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Research in solar energy conversion and the associated
photoactive materials has attracted continuous interest. Due
to its proper electronic band structure, high quantum efficiency, and photonic and chemical innerness, TiO2 has been
demonstrated as a versatile oxide semiconductor capable
of efficiently utilizing sunlight to produce electrical and
chemical energy. Its outstanding physicochemical performances have led to an array of advanced photocatalytic and
photoelectrochemical applications including environmental
photocatalysis, dye/semiconductor-sensitized solar cell, and
solar fuel productions.
Scientific papers in this special issue have covered this
highly developing field. Authors have submitted review and
original research articles in the following topics:
(i) kinetics and mechanism of TiO2 -mediated environmental photocatalysis,
(ii) TiO2 -based dye/semiconductor-sensitized solar cells,
(iii) photocatalytic organic synthesis over TiO2 -mediated
system,
(iv) photocatalytic solar fuel production (water splitting
and CO2 reduction),
(v) novel TiO2 -based nanomaterials for solar energy
conversion.
We wish to express our sincere gratefulness to all the
authors and referees whose contributions make this special

issue possible. A brief overview of all nine accepted papers is
below.
In “Recent progress in TiO2 -mediated solar photocatalysis
for industrial wastewater treatment,” the authors overview
the major challenges in industrial wastewater treatment and
analysed the merits of TiO2 photocatalysis over conventional
water treatment technologies. Then a brief but comprehensive review is carried out on the recent progress in their
applications in several typical industrial wastewaters. The
paper could advance the development of solar photocatalysis
systems and promote their practical application.
In “Photocatalytic degradation of anthracene in closed
system reactor,” the authors investigate the effect of operating
parameters on the degradation efficiency of anthracene,
one of the toxic persistent organic pollutants. The photodegradation products are identified by GC-MS to better
understand the degradation path of anthracene on P25 TiO2
nanoparticles under UV irradiation. Optimum parameters
have been systematically investigated to obtain a high photocatalytic degradation rate. The research reported here gives
an excellent example how to design proper photocatalytic
process for organic pollutants removal.
In “Sol-gel to prepare nitrogen doped TiO2 nanocrystals
with exposed {001} facets and high visible-light photocatalytic
performance,” a facile synthetic method based on sol-gel process is developed to synthesize anatase TiO2 with dominant
{001} facets and nitrogen doping by simply hydrolysing tetrabutyl titanate in NH4 F-containing alcoholic solution. NH4 F

2
not only acts as the N dopant source, but also guides the
preferential growth along [001] direction. The synthesized
N-doped TiO2 nanoparticles outperform P25 referents in
photocatalytic degradation of methylene blue under visible
light irradiation.
In “One-dimensional nanostructured TiO2 for photocatalytic degradation of organic pollutants in wastewater,” current progress in the synthetic methods for one-dimensional
(1D) TiO2 nanostructures including nanorods, nanotubes,
nanowires/nanofibers, and nanobelts is reviewed. Modification of 1D TiO2 with metal oxide, metal ions, and anions
in order to enhance the photocatalytic activity is discussed.
Furthermore, photocatalytic degradations of organic pollutants in wastewater over 1D TiO2 are summarized, and
the underlying mechanism is discussed. Finally, using 1D
nanostructured TiO2 as building blocks to construct film or
membrane is highlighted.
In “Layer-by-layer assembly and photocatalytic activity of
titania nanosheets on coal fly ash microspheres,” an attempt to
address the problem with nanoparticulate TiO2 distribution
and recovery is made. Coal fly ash (CFA) microspheres are
used as a substrate for the layer-by-layer assembly of Ti0.91 O2
sheets. That is, the Ti0.91 O2 nanosheets are immobilized on
CFA by using sequential modification of cationic polyelectrolyte and Ti0.91 O2 nanosheets. The resultant Ti0.91 O2 /CFA
composites show considerable photocatalytic activity in
degradation of methylene blue under UV irradiation. After
photocatalysis, the Ti0.91 O2 /CFA can be easily separated and
recycled from aqueous solution.
In “Effect of Mn doping on properties of CdS quantum
dot-sensitized solar cells,” impurity Mn2+ ions are doped into
the precursor solution for CdS deposition. By optimizing
the experimental parameters, a significant improvement in
photoelectric conversion efficiency can be achieved. After
a successive ionic layer adsorption and reaction of a fixed
number of six times, the photoelectric conversion efficiency
shows the maximum value (1.51%) at the optimal doped ratio,
which is much higher than that of the pure one (0.71%).
In “Theoretical study of one-intermediate band quantum
dot solar cell,” the authors theoretically studied the influence
of the new band on the power conversion efficiency for
the structure of the quantum dots of intermediate band
solar cell. The time-independent Schrödinger equation is
used to determine the optimum width and location of
the intermediate band. From their calculation results, the
maximum power conversion efficiency is about 70.42% for
simple cubic quantum dot crystal under full concentration
light. It is strongly dependent on the width of quantum dots
and barrier distances.
In “Equilibrium and kinetic aspects in the sensitization of
monolayer transparent TiO2 thin films with porphyrin dyes for
DSSC applications,” the adsorption of free base and Cu(II)
and Zn(II) complexes of the 2,7,12,17-tetrapropionic acid of
3,8,13,18-tetramethyl-21H,23H porphyrin (CPI) on transparent monolayer TiO2 nanoparticle films was studied. The dye
loading is found to be accordant with Langmuir isotherm,
while kinetic data show significantly better fits to pseudofirst-order model and the evaluated rate constants linearly
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increase with the grow of initial dye concentrations. The
stoichiometry of the adsorption of CPI-dyes into TiO2 and
the influence of presence of coadsorbent (chenodeoxycholic
acid) are established. This study paves a way for choosing the
best experimental conditions for the adsorption of these dyes.
In “Steric and solvent effect in dye-sensitized solar cells utilizing phenothiazine-based dyes,” three novel phenothiazinebased dyes are prepared and utilized for dye-sensitized solar
cells (DSSC). The dye-bath solvent presents a significant effect
on the overall cell performance. The highest conversion efficiency of 3.78% is obtained using ethanol (EtOH) and 2.53%
for tetrahydrofuran (THF) as solvent, respectively. The higher
efficiency is related to the higher dye loading and coverage
on the TiO2 surface. Meanwhile, phenothiazine-based dyes
with longer and branched aliphatic chain increase the steric
hindered effect which is mainly responsible for increasing the
electron lifetime and decreases the dye aggregation as well as
increasing the electron recombination resistance rate at the
TiO2 -dye-electrolyte interface, hence, enhancing the overall
cell performance.
Jia Hong Pan
Detlef W. Bahnemann
Qing Wang
Chuanyi Wang
Xiwang Zhang
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The present paper reviews the progress in the synthesis of one-dimensional (1D) TiO2 nanostructures and their environmental
applications in the removal of organic pollutants. According to the shape, 1D TiO2 nanostructures can be divided into nanorods,
nanotubes, nanowires/nanofibers, and nanobelts. Each of them can be synthesized via different technologies, such as sol-gel
template method, chemical vapor deposition, and hydrothermal method. These methods are discussed in this paper, and the recent
development of the synthesis technologies is also presented. Furthermore, the organic pollutants, degradation using the synthesized
1D TiO2 nanostructures is studied as an important application of photocatalytic oxidation (PCO). The 1D nanostructured TiO2
exhibited excellent photocatalytic activity in a PCO process, and the mechanism of photocatalytic degradation of organic pollutants
is also discussed. Moreover, the modification of 1D TiO2 nanostructures using metal ions, metal oxide, or inorganic element can
further enhance the photocatalytic activity of the photocatalyst. This phenomenon can be explained by the suppression of e− -h+
pairs recombination rate, increased specific surface area, and reduction of band gap. In addition, 1D nanostructured TiO2 can be
further constructed as a film or membrane, which may extend its practical applications.

1. Introduction
Organic pollutants are widely presented in wastewater, which
have negative effects on environment and human health.
Even developing water treatment technology calls for efficient
decontamination method for complete degradation of persistent organic pollutants (POPs) [1–3]. Conventional biological, physical, and chemical processes have been employed and
have showed capability in degrading most organic pollutants,
while for POPs, complete degradation is still a big challenge.
Advanced oxidation process (AOP) has thus developed by
oxidization with hydroxyl radicals (∙OH), which are provided
by introducing ozone, hydrogen peroxide, and UV irradiation. However, complete degradation of POPs is still difficult
due to the ease in forming disinfection by-products.
TiO2 -mediated semiconductor photocatalysis has
attracted considerable attention in view of their excellences in
complete degradation of organic pollutants via photocatalytic
oxidation (PCO) process. A general mechanism is illustrated

in Figure 1 [4]. Initially, PCO process is triggered by the
excitation of TiO2 under the irradiation of photons with
energy greater than the band-gap energy of TiO2 . The
photogenerated electron (e− ) and holes (h+ ) pairs without
recombination can migrate to TiO2 surface to participate
in redox reactions with adsorbed species with the possible
formation of superoxide radical anion (∙O2 − ) and hydroxyl
radical (∙OH), respectively. These reactive oxygen species are
mainly responsible for the degradation of organic pollutants
in water. Furthermore, the excitation of TiO2 by UV light
can be displayed in the following equations [5–8]:
TiO2 + h] (𝜆 < 387 nm) → e− + h+

(1)

e− + O2 → O2 ∙−

(2)

In an organic degradation process, the formed e− and h+
act as reductant and oxidant, respectively. The reaction steps
are represented as follows [6].
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Figure 1: General mechanism of the photocatalysis [13].
Table 1: Typical synthetic methods of 1D TiO2 nanostructures.
TiO2 nanostructures
TiO2 nanorods

TiO2 nanotubes

TiO2 nanowires/nanofibers

TiO2 nanobelts

Synthesis methods
Sol-gel template method
Hydrothermal method
Chemical vapor deposition
Electrochemical deposition
Template method
Hydrothermal method
Hydrothermal method
Microwave
Electrospinning
Solvothermal method
Chemical vapor deposition
Hydrothermal method

Oxidative Reaction:
h+ + Organic (R) → Intermediates → CO2 + H2 O (3)
h+ + H2 O → ∙OH + H+

(4)

Reductive Reaction:
∙OH + Organic (R) → Intermediates → CO2 + H2 O
(5)
Current research progress has shown that TiO2 -based
materials demonstrate highly active photocatalytic degradation of different organic pollutants [9–11]. For example,
phenol, chlorinated aromatics, and aniline compounds are
susceptible to oxidation by TiO2 , and they can form intermediate radicals that may subsequently trigger a series of radical
reactions in this process. Due to the excellent oxidation
ability, the resulting intermediates can be finally degraded
into CO2 and H2 O. Since the oxidation process is primarily
driven by electron transfer reactions at the surface of TiO2 ,
the specific surface area of TiO2 is an important factor which
can affect the PCO efficiency.
To significantly boost the photoenergy conversion efficiency, tailing nanostructured TiO2 has attracted continuous research interest, among which one-dimensional (1D)
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nanostructures possessing large surface areas and unique
physical and chemical specificities are of particular interest [12]. Various 1D nanostructures including nanorods,
nanowires/nanofibers, nanotubes, and nanobelts have been
successively synthesized during the past decades. Some
typical synthetic methods of 1D TiO2 nanostructures are
summarized in Table 1. Nanorods have a low aspect ratio
(length divided by width) ranging from 3 to 5. Nanotubes
are a type of nanometer-scale tube-like structure, which have
a similar size with nanorods. For the nanowires/nanofibers,
they have a higher aspect ratio as compared to nanorods.
Nanobelt is a nanostructure in a form of belt. The specific
geometry with high aspect ratio renders dramatical enhancements in charge carrier generation, transport, and separation,
boosting the photoenergy conversion efficiency [13, 14]. Up to
now 1D TiO2 has been comprehensively investigated for the
degradation of organic pollutants, such as dyes, POPs (phenol
and derivatives) and natural organic matters (NOMs) [15, 16].

