpha 300S system
equipped with a Crystalaser, 349 nm Q-switched diode laser
operating at 6 kHz. The laser spot was focused on the
nanowire with a spot-size of ∼5μm. The PL emission
was collected through a second objective from an area of
<300 nm and passed through a fiber to an Ocean Optics
QE65000 spectrometer.

SEM and EDS were acquired using a Zeiss Gemini
Ultra-55 Analytical Scanning Electron Microscope with an
acceleration voltage of 5 kV, equipped with an EDAX EDS
detector. TEM and EDS were acquired using a JEOL 2100-
F 200 kV Field-Emission Analytical Transmission Electron
Microscope. XRD was acquired using a Bruker AXS D8
Discover GADDS Diffractometer, with a Cu-Kα source.

3. Growth of Gold Nanoparticles on
the GaN Nanowires

A stock solution was prepared with 3 mL toluene, 12 mg gold
trichloride, 40 mg didodecyldimethylammonium bromide,

75 mg dodecylamine and was sonicated for about 20 minutes
until the solution changed color to yellow. 1 mL of this
stock solution was added dropwise to the substrate (4 mm×
4 mm, Al2O3) with GaN in a vial with 1 mL of toluene. The
final solution was stirred in the vial with the substrate bound
GaN and allowed to reduce for 72 hours.

Acknowledgments

Thanks to Adam Schwartzberg for PL spectroscopy. The
work at the Molecular Foundry was supported by the
Office of Science, Office of Basic Energy Sciences, of the
U.S. Department of Energy under Contract no. DE-AC02-
05CH11231.

References

[1] J. Wu, W. Walukiewicz, K. M. Yu, et al., “Superior radiation
resistance of In1−xGaxN alloys: full-solar-spectrum photo-
voltaic material system,” Journal of Applied Physics, vol. 94, no.
10, pp. 6477–6482, 2003.

[2] F. A. Ponce, S. Srinivasan, A. Bell, et al., “Microstructure and
electronic properties of InGaN alloys,” Physica Status Solidi B,
vol. 240, no. 2, pp. 273–284, 2003.

[3] T. Kuykendall, P. Ulrich, S. Aloni, and P. Yang, “Complete
composition tunability of InGaN nanowires using a combina-
torial approach,” Nature Materials, vol. 6, no. 12, pp. 951–956,
2007.

[4] H. J. Xiang, S.-H. Wei, J. L. F. Da Silva, and J. Li, “Strain
relaxation and band-gap tunability in ternary InxGa1−xN
nanowires,” Physical Review B, vol. 78, no. 19, Article ID
193301, 4 pages, 2008.

[5] E. A. Stach, P. J. Pauzauskie, T. Kuykendall, J. Goldberger,
R. He, and P. Yang, “Watching GaN nanowires grow,” Nano
Letters, vol. 3, no. 6, pp. 867–869, 2003.

[6] T. Kuykendall, P. J. Pauzauskie, Y. Zhang, et al., “Crystallo-
graphic alignment of high-density gallium nitride nanowire
arrays,” Nature Materials, vol. 3, no. 8, pp. 524–528, 2004.

[7] F. Qian, S. Gradečak, Y. Li, C.-Y. Wen, and C. M. Lieber,
“Core/multishell nanowire heterostructures as multicolor,



6 International Journal of Photoenergy

high-efficiency light-emitting diodes,” Nano Letters, vol. 5, no.
11, pp. 2287–2291, 2005.

[8] Y. Wu and P. Yang, “Direct observation of vapor-liquid-solid
nanowire growth,” Journal of the American Chemical Society,
vol. 123, no. 13, pp. 3165–3166, 2001.

[9] V. Subramanian, E. E. Wolf, and P. V. Kamat, “Green emission
to probe photoinduced charging events in ZnO-Au nanopar-
ticles. Charge distribution and Fermi-level equilibration,”
Journal of Physical Chemistry B, vol. 107, no. 30, pp. 7479–
7485, 2003.

[10] C. Pacholski, A. Kornowski, and H. Weller, “Site-specific
photodeposition of silver on ZnO nanorods,” Angewandte
Chemie International Edition, vol. 43, no. 36, pp. 4774–4777,
2004.

[11] P. V. Kamat, M. Flumiani, and A. Dawson, “Metal-metal and
metal-semiconductor composite nanoclusters,” Colloids and
Surfaces A, vol. 202, no. 2-3, pp. 269–279, 2002.

[12] M. Casavola, V. Grillo, E. Carlino, et al., “Topologically
controlled growth of magnetic-metal-functionalized semicon-
ductor oxide nanorods,” Nano Letters, vol. 7, no. 5, pp. 1386–
1395, 2007.

[13] D. V. Talapin, H. Yu, E. V. Shevchenko, A. Lobo, and C. B.
Murray, “Synthesis of colloidal PbSe/PbS core-shell nanowires
and PbS/Au nanowire-nanocrystal heterostructures,” Journal
of Physical Chemistry C, vol. 111, no. 38, pp. 14049–14054,
2007.

[14] J. Yang, H. I. Elim, Q. Zhang, J. Y. Lee, and W. Ji, “Rational
synthesis, self-assembly, and optical properties of PbS-Au
heterogeneous nanostructures via preferential deposition,”
Journal of the American Chemical Society, vol. 128, no. 36, pp.
11921–11926, 2006.

[15] T. Mokari, E. Rothenberg, I. Popov, R. Costi, and U. Banin,
“Selective growth of metal tips onto semiconductor quantum
rods and tetrapods,” Science, vol. 304, no. 5678, pp. 1787–1790,
2004.