2. TiO2 Nanorods
TiO2 nanorods have a relatively small amount of grain
boundaries and can act as single crystal, which is able
to reduce the grain boundary effect and provide fast
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electron transport [17]. Previous reports indicated that
TiO2 nanorods exhibited higher photocatalytic activity than
nanoparticle counterparts due to the increased numbers
of active sites and crystal plane effects [18]. Furthermore,
TiO2 nanorods have lower recombination rate of e− and
h+ as compared with TiO2 nanoparticles, which would
enhance the photocatalytic activity of the photocatalyst
[19].
Various synthetic strategies have been designed for the
preparation of TiO2 nanorods, which include sol-gel template
method, chemical vapor deposition (CVD), and hydrothermal method [19–23].
Attar et al. [20] developed an improved sol-gel template
method for the synthesis of TiO2 nanorods, as shown in
Figure 2(a). Anodic alumina membranes (Figure 2(a)) were
applied as the template with pore sizes ranging from 50 to
300 nm. Owing to the adjustable membrane pore sizes, the
diameter of the synthesized TiO2 nanorods can be controlled.
Figure 2(b) shows the synthesized TiO2 nanorods with diameter of 160–250 nm, revealing that the nanorods synthesized
via this method have a uniform diameter as well as a
smooth surface. However, they found that the diameter of the
synthesized TiO2 nanorods was much smaller than the pore
size of the template, which was attributed to the densification
and lateral shrinkage of the template during the annealing
process.
Wu and Yu synthesized a novel type of well-aligned rutile
and anatase TiO2 nanorods via a template-free metal-organic
CVD method [21]. As shown in Figure 2(c), TiO2 nanorods
were grown directly on a silicon substrate at a temperature
of 500–700∘ C. The single-crystalline rutile and anatase TiO2
nanorods were formed at 630∘ C and 560∘ C, respectively,
which indicated that the temperature was a key factor in
the synthesis process. The disadvantage of this method is
the complicated synthesis process, which is not suitable for
production in large-scale.
Hydrothermal method is facile for the synthesis of 1D
nanostructured TiO2 [22]. Feng et al. [22] developed a new
type of nanorod film on glass substrates via a low-temperature
hydrothermal process. As shown in Figure 2(d), the nanorods
have diameters of 30–60 nm and they have uniform orientation. Furthermore, the authors found that the surface of the
synthesized film has switchable wettability which transferred
from superhydrophobicity to superhydrophilicity under UV
light irradiation. This phenomenon can be explained by
the reaction between the photogenerated holes and the
lattice oxygen, leading to the formation of surface oxygen
vacancies.
TiO2 nanorods have been widely used in PCO process
for the degradation of organics [24]. For example, organic
dyes and acetone can be effectively degraded into CO2 and
H2 O. Melghit and Al-Rabaniah [24] prepared rutile TiO2
nanorods using a sol-gel method at room temperature, and
the material exhibits excellent photodegradation of Congo
red under sunlight. It can be explained by two aspects.
(1) The Congo red is easily absorbed onto the synthesized
TiO2 nanorods, and, subsequently, the dye decomposed in
a PCO process. (2) Organic dyes are capable of photosensitizing TiO2 because of the absorption of visible light [25].

3
The photosensitization was considered as another way for the
degradation of dyes in the presence of TiO2 under sunlight
irradiation. It was worth noting that the synthesized rutile
TiO2 nanorods which possess optimum size and shape are
much more efficient for PCO process than the anatase TiO2
[24]. Yu and coworkers [26] synthesized TiO2 nanostructures
using TiF4 and H3 BO3 as the precursors. The morphology characterization revealed that the synthesized material
is a combination of TiO2 nanorods and nanotubes. It is
important to notice that the synthesized TiO2 exhibited a
higher PCO efficiency for the degradation of acetone than
that of P25 due to the larger specific surface area and pore
volume of the synthesized TiO2 . Moreover, compared with
the nanosized powder photocatalysts, the prepared TiO2 is
easier to be separated from aqueous solutions after PCO
process due to its long structure, and it also possesses
higher photocatalytic activity. In addition, the photocatalytic
activity of TiO2 nanorods can be further improved via a
thermal treatment because of the enhanced crystallization
[27].
In order for facile recycling, TiO2 nanorods have been
coated onto substrates. A successful example is that wellaligned TiO2 nanorod can be prepared on pretreated quartz
substrate [28]. The quartz substrate was precoated with
a thin rutile TiO2 seed layer to facilitate the subsequent
growth of the rutile TiO2 nanorods. Owing to the excellent
nucleation and growth properties, rutile TiO2 crystal seeds
are more preferable than anatase TiO2 . Thus, the pretreatment of substrates is important for the synthesized TiO2
morphology, which would also affect the performance of
the material in a PCO process. Based on the experimental
results, the density of TiO2 seeds can be controlled by
the concentration of the coating colloid solution. Then the
TiO2 crystal seeds will affect the growth density, diameter
distribution, and growth morphologies of TiO2 nanorods.
When the density of TiO2 seeds is high, the seeds tend
to merge together to form larger TiO2 particles. It is
shown that the degradation rates of methyl blue increased
with large growth density and small diameter size of TiO2
nanorods.
Pure TiO2 is not an effective visible-light photocatalyst
due to its wide band gap (>3.0 eV) and can be activated only
by UV light at 𝜆 ≤ 380 nm. Modification of TiO2 has been
explored to extend the absorption spectra of photocatalysts to
visible light range [29]. Doping of TiO2 with various metals
or nonmetals has been considered as a valid way to lower
the band gap of TiO2 and thus make the photocatalyst more
active under solar light. Doping of TiO2 would introduce
allowed energy states within the band gap but very close to
the energy band. The gap between the energy states and the
nearest energy band is usually reduced. Thus, the electrons
and holes would be more easily excited under visible light
irradiation. Kerkez and Boz [30] used Cu2+ as a dopant to
modify TiO2 nanorod array films (Figure 3(a)), and they
found that the methylene blue degradation efficiency under
visible light was increased 40% with respect to the efficiency
of the unmodified sample. The notable improvement could
be explained by the following factors. (1) Cu2+ acts as a trap
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(b)

(a)

300 nm

500 nm

(d)

(c)

200 nm

5 𝜇m

Figure 2: (a) FESEM image of the template (anodic alumina membrane) [20], (b) FESEM image of the synthesized TiO2 nanorod arrays [20],
(c) FESEM image of anatase TiO2 nanorods [21], and (d) FESEM image of TiO2 nanorod film [22].
(a)

(b)

(c)

(d)

Figure 3: (a) SEM image of Cu2+ -TiO2 nanorods, (b) TEM image of N-TiO2 nanorods [31], (c) FESEM image of N-F-TiO2 nanorods (inset:
its cross section) [32], and (d) TEM image of Au-loaded TiO2 hollow nanorods [33].

of photogenerated electrons. The electrons were transferred
from TiO2 to the conduction band of the CuO with little
chance to return and thus increase the life time of e− -h+ . Thus,
the presence of Cu2+ could retard the recombination rate of
electrons and holes on the surface of the synthesized Cu2+ TiO2 . (2) The band gap of Cu2+ -TiO2 nanorods is lower than

that of the original TiO2 , which can extend the photoresponse
of the photocatalyst and make the material utilizable under
both UV light and visible light.
TiO2 nanorods with 3% of nitrogen doping were prepared
by Lee and coworkers, as shown in Figure 3(b) [31]. Although
the N-doping process did no change the morphology of TiO2
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nanorods, it provides extra occupied states above its valence
band which may enhance the photocatalytic activity. Lv et
al. also reported the synthesis of N-F-doped visible light
active TiO2 nanorods via a liquid phase deposition process
(Figure 3(c)) [32]. They firstly synthesized ZnO nanorod
arrays on glass substrates and then combined the ZnO
nanorod arrays and TiO2 via an aqueous solution method
to get the as-prepared TiO2 nanorods. Their experimental
results indicated that the doping quantity of N and F in
the resultant material could be easily controlled by adjusting
the calcination temperature, and the optimal temperature
was found to be 450∘ C. Owing to the higher visible light
photocatalytic activity, the obtained TiO2 nanorods’ films
exhibited higher degradation rate for methylene blue as
compared to P25 films [32].
Metals have been incorporated into TiO2 nanorods to
form nanocomposites with a heterojunction structure. For
example, TiO2 nanorods can be coated by Au nanoparticles
to form a novel heterojunction, as shown in Figure 3(d) [33].
As a model organic pollutant, methylene blue can be used
to characterize the photocatalytic activity of the synthesized
photocatalysts. 35% of methylene blue was degraded in the
presence of Au-TiO2 nanorods, which is much more effective
than that of 15% for pure nanorods. In addition, the other
metals such as Ag and Cu can also be coated onto TiO2
nanorods [34, 35]. The synthesized nanocomposites exhibited
outstanding photocatalytic activity as compared to the pure
TiO2 . The enhancement in photocatalytic activity is related
with the slow recombination rate of charge carriers. During
PCO process, the generated electrons from TiO2 nanorods
could transfer to Au nanoparticles, leading to the longer
lifetime of the e− -h+ pairs and therefore more reactive oxygen
species produced for the degradation of organic pollutants
in water. The mechanism of photocatalytic degradation of
organic pollutants over metal/TiO2 under UV light irradiation is shown in Figure 4.

3. TiO2 Nanotubes
Currently, TiO2 nanotube structures have been successfully
synthesized and applied for organic pollutants degradation
[36]. Hoyer [37] firstly reported the synthesis of TiO2
nanotubes via an electrochemical deposition in a porous
aluminum oxide mold. Then, an electrochemical anodic
oxidation method was developed by Zwilling et al. for the
synthesis of TiO2 nanotubes [38]. Although this method is
very facile to synthesize TiO2 nanotubes with controllable
pore size, good uniformity, and conformability over large
areas, the high cost of fabrication apparatus and complicated
operation limited its further application [39, 40]. Templating method was considered as a suitable technology to
construct materials with desirable morphology [41]. TiO2
nanotubes can be synthesized in controlled sol-gel hydrolysis
of solutions containing titanium compounds and templating
agents followed by polymerization or deposition of TiO2 on
the template. For example, Peng and coworkers [42] fabricated TiO2 nanotubes via a surfactant-mediated templating
method, and the fabrication process can be summarized
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in Figure 5. In the synthesis process, a sol-gel method was
conducted for fabricating the material, and laurylamine
hydrochloride (LAHC) was used as a template. Titanium
alkoxide was first hydrolyzed with the addition of tetra-nbutyl-orthotitanate (TBOT), and then there is an interaction
between partially charged hydrolytic species and laurylamine
surfactant by H-bonding forces (Figure 5(a)). The edge part
of the bilayer assemblies of LAHC was unstable and apt to
combine with the interlayers, which lead to the enlargement
of the layers (Figure 5(b)). Then the bilayer-like aggregates
rearranged into lamellar-like liquid-crystal phases through
the condensation reaction (Figure 5(c)). After the interlayer
combination and crosslinking between adjacent hydrolyzed
titanium alkoxide species, a mixed lamellar liquid-crystal
phase membrane formed, and rodlike micelles were separated
by bilayers of surfactant and water (Figure 5(d)). Upon the
addition of TBOT, charge imbalance leads to the curvature
of the membrane along one direction (Figure 5(e)) and
then bends fully the membrane into tubules (Figure 5(f)).
Moreover, the condensation of the hydrolyzed titanium
species would lead to the rodlike micelles in a random
arrangement (Figure 5(g)). The synthesized TiO2 nanotubes
possess a hierarchical tubules-within-tubules structure with
cylindrical nanochannels walls. This structure is a combination structure of microtube and nanotube, causing the
formation of porous structure. Moreover, the specific surface
area of the material is also increased. The structure would be
beneficial for catalysts and thus enhance the PCO efficiency.
Furthermore, the scale of the synthesized TiO2 nanotubes can
be controlled by adjusting the morphology of the template
[41]. However, the instability of the TiO2 nanotubes synthesized by this method is a big issue, and the tube morphology
is easily destroyed [39, 40, 43].
Recently, hydrothermal method has been widely used
for the synthesis of high quality of TiO2 nanotubes with
diameter of about 10 nm [44]. Crystalline TiO2 nanoparticles and highly concentrated NaOH are normally used
as the precursors in a typical hydrothermal process [41].
As a necessary step, the drying or calcination process is
generally conducted, leading to the transformation of titanate
nanotubes to TiO2 nanotubes. Based on previous reports
[39, 45, 46], the advantages of hydrothermal process for TiO2
nanotubes synthesis can be concluded as the following. (1)
It is suitable for large scale production; (2) the modification
process of TiO2 nanotubes can be directly conducted in the
synthetic system; (3) nanotubes with ultrahigh aspect ratio
can be synthesized. However, hydrothermal process requires
high temperature and pressure, as well as the long reaction
time, which also cause a high cost. Figure 6 lists various TiO2
nanotubes synthesized by different methods.
TiO2 nanotubes can be used for the degradation of
POPs such as benzene and acetaldehyde [47, 48]. Yuan et
al. [49] studied the performance of TiO2 nanotubes for
water treatment. The synthesized TiO2 nanotubes showed
complete photodegradation of humic acid in comparison
to the 97.7% removal efficiency of TiO2 P25. Moreover,
the TiO2 nanotubes can be totally separated and recovered
via a membrane filtration. The stability test presented that
no catalyst deactivation was observed after five consecutive

6

International Journal of Photoenergy

O2
e−

H2 O
O2 ∙−
H2 O2

Metal
e− e− e− e− e−

OH∙
OH∙ /O2 ∙− + organics

U
V
OH∙
h+ h+ h+ h+ h+
Valance band

CO2 + H2 O

H2 O/OH−

TiO2

Figure 4: The mechanism of photodegradation of organic pollutants over metal/TiO2 in water under UV light irradiation.

LHAC

Hydrolyzed TBOT
(a)

(b)

(e)

(d)

(c)

(f)

(g)

Figure 5: Proposed formation processes of the microtubules. (a) Globular aggregates containing LAHC and hydrolyzed TBOT. (b) Aggregates
enlarged in size. (c) and (d) Mixed lamellar liquid-crystal phase membrane containing rodlike micelles. (e) Charge imbalance resulting in
membrane curvature. (f) Further bending into tubules. (g) Random and segregated arrangement of rod micelle layers which are separated by
bilayers of LAHC from bulk solution [42].
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Figure 6: SEM image of TiO2 nanotubes synthesized via an electrochemical deposition (a) [37] and templating methods (b) [42]; (c) FESEM
(inset) and TEM images of TiO2 nanotubes synthesized via a hydrothermal method [74].

PCO experiments of newly added humic acid. Yuan et al.
[49] degraded humic acid using an enhanced photocatalytic process with Al and Fe codoped TiO2 nanotubes as
photocatalysts. They reported that calcination temperature,
doping ions, and dosage of dopant would impact the PCO
efficiency. Under an optimal condition of 1.0% codoped
TiO2 nanotubes containing 0.25 : 0.75 of Al : Fe, 79.4% of
humic acid was degraded and a pseudo-first-order rate
constant of 0.172 min−1 was achieved. Bisphenol A (BPA)
is a pervasive chemical intermediate primarily from the
production of polycarbonate plastics and epoxy resin [50].
Over the past few years, considerable effort has been devoted
to the development of effective treatment technologies of the
removal for bisphenol A (BPA), such as Fenton’s reagent,
ultrasonic cavitation, photocatalysis, and ozonation [51].
Recent research [52] displayed that a nearly complete removal
of BPA was observed by Cu doped TiO2 nanotubes. The
pseudo-first-order rate constants for BPA photodegradation
by Cu doped TiO2 nanotubes at pH 7.0 were 2–5 times
higher than that of pure Degussa P25. In a typical process,
the generated electrons from TiO2 with a lower conduction
band could recombine with the holes in Cu, resulting in the
reduction of recombination rate of electrons and holes. Then,
the holes and electrons reacted with water and oxygen to form
peroxyl and hydroxyl radicals, respectively. In a supposed
BPA degradation process, BPA radicals were generated via
an electron transfer process. Subsequently, the BPA radicals
triggered a suite of reactions of radical coupling, fragmentation, substitution, and elimination, which eventually

resulted in degradation of BPA [53]. However, further study is
needed to prove this mechanism. BPA molecules were firstly
photodegraded into some intermediates and products with
smaller molecular weight, and these intermediates can be
further oxidized to CO2 and H2 O by the oxidative species
produced in the PCO process. N-doped TiO2 nanotubes
also showed enhanced photocatalytic activity. Based on the
research work of Chen and coworkers [54], 72.5% and 89.4%
of methyl orange are photodegraded in the presence of TiO2
nanotubes and N-doped TiO2 nanotubes, respectively. In
addition, the degradation rate of methyl orange over TiO2
nanotubes without calcination is only 17.1%, which is lower
than that (45.1%) of TiO2 nanotubes calcined at 200∘ C. This
is due to the narrow band gap and good crystallinity [55].
However, the photocatalytic activity of the TiO2 nanotubes
calcined at 400∘ C decreased, which can be attributed to the
agglomeration and sintering damage of nanotubes caused
by calcination at high temperature [56]. The specific surface
area of the calcined material may also decrease due to the
destruction of the nanotube structure.

4. TiO2 Nanowires/Nanofibers
TiO2 nanowires/nanofibers are common nanostructures of
TiO2 , as shown in Figure 7. Fujishima et al. [5] prepared
two kinds of TiO2 nanowires (TNW10 and TNW20 ) for
the degradation of humic acid. The investigation of photocatalytic activities of the synthesized materials showed
that TNW10 performed better than TiO2 P25 while TNW20
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Figure 7: (a) FESEM of TiO2 nanowires synthesized via a hydrothermal process [5], (b) FESEM of TiO2 nanowires synthesized via an
electrospun process [63].

was as good as P25. This is due to the high ratio aspect
of the synthesized TiO2 nanowires. Owing to the incomplete degradation, the degradation rates of total organic
carbon content are lower than the removal rate of humic
acid. This problem can be addressed by extending reaction
time. Furthermore, the nanowires can be totally separated
by a commercial microfiltration membrane with negligible
membrane fouling. Pirilä and coworkers [57] studied the
photocatalytic degradation of butanol in aqueous solutions
using commercial TiO2 , N-Pt-doped TiO2 nanofibers, and NPd-doped TiO2 nanofibers. The experimental results showed
that the N-Pd-doped TiO2 nanofibers had high efficiency in
the degradation of butanol under UV irradiation as compared
to the N-Pt-doped TiO2 nanofibers and the commercial
TiO2 . It probably has relationship with the proton formation
caused by better radical formation ability. GC-MS analysis
revealed that butanol converted to some decomposition
products such as aldehydes and ethanol [58]. Moreover, the
synthesized materials had very similar BET surface area
whereas they expressed relatively different reaction rate of the
photocatalytic degradation, and it can be concluded that the
specific surface area of the photocatalysts is not a key factor
for the photocatalytic efficiency, while the doped metals
played an important role in promoting the PCO reaction.
In addition, Zn2+ doped TiO2 nanofibers can be synthesized
by electrospinning followed by calcination process [59]. The
different dosage of Zn2+ would affect the photodegradation
rate of methylene blue. For example, 96.1% of methylene blue
was removed in the presence of TiO2 nanofibers with 2 at.%
Zn2+ , which was considered as an optimum doping dosage.
Furthermore, the synthesized nanofibers were successfully
recycled and reused for five times with little photocatalytic
activity reduced. TiO2 nanowires can also combine with
other nanostructures, which can enhance the photocatalytic
activity. Fe2 O3 nanoparticles have been grafted onto TiO2
nanowires by Qin and coworkers via a facile impregnation–
solvothermal method [60]. The synthesized heterojunctions
exhibited remarkable photocatalytic activity for photocatalytic oxidation of Direct Red 4BS in the presence of H2 O2 .
Moreover, the material showed good tolerance with respect

to organic matter poisoning due to the synergetic effect of
TiO2 nanowires and Fe2 O3 nanoparticles. The size of Fe2 O3
also affected the performance of the material, and it can be
controlled by adjusting the impregnation duration time in the
synthesis process. The possible reaction pathways are shown
as follows [60]:
TiO2 + h] → h + e−

(6)

h+ + H2 O → ∙OH + H+

(7)

≡FeIII + e− →≡FeII

(8)

≡FeII + H2 O2 →≡FeIII + ∙OH + OH−

(9)

∙OH + 4BS → ∙ ∙ ∙ → CO2 + H2 O

(10)

where the 4BS stands for the dye molecule and the ∙ ∙ ∙ stands
for the produced intermediates.
The heterojunction of TiO2 nanofibers and Fe2 O3
nanoparticles can promote the separation of photogenerated
e− and h+ . The conduction band of Fe2 O3 is more active as
compared to that of TiO2 , leading to the electrons transfer
from TiO2 to FeIII and the further conversion to FeII . Since
FeII promotes the decomposition of H2 O2 to ∙OH [61], the
photocatalytic activity was enhanced in this charge transfer
process.
Liu and coworkers [62] prepared another kind of
core-shell heterojunctions (TiO2 -B nanowires and anatase
nanocrystals) using a combination of hydrothermal and
calcination methods. Similarly, the charge recombination rate
was suppressed. The synthesized material tends to separate
the e− and h+ into two different regions of the catalyst and
thus enhances photocatalytic efficiency [63].
Recently, TiO2 nanowire membranes were fabricated
and applied for organics degradation in water purification
process due to their photocatalytic activity, excellent chemical
resistance, and thermal stability [64–66].
Microfiltration and ultrafiltration membranes have been
successfully synthesized by Zhang and coworkers. The membranes were fabricated by TiO2 nanowires with different
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Figure 8: (a) TiO2 nanowire membrane. (b) The transmembrane pressure change of TiO2 nanowire membrane during filtration: (i) with UV
irradiation and (ii) without UV irradiation.

diameters. In a typical synthesis process, The TiO2 nanowires’
suspension was first filtered via a vacuum filtration setup to
form a porous functional layer. After drying at 105∘ C, a freestanding membrane can be peeled off from the filter. Finally,
the membrane was pressurized under 5 bar at 120∘ C via a hotpress before being calcined at 550∘ C. As shown in Figure 8(a)
[64], the synthesized membranes were robust and flexible
and they possess multifunctions. In continuous experiments,
the synthesized TiO2 microfiltration nanowire membrane
achieved near 100% and 93.6% removal rate of humic acid and
total organics carbon, respectively. It is important to notice
that the transmembrane pressure of the nanowire membrane
did not change under UV light irradiation (Figure 8(b),
[66]), indicating the antifouling and self-cleaning property
of the synthesized TiO2 nanowire membrane. The organic
pollutants can be degraded concurrently during the filtration
process. For a TiO2 nanowire ultrafiltration membrane, the
membrane showed a higher separation ability as well as
excellent photocatalytic activity due to the enhanced selectivity. The rejection rate of humic acid by the ultrafiltration
membrane can be achieved till 65% without UV irradiation,
and even the bacteria (E. coli) can be intercepted by the membrane. In addition, the synthesized membranes were capable
of overcoming the polymeric membrane problems such as
membrane fouling and high-temperature applications. The
antifouling property would facilitate the regeneration of the
membrane and thus lower the cost for membrane cleaning.
TiO2 nanowires membrane can also apply for the degradation of pharmaceuticals in water [65]. The membrane was
directly fabricated by hydrothermal growth on Ti substrates
at 180∘ C with the assistance of some organic solvents. Experimental details revealed that various pharmaceuticals such as
norfluoxetine, atorvastatin, lincomycin, and fluoxetine were
almost completely removed in a concurrent filtration and
PCO process.

5. TiO2 Nanobelts
TiO2 nanobelts can be synthesized via CVD, solvothermal,
and hydrothermal methods [67–69]. Gao and coworkers
[69] reported the self-catalytic growth of codoped TiO2
nanobelts via a metallorganic CVD method, and they found
that rutile structure is dominant in the synthesized material.
Furthermore, the material exhibited a magnetic anisotropy
with a high coercive field value at room temperature. This
property may facilitate the separation of the synthesized
material after PCO process.
A solvothermal process was carried out to synthesize
nitrogen-fluorine codoped TiO2 (N-F-TiO2 ) by He et al. [67].
Amorphous titania microspheres were used as precursors,
which were prepared by the hydrolysis of Ti(OBu)4 . The synthesized N-F-TiO2 nanobelts showed higher photocatalytic
activity for the degradation of methyl orange as compared
to that of TiO2 P25. As shown in Figure 9, the codoped
nanobelts photocatalyst exhibited the highest decrease in
COD values for the degradation of organic compounds under
both visible light and UV irradiation. This phenomenon can
be attributed to the porous structures of the synthesized NF-TiO2 , the increased specific surface area, and enhanced
light adsorption. The N-F doping induced oxygen vacancy
and led to the red shift in optical energy gap. Moreover, the
nanobelt structure of the synthesized material would facilitate
the capture of photogenerated photons and thus promote the
formation of e− -h+ .
Hydrothermal methods are more commonly used for
TiO2 nanobelts synthesis [70–72]. A commercial P25 TiO2
can be used as a precursor, which is subsequently hydrothermally treated for nanobelts synthesis, as shown in Figure 10(a)
[70]. However, the photocatalytic activity of the synthesized
TiO2 nanobelts was lower than that of P25. The degradation
rates of methyl orange are 35% and 95% in the presence of
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Figure 9: COD removal of the methyl orange solution after the photocatalytic degradation under UV and visible light irradiations [67].
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Figure 10: (a) SEM image of TiO2 nanobelts synthesized via a hydrothermal process [70], (b) SEM image of NiO/TiO2 heterojunctions [64],
(c) SEM image of the Cu2 O/TiO2 heterojunctions [71], and (d) TEM image of the synthesized CeO2 /TiO2 nanobelt heterojunction [72].

TiO2 nanobelts and P25, respectively. To further enhance the
performance of the material for organics degradation, NiO
nanoparticles were successfully deposited onto the nanobelts,
as shown in Figure 10(b). The synthesized materials were
applied for the decomposition of methyl orange under
ultraviolet light irradiation. Experimental results indicated
that heterojunction NiO-TiO2 nanobelts showed better performance for the methyl orange removal as compared to
both pure NiO nanoparticles and TiO2 nanobelts. It can be
attributed to the increased specific surface area and extended
e− -h+ lifetime.

Similar with this kind of heterojunction, other meal
oxides nanoparticles and TiO2 nanobelts can also be combined together for the improvement of photocatalytic activity.
Zhang et al. prepared Cu2 O/TiO2 heterojunctions using a
combination process of hydrothermal method and chemical
precipitation method [71]. The TiO2 nanobelt acted as a
substrate, and the dosage of Cu2 O can be controlled by
adjusting the concentration of the precursor (copper sulfate).
Figure 10(c) shows that Cu2 O nanoparticles were evenly
grafted onto the TiO2 nanobelts. Moreover, the synthesized
heterojunction possessed higher adsorbability as compared
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to pure TiO2 nanobelt. Although the photocatalytic activity
of the synthesized material showed a little decrease, the decoloration activity of the material for organics was enhanced.
This phenomenon is attributed to the strong adsorption
of methyl orange molecules on the surface of Cu2 O with
exposure of {1 1 1} facets.
Tian et al. synthesized novel CeO2 /TiO2 nanobelt heterojunctions via a facile hydrothermal process, as shown
in Figure 10(d) [72]. Compared with TiO2 , the synthesized
CeO2 /TiO2 exhibited enhanced photocatalytic performance
for the degradation of methyl orange due to the proposed
capture-photodegradation release mechanism. During PCO
process, methyl orange molecules were captured by CeO2
nanoparticles, then degraded by photogenerated radicals,
and finally released to the solution. Since the PCO process
is mainly conducted at the surface of photocatalysts, the
adsorption capacity of CeO2 nanoparticles was found to
be important for the performance of PCO process. The
synthesized CeO2 /TiO2 nanobelt heterojunctions possessed
good stability, high activity, and recyclable properties.
TiO2 nanobelts have been applied to photocatalyze the
oxidation of pharmaceutical contaminants in wastewater.
Liang and coworkers [73] prepared anatase phase TiO2
nanobelts with 30–100 nm in width and 10 𝜇m in length
via a high temperature hydrothermal method. Their results
showed that persistent pharmaceuticals such as malachite
green, naproxen, carbamazepine, and theophylline can be
efficiently photodegraded in the presence of the synthesized
TiO2 nanobelts. The photogenerated active oxygen species
such as hydroxyl radical, h+ , and hydrogen peroxide were
determined and it was proven that they played an important
role in the PCO process. Investigation on operation parameters presented that photodegradation of the pharmaceuticals
was evidently dependent on pH, illumination time, temperature, and concentrations of contaminants. This work heralds
a pathway towards the photodegradation of organics in actual
wastewater. TiO2 nanobelts can have potential in applications
of industrial wastewater.

6. Conclusions
This review paper overviews the recent development in
synthesis of 1D TiO2 nanostructures and their photocatalytic
applications for organics degradation. Thanks to the development of nanotechnology, significant progress has been
achieved in controllable synthesis of 1D TiO2 materials with
different aspect ratio and inner structure (solid nanowire,
nanorod, nanobelt, and hollow nanotube). Various synthetic
strategies have been developed, prompting the subsequent
exploration of their photocatalytic properties and the practical environmental applications. Under the excitation of
UV light, efficient degradation of organic pollutants, such
as NOMs, POPs, dyes, phenols, and pharmaceuticals, has
been achieved by numerous groups. On contrast, solar-lightactive 1D TiO2 material is still in its infant stage. Since
solar energy is economical, solar photocatalysis using 1D
TiO2 nanostructures would be a promising pathway for the
degradation of organic pollutants. It is important to note that
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the application of 1D TiO2 in industry cannot be successful
without solar energy assistance. Thus, many future works
should concentrate on the synthesis of solar-light-active TiO2
materials. Doping of 1D TiO2 is considered as a possible
way to lower the band gap of TiO2 and thus enhance the
activity of TiO2 under solar light. Moreover, sensitization
of 1D TiO2 nanostructures with other narrow-band-gap
semiconductor and noble metals (e.g., Au or Ag) may further
enhance the photocatalytic activity by suppressing the charge
recombination rate.
Alternatively, 1D nanostructured TiO2 materials can be
used as building blocks to assemble active and integrated
nanosystems, such as TiO2 nanorod, nanotube, or nanowire
membrane or film. The coupling of semiconductor photocatalysis of 1D nanomaterials and engineering design such
as self-cleaning membrane filtration and microreactor construction might significantly broaden the application range of
1D TiO2 photocatalysts. Rapid progress is expected and will
mainly occur in developing economic and scalable synthetic
strategy of 1D TiO2 nanostructures and their industry-scale
applications in water treatment process.
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Quantum dot-sensitized solar cells (QDSSCs) have received extensive attention in recent years due to their higher theoretical
conversion efficiency and lower production costs. However, the photoelectric conversion efficiency of QDSSCs is still lower than the
DSSCs because of the severe recombination of electrons of quantum dots conduction band. In order to improve the photoelectric
conversion efficiency of QDSSCs, impurity element Mn2+ is doped into the precursor solution of cadmium sulfide (CdS). By
optimizing the experimental parameters, the photoelectric conversion efficiency of QDSSCs can be greatly improved. For the
deposition of a fixed number of six times, the photoelectric conversion efficiency shows the maximum value (1.51%) at the doped
ratio of 1 : 10.

1. Introduction
Quantum dot-sensitized solar cells (QDSSCs) have been
recently drawing great attention due to the characteristics
of quantum dots (QDs), such as high absorption coefficient,
tunable band gap, and multiple exciton generation (MEG)
effect [1–4]. However, its photoelectric conversion efficiency
is still low compared to the theoretical value. The main
factors limiting the efficiency of QDSSCs include the carriers
recombination with redox couple on the semiconductor
interface, a slower rate of hole transport, and the properties
of the electrode. Recently, many efforts on the improvement
of quantum dots (QDs), electrolyte, and electrode have
made quite a lot of progress [5–7]. Among those researches
doping optically active transition metal ions, such as Mn,
Mg, Co, Cu, and In, has achieved obvious improvement in
the photoelectric conversion efficiency of QDSSCs [8–12].
The doped system modifies the electronic and photophysical
properties of QDs [13]. In addition, it is also possible to
tune the optical and electronic properties of semiconductor
nanocrystals by controlling the type of dopant [14]. Very

recently, Santra and Kamat fabricated Mn-doped-CdS/CdSe
quantum dot solar cells and yielded the efficiency (5.42%) for
the QDSSCs [8]. And, the next year, Lee et al. reported on
a PbS:Hg QD-sensitized solar cells with an extremely high
photocurrent density (38 mA/cm2 ) [15].
CdS, as an important II-VI semiconductor compound,
with the band gap of 2.42 eV at room temperature [16],
has good optical absorption properties in the visible region.
Simultaneously, it has a large extinction coefficient and
photochemical stability. Moreover, CdS quantum dots of
different sizes can be synthesized to achieve broad spectral
absorption through the relationship between the particle size
and energy level of QDs. Therefore, the CdS quantum dots
became a favorite QDs material for many researchers [17].
By the way of doping Mn atoms into CdS quantum dots,
we can further regulate the properties of quantum dots for
expanding the range of visible light absorption and improve
the stability of cells [18, 19].
In this paper, we introduced impurity element Mn2+
into the precursor solution of cadmium sulfide (CdS). And
Mn-doped-CdS QDs have been in situ deposited onto TiO2
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Figure 1: SEM images of (a) cross section of Mn-doped-CdS deposition of TiO2 photoanode; (b) pure TiO2 mesoporous film surface; (c) the
surface of TiO2 mesoporous film sensitized by CdS quantum dots; and (d) the surface of TiO2 mesoporous film sensitized by Mn-doped-CdS
quantum dots. Among them, the inset in the following two graphs is the corresponding EDS spectrum.

mesoporous substrates by the successive ionic layer adsorption and reaction (SILAR). Then, we assembled Mn-dopedCdS quantum dot-sensitized solar cells with the structure
of photoanode\polysulfide electrolyte\Pt counter and incidentally discussed the impact of doping. We emphatically
analyzed the effect of doped ratio and SILAR cycles on
the properties of QDSSCs. At last, the power conversion
efficiency of Mn-doped-CdS QDSSCs showed 1.51% under air
mass (AM) 1.5 condition (100 mW/cm2 ) with the optimized
parameters (the doped ratio of Mn : CdS fixed on 1 : 10 and
the six cycles of SILAR) obtained by experiment. Although
the conversion efficiency is still low, it is much higher than
the undoped CdS QDSSCs. And, with increased doping ratio,
the efficiency had no further improvement but beginning to
reduce.

2. Experimental
The TiO2 nanoparticles are uniformly coated on the surface
of the FTO (fluorine-doped tin oxide) by screen printing
method and then annealed at 450∘ C for 30 min. And the
counter electrode is prepared with Pt which is obtained from
the thermal decomposition of chloroplatinic acid. Like the
preparation of TiO2 photoanode, the counter electrode has
also been annealed at 450∘ C for 30 min. A mixed methanol

and deionized water solution (1 : 1) of Na2 S (0.5 M), S (2 M),
and KCl (0.2 M) is used as the polysulfide electrolyte.
Here, in this work, we used C4 H6 MnO4 which contains
impurity elements incorporated into the precursor solution
by doping Mn in situ for the fabrication of Mn-doped-CdS
QDs on the TiO2 photoanode. In brief, specific concentration
of the C4 H6 MnO4 was mixed with Cd(NO3 )2 (0.1 M) in the
ethanol solution as cation source. Na2 S (0.1 M) in methanol
was used as anion source. The prepared TiO2 photoanode was
immersed in the mixed ethanol solution of C4 H6 MnO4 and
Cd(NO3 )2 for 5 min, followed by rinsing with ethanol and
drying with nitrogen. Subsequently, the TiO2 photoanode
was dipped into Na2 S (0.1 M) methanol solution for 5 min
at 30∘ C. And, then, one cycle of SILAR has been completed.
During the experiment, to meet the research needs, we
changed the ratio of molar concentration of C4 H6 MnO4 in
the cation source solution (i.e., doping ratio of Mn-dopedCdS).

3. Result and Discussion
Figure 1(a) shows scanning electron micrograph (SEM) of
the TiO2 film deposited by Mn-doped-CdS (1 : 10) with a
thickness of 7.87 𝜇m. Figure 1(d) suggests that the vertical
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Figure 2: (a) UV-Vis absorption spectra and (b) IPCE spectra of undoped CdS QDs and different doped ratio of Mn-doped-CdS QDs.

morphology of TiO2 photoanode is deposited by Mn-dopedCdS. There is no obvious change of the vertical morphology of
the film between (b) and (c) images. It is proved that the QDs
are small enough for the interspace of TiO2 mesoporous film.
And the existence of those interspaces makes sure of the full
penetration of electrolyte. For the existence of quantum dots
is unknown, the EDS spectrum is shown in inset of Figures
1(c) and 1(d). And the comparison between two spectrums
demonstrated that the Mn is existent in the film.
Figure 2(a) shows the UV-Vis absorption spectra of
different working electrodes based on Mn concentration.
Compared to the undoped one; the Mn-doped-CdS show
the obvious red shift in the UV-Vis absorption spectra. The
initial response in the wavelength of undoped one, like the
Mn-doped-CdS QDs, is approximated to be 500 nm. But the
spectral response range has been extended after deposition.
This phenomenon is due to the introduction of midgap states
between the conduction band and the valence band of TiO2
QDs by Mn doping, which could provide electron in the long
wavelength region of the spectrum. And the complementary
in the spectral responses can enhance photoelectric conversion efficiency of QDSSCs. The absorption spectra of MnCdS (1 : 1) is very similar to Mn-CdS (1 : 10), which is red shift
compared to the sample of Mn-CdS (1 : 100).
The incident photon-to-electron conversion efficiency
(IPCE) spectra of the doped and undoped QDSSCs at different incident light wavelengths were shown in Figure 2(b).
The maximum IPCE value of two samples is about 67%.
However, the spectral response range of Mn-doped-CdS
QDSSCs is wider than the undoped one. This is due to
the fact the introduction of impurities of Mn enhances the
spectral response of the CdS QDSSCs, so that more electrons
transferred to the external circuit and the generation of dark

Table 1: Different photovoltaic parameters for different samples.
Sample
𝐽sc (mA/cm2 ) 𝑉oc (mV) FF 𝜂 (%)
TiO2 /CdS(4)
4.29
474
0.35 0.71
4.13
482
0.44 0.88
TiO2 /(1 : 1) Mn-CdS(4)
5.88
514
0.41 1.24
TiO2 /(1 : 10) Mn-CdS(4)
4.82
438
0.33 0.70
TiO2 /(1 : 100) Mn-CdS(4)
Table 2: ICP-OES test data of Mn-doped-CdS.
Sample

Cd
(𝜇g)

Mn
(𝜇g)

Mn-CdS

1045 5.373

Cd
(10−6 mol)
9.297

Mn
Molar ratio of
(10−6 mol)
Mn
0.098

1.054%

current is also suppressed, which is consistent with the UVvisible absorption spectra of samples.
The 𝐽-𝑉 characteristics of those QDSSCs samples based
on diverse doped ratio are presented in Figure 3, with 4 cycles
of SILAR. Simultaneously, the corresponding performance
parameters of those samples are presented in Table 1.
As can be seen from the chart, Mn-doped-CdS QDSSCs
exhibited considerable increment close to 58% (from 0.71%
to 1.24%) in the power conversion efficiency, compared to the
corresponding undoped sample. The highest overall power
conversion efficiency (1.24%) was achieved with the most
optimized Mn doped amount. And the actual Mn concentration, applied on an inductively coupled plasma optical
emission spectroscopy (ICP-OES), shown in Table 2, was
found to be 1.054% in the CdS film. Higher Mn concentration
might damage the performance. Therefore, as the proportion
of Mn doping gradually reduced, the 𝐽sc increased from
4.13 mA/cm2 (1 : 1) to 5.88 mA/cm2 (1 : 10). But when the
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Figure 3: The 𝐽-𝑉 characteristics of different sample based on the doped ratio of Mn doping.
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Table 3: Different photovoltaic parameters for different samples.

e−

CdS
TiO2
After doping

CdS

e−

h

Mn

3.2 eV

V.B.

h+

SILAR cycles
𝐽sc (mA/cm2 )
TiO2 /(1 : 10) Mn-CdS(2)
3.67
6.02
TiO2 /(1 : 10) Mn-CdS(4)
7.90
TiO2 /(1 : 10) Mn-CdS(6)
7.13
TiO2 /(1 : 10) Mn-CdS(8)

𝑉oc (mV)
471
501
536
592

FF
0.38
0.31
0.36
0.29

𝜂 (%)
0.65
0.92
1.51
1.21

h+

Figure 4: The TiO2 /CdS energy level structure diagram before and
after doping.

concentration continues to decrease, the performance of cells
is declined. Meanwhile, the fill factor (FF) remained stable.
The higher 𝐽sc of the Mn-doped-CdS films is mainly
attributed to the midgap states created by Mn doping, which
not only enhances the capture for electrons and slows the
speed of electrons transport but also screens partly the charge
recombination with the hole and polysulfide electrolyte after
oxidation. Indeed, the improved photovoltage in the QDSSCs
with doped semiconductor films indicates that Mn-doping
assists in electron accumulation within the QDs layers,
thus shifting the Fermi level to more negative potentials
and increasing the conduction band of CdS. As shown in
Figure 4, the Fermi energy is adjusted to an even lower electric
potential, due to the promotion of electron collection by
doping.
In addition, the 𝐽sc of the CdS QDSSCs will be improved
by the Mn doping with the relatively high doped ratio. However, a large number of recombination centers, which have
been introduced along with the Mn ions doped on the CdS
QDs, are an unfavorable factor for the performance of solar
cells. The enhancement for the 𝐽sc by Mn doping increased
firstly when the doping ratio is decreased. In contrast, as

the doped ratio decreased, the enhancement is weakened.
And the crystal defects caused by Mn doping still exist,
so that the short-circuit current density and photoelectric
conversion efficiency began to decline. In this experiment, we
just changed the ratio of molar concentration of C4 H6 MnO4
and Cd(NO3 )2 . It has little effect on the fill factor, so there is
no significant change about it.
Based on the above discussion, the doped ratio is fixed
on 1 : 10 as the most optimized Mn-doped concentration.
Figure 5(a) gives the UV-Vis absorption spectra of four
samples based on different SILAR cycles. It shows that
the exciton absorption peak of those samples moved in a
direction toward the long wavelength. And there is a sample
exciton absorption peak at about 680 nm, which means
manganese sulfur compounds may be formed during the
deposition.
The IPCE recorded at different SILAR cycles for QDSC
that employ three different photoactive semiconductor electrodes is shown in Figure 5(b). The overall photocurrent
response matching the absorption features also increases
along with the repetition of SILAR cycles.
The 𝐽-𝑉 characteristics and the corresponding performance parameters of those Mn-doped-CdS QDSSCs are
presented in Figure 6 and Table 3. Obviously, as the times
of SILAR cycles increased, there was a clearly different
performance from the 𝐽sc , FF, and 𝑉oc . The best performance
is obtained with the sample of 6 cycles of SILAR. When we
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Figure 5: (a) UV-Vis absorption spectra and (b) IPCE spectra of mesoscopic TiO2 photoanode deposited by different SILAR cycles of Mndoped-CdS QDs.

4. Conclusions

0.008

In summary, the doping of CdS films with Mn has enabled
us to achieve a significant improvement as compared to
undoped films. After the optimization of experimental
parameters, the photoelectric conversion efficiency of Mndoped-CdS QDSSCs shows the maximum value (1.51%).
Although the performance is still lower than the expected
value, it gives us another optional approach for making
QDSSCs competitive.
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Figure 6: The 𝐽-𝑉 characteristics of different sample based on
SILAR cycles.

repeat the process of deposition by Mn-doped-CdS QDs,
more QDs will be generated on the mesoscopic TiO2 film,
leading to the accumulation of photo-generated electron.
Therefore, the quasi-Fermi level of Mn-doped-CdS QDs is
shifted to more negative potentials like the effect of Mn
doping. But excessive deposition of QDs caused stoppage of
interspace of the mesoscopic TiO2 film and severe recombination of electrons. So the 𝐽sc is enhanced at first but got
down finally. In contrast, because the conduction band of
QDs increased with the repetition of SILAR cycles, the 𝑉oc
keep increasing.
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Polycyclic aromatic hydrocarbons (PAHs) represent a large class of persistent organic pollutants in an environment of special
concern because they have carcinogenic and mutagenic activity. In this paper, we focus on and discuss the effect of different
parameters, for instance, initial concentration of Anthracene, temperature, and light intensity, on the degradation rate. These
parameters were adjusted at pH 6.8 in the presence of the semiconductor materials (TiO2 ) as photocatalysts over UV light. The main
product of Anthracene photodegradation is 9,10-Anthraquinone which isidentified and compared with the standard compound by
GC-MS. Our results indicate that the optimum conditions for the best rate of degradation are 25 ppm concentration of Anthracene,
regulating the reaction vessel at 308.15 K and 2.5 mW/cm2 of light intensity at 175 mg/100 mL of titanium dioxide (P25).

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) constitute an
important and hazardous group of priority contaminates
[1]. Several researchers determined the concentrations of
these compounds by different chromatographic techniques,
for instance, HPLC [2–4], GC-MS/MS in [5], and GC-MS
in [6, 7]. The main processes that successfully eliminated
PAHs from the environment included the microbiological
transformation and degradation, bioaccumulation, biological
uptake volatilization, photooxidation, and chemical oxidation [8]. Photolysis and ozonation are the most important
methods for transformation for most PAHs adsorbed on
natural substances in an environment [9]. Photolysis of PAHs
led to the formation of photodimers and photooxidation
products [10]. In recent years, the release of toxic and organic
contaminants into aquatic environment as a result of human
activities has drawn much attention and is considering a
baffling problem facing researchers today [11]. Zinc oxide
and titanium dioxide are universally considered as the most
important photocatalysts due to their lower cost and their

considerably low band gap energy (∼3.2 eV) [12]. Nanoparticles of titanium dioxide were considered to be more efficient
than bulk powder in photocatalytic field [13]. Several previous
works used titanium dioxide as catalyst for degradation of
different organic pollutants [14–16].
Semiconductors have been used for pollutants degradation in water to be less harmful inorganic material. Both
catalysts titanium dioxide and zinc oxide have photocatalytic properties which made these catalysts the best for
photodegradation of water pollutants [17]. Attention has been
focused in the past decade on using nanocrystalline TiO2
as a photocatalyst for the organic pollutants degradation.
TiO2 semiconductor has a wide band gap about 3.2 eV, which
corresponds to the UV-range radiation. The formation of
an electron hole pair occurs within the conduction and
valance bands of TiO2 semiconductor after absorption in
UV range. Water molecules can be oxidized to hydroxyl
radical by positive hole. Scheme 1 shows the mechanism
diagram for photodegradation of Anthracene. The hydroxyl
is a radical, frequent, and powerful oxidant. The oxidation
of organic pollutants seems to be mediated by a series of
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Scheme 1: Mechanism diagram of photocatalytic degradation for Anthracene.

reactions started by hydroxyl radical on the TiO2 surface.
Recombination for the produced hole from valance band and
separated electron from conductive band it can appear either
in the volume or on the surface of the semiconductor particle
accompanied with heat releasing. To this end, both UV light
source and TiO2 are necessary for photooxidation reaction
to occur [18]. The photodegradation of PAHs compounds in
water using TiO2 catalyst has proved high efficiency in [19].
Furthermore, many researchers dealt with the PAHs in
water by photocatalytic degradation for TiO2 . Woo et al.
in [20] investigated photocatalytically oxidation using TiO2
of 5 selected PAHs, namely, naphthalene, acenaphthylene,
phenanthrene, Anthracene, and benzo[a]anthracene. Gu et
al. in [21] studied degradation of phenanthrene on soil
surfaces photocatalytically with the addition of nanoparticulate anatase TiO2 under UV-irradiation. Vela et al. in
[22] discussed photocatalytic processes using semiconductor
materials (ZnO and TiO2 ) to remove the residual concentrations of several PAHs from groundwater. Theurich
et al. in [23] reported themechanism of the photocatalytic
transformation of naphthalene and Anthracene qualitatively
in aqueous suspensions of titanium dioxide. Indeed, catalyst
TiO2 can play as efficient photocatalyst in the oxidation of
PAHs and convert it to safer compounds especially with
Anthracene, Fluorene, and Naphthalene by artificial or sunlight illumination [19, 24]. To this end, our aim in the present
paper is to study the effect of photocatalytic reactions on
the degradation of Anthracene using titanium dioxide under
different experimental conditions.
UV illumination of TiO2 yields valence band holes and
conduction band electrons (1), which interact with the surface
adsorbed molecular oxygen to give superoxide radical anions,
O2 −∙ (2), and finally, the water produces radicals of HO∙ (3)
[25]. These radicals oxidize target molecule (Anthracene) to
Anthraquinone (4):
TiO2 + ℎ] → h+ vb + e− cb

(1)

e− cb + O2 → O2 −∙

(2)

h+ vb + Ti–OH2 → HO∙ ads + H+

(3)

HO∙ ads + Anthracene → Anthraquinone.

(4)

2. Experimental Procedure
2.1. Chemicals and Reagents. Anthracene was purchased
from Sigma Aldrich, Germany, and used without further
purification. Acetonitrile (anhydrous, ≥99.98%), Dichloromethane (anhydrous, ≥99.98%), Acetone, ethyl acetate (anhydrous, ≥99.98%), and methanol HPLC-gradient grade were
purchased also from Sigma Aldrich, Germany. Titanium
dioxide particles were purchased from Degussa (P25),
anhydrous Na2 SO4 (extra pure Allied Signal, Riedel-de—
Germany).
2.2. Preparation of Stock Solution of Anthracene. A set of
dilutions of Anthracene solution at the concentration of
100 mg/L were made in the following solvents: methanol,
dichloromethane, acetonitrile, ethyl acetate, and acetone.
Anthracene solutions in the above solvents were prepared
and stored in room temperature (20 ± 2∘ C) in dark place
to keep it from the light degradation. Calibration curve
for Anthracene solution has been achieved by preparation
several concentrations (0.1, 0.5, 1, 2, 4, 8, 16 and 30) mg/L. All
glassware used for experiments was washed in chromic acid
mixture for 12 h with methanol, deionized water, and acetone
and then dried at 110∘ C for 3 h.
2.3. Solid Phase Extraction and Sample Preparation. Solid
phase extraction (SPE) method was used to extract the
Anthracene from the mixture (aqueous solution at different
solvents) by Supelcoclean ENV-18 solid phase extraction
tube. After passing the specific volume of aqueous solution
through extraction column, the extract was treated with
anhydrous Na2 SO4 to remove all the water content from the
extract and then it was concentrated by rotary evaporator
(BUCHI-RE121-Swizerland made) in temperatures below
35∘ C by water bath (BUCHI 461 Metrohm/Swiss made) to be
in volume 1 mL. Then samples were analyzed by GC 2010 (Shimadzu, Japan). The study revealed that the Anthracene level
had no effect on the percent decrease of the compound during
evaporation process for the solvent. The average recovery of
analytes for every liquid media and corresponding relative
standard deviations RSD (𝑛 = 5) were represented in Table 1.
Chromatographic conditions are listed in Table 2.

International Journal of Photoenergy

3

Table 1: The average recovery of Anthracene and relative standard
deviations RSD (𝑛 = 5).

9

Organic solvents
Methanol
Dichloromethane
Acetonitrile
Ethyl acetate
Acetone

7

RSD%
0.3
0.5
0.2
0.4
3.4

ln C0 /Ct

Recovery%
91
88
92
81
79

8
6
5
4
3
2
1
0

Table 2: Chromatographic conditions were used for determination
Anthracene by GC.
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2.4. Photolysis Experiments. The experiments were carried out in glass dual wall reactor closed system type,
to keep the temperature constant using chiller (Julabo
model EH/Germany) as temperature controller. Agitation
of the reaction mixture was provided by a magnetic stirrer
(Heidolph-Mr3001). The photoreactor operated in a batch
mode. The study was carried out for selected compound
Anthracene (Sigma Aldrich) without additional purification.
The pH of the reaction solution adjusted about 6.8, pH by
adding an exact volume of Sodium hydroxide or sulfuric acid.
2.5. Kinetics of the Photocatalytic Process. Kinetics of
Anthracene degradation was calculated by the first-order
equation:
(5)

𝐶0
) = 𝑘𝑡,
𝐶𝑡

(6)

or
ln (

where 𝐶0 , 𝐶𝑡 are the PAH concentration at times (zero
and 𝑡), respectively, and 𝑘 is the rate constant. First-order
degradation rate constants were determined by regression
analysis.

3. Results and Discussion

5 ppm
1 ppm

Figure 1: The changes of ln(𝐶0 /𝐶𝑡 ) with irradiation times on
different Anthracene concentrations by TiO2 .
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Figure 2: Effects of initial Anthracene concentrations at a rate
constant.
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Figure 3: Effect of temperature on the degradation rate of
Anthracene.

Several parameters were studied to indicate the effect of these
degradation rates as follows.
3.1. Effect of the Initial Anthracene Concentrations. The effect
of initial Anthracene concentration on the reaction rate is
the first parameter studied in this work. Figure 1 shows that
Anthracene concentrations decrease with time increases. The
rate of degradation increases as the initial concentration
increases as well. For photochemical reactions the higher

concentration causes a higher light absorption and consequently accelerates the degradation rate [26]. Figure 2 shows
the relation between rate constant and initial concentrations
of Anthracene.
3.2. Effect of Temperature. The oxidation of Anthracene
molecule was studied at different temperatures, to indicate
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Figure 5: Effect of light intensity on the degradation rate of
Anthracene.
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Figure 10: Mass spectra for standard 9,10-Anthraquinone after
exposure to UV light.
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Figure 7: Chromatogram of GC-MS for standard 9,10Anthraquinone and produced by oxidation of Anthracene before
exposure to UV light.

the best one at which the degradation rate is fastest. Figure 3
shows the effect of temperature on the concentration of
Anthracene with time of reaction. Figure 4 illustrates the
Arrhenius plot for the relation between ln𝑘 and 1/𝑇, activation energy calculated by Arrhenius equation.
The influence of temperature on the degradation rate
is typical. The greatest increase of the rate of degradation
about two times can be achieved after about 180 min at
308.15 K; initial rates within the first 30 min appear to increase
with increasing the temperature. This phenomenon is related
to the effect of temperature on the stability of Anthracene
molecule. Luo et al. [27] reported that higher temperature
slightly enhances the rate constant of Pyrene.
3.3. Effect of Light Intensity. UV light intensity has an
important role in the process of photocatalytic degradation.
Figure 5 shows effect of light intensity on the degradation
rate of Anthracene molecule. This figure indicates that
the reactions followed pseudo-first-order rate constant with
increasing UV light intensity from 1–2.5 mW/cm2 . The results
indicate the perfect degradation at light value: 2.5 mW/cm2 .
Therefore, when light intensity increases the number
of photons increases which means that the formation of
electrons and holes increases, and hence, electron-hole
recombination is negligible. However, at the lower light
intensity, electron and hole pair separation competes with
recombination which in turn decreases the formation of free
radicals [28], causing less effect on the rate of degradation of
the Anthracene as shown in Figure 6.
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Figure 11: Proposed pathway degradation of Anthracene.

3.4. Photodegradation Products of Anthracene. The major
product for photodegradation of Anthracene is 9,10Anthraquinone. Anthraquinone is characterized by GC-MS
(2010-SHIMADZU). Standard solution 25 ppm of 9,10Anthraquinone (Sigma Aldrich) was prepared and compared
with that produced by oxidation. Figures 7 and 8 illustrate
that there are no differences between them. The proposed
degradation pathway of Anthracene is as in Figure 11.
During the photocatalytic degradation experiments with
Anthracene only 9,10-Anthraquinone was detected as an
intermediate, in agreement with Theurich et al. [23]. Figures
9 and 10 show the GC chromatogram and mass spectra for
9,10-Anthraquinone after exposure to the light intensity in
the same environment of perfect conditions for Anthracene
degradation.
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4. Conclusions

[3] M. Ciecierska and M. W. Obiedziński, “Polycyclic aromatic
hydrocarbons in the bakery chain,” Food Chemistry, vol. 141, no.
1, pp. 1–9, 2013.

The photocatalytic degradation of Anthracene using artificial
UV light has been achieved. The observations of these
investigations demonstrate the importance of selecting the
optimum parameters for degradation to obtain a high degradation rate, which is considered essential for any application of photocatalytic oxidation processes. The experimental
work in controlled pH media at closed system reactor has
found that the main product of oxidation of Anthracene
is 9,10-Anthraquinone, which is safer for environment than
Anthracene. The rate of photodegradation in present UV light
has been found to be maximum in neutral medium with
optimum concentration of 25 ppm of Anthracene. The optimum temperature for degradation is 308.15 K. The optimum
light intensity is 2.5 mW/cm2 at pH 6.8. The degradation
of Anthracene increases with the increase of light intensity.
Nevertheless, the increase of light intensity leads to the
increase of the number of electron-hole pairs and increases
the degradation of Anthracene.
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The current paper reviews the application of TiO2 -mediated solar photocatalysis for industrial wastewater treatment, starting with
a brief introduction on the background of industrial wastewater and the development of wastewater treatment processes, especially
advanced oxidation processes (AOPs). We, then, discuss the application of solar TiO2 photocatalysis in treating different kinds of
industrial wastewater, such as paper mill wastewater, textile wastewater, and olive mill wastewater. In the end, we compare solar
TiO2 photocatalysis with other AOPs in terms of effectiveness, energy, and chemical consumption. Personal perspectives are also
given, which may provide new insights to the future development of TiO2 photocatalysis for industrial wastewater.

1. Introduction
Industrial wastewater is of global concern due to its severe
effects on the environment. Compared with municipal
wastewater, industrial wastewater generally contains high
concentration of toxic or nonbiodegradable pollutants, such
as fats, oil, grease, heavy metals, phenols, and ammonia
[1]. The water quality of wastewater can be indicated by
some parameters such as suspended solids (SS), biological
oxygen demand (BOD), chemical oxygen demand (COD),
and total organic carbon (TOC) [2]. These parameters are
typically very high in industrial wastewater, which significantly reduce the performance of conventional wastewater
treatment processes. Industrial wastewater also has much
more complex composition than other wastewaters. Moreover, the water quality of industrial wastewater varies from
one industry to another. Huge difference in water quality
of wastewater between different factories may also happen
in some cases. For example, the wastewater produced from
iron and steel industry contains a large amount of ammonia,
cyanide benzene, naphthalene, phenols, and cresols due to
the reduction reactions in blast furnace and the production
of coke [3]. In contrast, dispersed dyes are considered as

dominant pollutants in textile wastewater and effluent from
paper industry generally contains high concentration of SS
and BOD [4]. Unlike other wastewaters, high concentration
of radioactive materials is present in nuclear industry wastewater. Owing to the high concentration of toxic pollutants
and diversity of water quality, the treatment of industry
wastewater is always a big challenge. In recent years, various
novel technologies such as membrane technology, electrochemical method, and membrane bioreactor (MBR) have
been proposed for the treatment of industrial wastewater.
Unfortunately, these treatment processes still face several
problems, for example, complicated technical requirements,
high operational cost, and long reaction time, which severely
restrict their applications.
Electrochemical method is to apply a voltage between
an anode and cathode to remove pollutants via direct
oxidation or reduction on electrodes or indirect oxidation
or reduction by the reactive oxygen species generated by
electrochemical reactions [5, 6]. Electrochemical method
can be categorized to electrodeposition, electrodisinfection,
electrocoagulation, electroflotation, electroadsorption, electrooxidation, and electroreduction. Suspended pollutants,
colloids, and many charged pollutants can be effectively
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removed from wastewater by this method [7]. For instance,
electroflotation is successfully used for the treatment of oil
mill effluent [8], oily wastewater [9], coking wastewater,
and mining wastewater. In addition, electrooxidation process
has been extensively investigated since the late 1970s [7].
Although many research works have already been done on
optimization of the operation parameters, improvement of
the electrocatalytic activity, the degradation mechanisms, and
kinetics of pollutants, it is clear that electrode materials have
big impact on the degradation of pollutants, which has to be
improved in term of stability and durability [10].
With the increasing requirement of water supply and the
more stringent environmental regulations, great progresses
have been seen globally in membrane technology in past
two decades. Compared with other processes, membrane
technologies have many advantages such as high removal
rate on pollutants, well arranged process conductions, and
no addition of chemicals [10]. These superiorities make
it suitable for wastewater treatment. However, membrane
fouling caused by pollutants in wastewater is a major obstacle,
which restricts the large-scale application of membranes in
industry. Thus, how to achieve an effective and low cost way
to treat wastewater is a crucial point.
Biological wastewater treatment is widely used in municipal wastewater treatment due to its low operation cost compared to other treatment processes such as thermal oxidation
and chemical oxidation [11]. MBR is an improved activated
sludge system, which is a combination of suspended biomass
with a membrane process that replaces gravity sedimentation
to clarify the wastewater effluent [12]. MBR process has
small footprint, flexible design, and automated operation
properties. However, like other membrane technologies,
membrane fouling by mixed liquor remains and activated
sludge is considered as a major obstacle for its applications.
In addition, membranes with high chemical resistance are
required due to the chemical cleaning process. Currently,
MBR technology is mostly applied in small or moderate scale.
Moreover, only biodegradable pollutants can be removed by
biological treatment processes. There are still large amounts
of toxic nonbiodegradable materials present in industrial
wastewater.
Advanced oxidation processes (AOPs), which rely on the
generation of highly reactive and oxidizing hydroxyl radicals
(∙OH), are considered as highly competitive water treatment
technologies. As an important technology of AOPs, photocatalytic oxidation (PCO) has attracted increasing attention
in recent years because of its excellent performance on
pollutants removal, low cost, and photochemical stability and
without addition of toxic chemicals [13, 14]. TiO2 is the most
widely used catalyst in heterogeneous photocatalysis, because
of its photostability, nontoxicity, low cost, and stability in
water under most environmental conditions [15]. Large
amount of reactive oxygen species such as hydroxyl radicals
(∙OH) and superoxide radical anion (∙O2 ) are produced on
the surface of TiO2 under light irradiation, and these reactive
radicals are regarded as the major responsible species for
the degradation of organic pollutants in wastewater [16–19].
Preis and coworkers [13] studied the degradation of phenolic
compounds in wastewater from oil shale under UV-light
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irradiation. The results revealed that the wastewater quality
characteristics have obvious influence on the photodegradation rate of the pollutants. PCO can also serve as a pretreatment, which can significantly enhance the biodegradability
of industrial wastewater to meet requirements of the subsequent biotreatment process. Sioi et al. [19] investigated the
decolorization of a typical pharmaceutical wastewater using
TiO2 P25 as a heterogeneous photocatalyst, revealing that
photocatalytic oxidation is a powerful alternative technology
for the degradation of hematoxylin. Their results also showed
that the performance of P25 nanoparticles didn’t decrease
after reuse and, thus, was suitable for practical wastewater
treatment. To further improve the efficiency of wastewater
treatment, some other techniques can be combined with
PCO process. For example, Kim and Park [20] developed
a novel hybrid process combining PCO with biofilm. Their
results revealed that the pretreatment using biofilm could
largely enhance the efficiency of PCO. Moreover, the integrated technology showed better performance as compared
to Fenton oxidation in terms of color and COD removal.
PCO process has many advantages, but it also faces some
drawbacks. One is the relatively high operating cost because
of the use of UV lights. Nevertheless, the UV lights in such
systems could be replaced by natural solar radiation, which
is free in most areas and feasible especially for industrial
wastewater treatment [21]. The PCO process can also be
combined with constructed wetlands [22]. The combined
system was tested under natural irradiation, showing that
organic pollutants, nutrients, and pathogenic bacteria can
be effectively removed. More importantly, TiO2 -mediated
solar photocatalytic oxidation is low cost and environmental
friendly and thus may be a promising solution for wastewater
treatment.

2. Process and Mechanism of
Solar Photocatalysis
In last decades, many efforts have been devoted to the
degradation of organic pollutants in wastewater using solar
photocatalysis [27, 32]. Compared to the counterparts using
UV light, solar driven PCO of organic pollutants using
solar irradiation can be much more economical [33]. As
a typical semiconductor-based heterogeneous photocatalyst,
TiO2 was successfully employed for the degradation of
various families of organic pollutants in wastewater under
solar light irradiation. Stylidi and coworkers [34] successfully
used TiO2 suspension to degrade azo dyes under solar light;
while Herrmann and coworkers applied this technology for
the detoxification of wastewater which contains multiple
pollutants [32].
In a typical solar photocatalysis process (Figure 1), the
electrons (e− ) on the photocatalyst surface can be excited
from valence band to conduction band by photons with
energy larger than its band gap under solar light irradiation,
which forms e− and holes (h+ ) on conduction and valence
bands, respectively. The photogenerated electrons and holes
then migrate to the surface of the photocatalyst, where they
participate in redox reactions with adsorbed species and,
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Zang and Farnood found that AgBr can promote the PCO
process for the degradation of methyl orange under solar light
irradiation [54]. In addition, some researchers have already
proven that the band gap of modified TiO2 is lower than pure
TiO2 [58, 59]. Grzechulska and Morawski [58] investigated
the modified commercial TiO2 with metal hydroxides, and
their study revealed that the band gap of modified material
is 1.6 eV, which is lower than pure TiO2 . Moreover, TiO2
can also be integrated with some other semiconductors with
a narrow band gap, for example, CdS, to form composite
photocatalysts [60].
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Figure 1: General mechanism of TiO2 in solar photocatalysis
process.

thus, form superoxide radical anion (∙O2 − ) and hydroxyl
radical (∙OH), respectively, as follows [13, 16–18, 48, 49]:
solar

TiO2 → e− + h+
h+ + H2 O → ∙OH + H+
h+ + OH− → ∙OH

(1)

e− + O2 → ∙O2 −
The photogenerated reactive oxygen species are very
strong oxidizers and play the dominant roles in the degradation of organic pollutants in wastewater. The organics in
wastewater can be completely degraded to CO2 and H2 O
and, thus, there is no secondary pollution. However, many
e− and h+ recombine releasing energy as heat before they
participate in the redox reactions, which dramatically inhibit
the practical photocatalytic activity of photocatalysts [50].
Moreover, owing to the larger band gap, TiO2 can be excited
only by UV lights, which account for less than 5% energy of
the solar spectrum [15, 48, 51]. Thus, it is necessary to develop
TiO2 based materials which can utilize more solar energy. To
solve this problem, some noble metals and their derivatives
such as Ag, [52], Pt [53], AgBr [54], and CdS [55], have been
tried to incorporate with TiO2 forming hybrid photocatalysts
[54], which would extend the photocatalytic activity of the
photocatalysts into visible light range. The mechanism can be
explained by two aspects. (1) The recombination rate of e−
and h+ is inhibited because of the presence of incorporated
materials, which promotes interfacial electron transfer and
consequently facilitates the separation of e− and h+ [51].
(2) TiO2 band gap is narrowed, which makes the excitation
of TiO2 easier. It will facilitate the electrons transfer from
valence band to conduction band, and, thus, more oxidative
species might be produced [56]. Özkan et al. reported that
1 wt.% Ag could effectively enhance the PCO efficiency [57].

3.1. Application in Paper Mill Wastewater. The paper mill is
the fifth largest industry in North American economy [61].
Over 50% wastes in Canada’s water can be attributed to the
pulp and paper industry [62]. Large amounts of water are
required by paper industry, which also produced equally large
amounts of wastewater [63, 64]. Previous study indicated
that 2000–6000 gallons water were consumed to produce one
ton of paper [61]. The wastewater produced by this industry
is commonly treated by biological process [65]. However,
the effluent from paper industry contains highly toxic and
refractory compounds, which restricts the application of
biological method. In pulp and paper industry, water is
required in each stage, and wastewater is also generated in
each stage. The produced pollutants at different steps of a
paper mill plant are shown in Figure 2 [23, 66]. Among these
processes, the cellulose pulp bleaching stage produced the
largest amount of high-strength wastewater, which contains
several chlorinated compounds and some toxic organics
[63]. Previous reports [67] showed that wastewater with
BOD/COD ratio smaller than 0.3 is not suitable for biological treatment. Thompson and coworkers [68] reported
that the biodegradability index of wastewater from pulp
bleaching process is around 0.02–0.07, which indicated a
further treatment process should be taken after biological
process for the complete removal of pollutants. For example,
Bajpai et al. [69] studied the degradation of pollutants from
pulp and paper mill by anaerobic technology, and they found
that the treated wastewater still contains high residual COD
due to the incomplete degradation. In addition, the typical
characteristics of paper mill wastewater at different processes
are shown in Table 1 [23]. It shows that the pollutants vary
dramatically from one plant to another plant.
Another important work was conducted by Ghaly and
coworkers [24]. The paper mill wastewater was treated by
a synthesized nanosized TiO2 under solar light, and they
found that the biodegradability index of the paper mill
wastewater increased from 0.16 to 0.35. It indicates that solar
photocatalytic oxidation of the paper mill wastewater can be
used as an efficient pretreatment method before biological
treatment process.
Many factors can influence the performance of solar TiO2
photocatalysis on the treatment of paper mill wastewater [24].
The first one is the size of TiO2 . New physical and chemical
properties will emerge when the size of TiO2 is reduced
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The soils, dirt’s, and barks are removed from the wood and chips are
separated from the barks and water is used to clean the wood. Thus, the
wastewater from this source contains suspended solids, BOD, dirt, grit,
fibers and so forth.

Wood preparation

The wastewater generated from digester house is called “black liquor.”
Kraft spent cooking “black liquor” contains the cooking chemicals as
well as lignin and other extractives from the wood. The wastewater
contains resins, fatty acids, color, BOD, COD, AOX, and VOCs (terpenes,
alcohols, phenols, methanol, acetone, chloroform etc.)

Digester house

The wastewater from the pulp washing contains high pH, BOD, COD, and
suspended solids and dark brown in color.

Pulp washing

The wastewater generated from bleaching contains dissolved lignin,
carbohydrate, color, COD, AOX, inorganic chlorine compounds such as
chlorate CIO3 − , Organo chlorine compounds such as dioxins, furans,

Pulp bleaching

chlorophenols, VOCs such as acetone, methylene chloride, carbon
disulfide, chloroform, chloromethane, trichloroethane and so forth.
The wastewater generated from papermaking contains particulate waste,
organic compounds, inorganic dyes, COD, acetone and so forth.

Paper making

Figure 2: Pollutants produced in different stages of paper industry. (Figure 2 is reproduced from reference [23]. Copyright 2004, with
permission from Elsevier).
Table 1: Typical characteristics of wastewater at different pulp and paper processes. (Table 1 is reproduced from [23]. Copyright 2004, with
permission from Elsevier).
Process
Large mills (India)
Small mills (India)
Digester house
Combined effluent
TMP whitewater
TMP whiterwater
Kraft mill
Pulping
Kraft mill (unbleached)
Bleached pulp mill
Bleaching
Pulp and paper
News air and land paper deinking
Paper making
Paper mill
Paper machine
Paper machine

PH
11.0
12.3
11.6
7.6
4.7
4.7
8.2
10
8.2
7.5
2.5
7.8
8.3
7.8
8.7
4.5
8.3

TS (ppm)
5250
15120
51589
3318
—
—
8260
1810
1200
—
2285
4200
450
1844
2415
—
—

down to nanoscale. Due to this, the nanosized material
may possess with better performance as compared to a
conventional bulk material [70]. Chen and Mao [48] reported
that morphology of nanomaterials can also affect their properties and performance in specific applications. Nowadays,
researchers have put many efforts to develop new functional
nanomaterials for the removal of pollutants [71–73]. Ghaly

Parameters
SS (ppm)
BOD5 (ppm)
1233
983
4890
2628
23319
13088
2023
103
91
1090
105
1125
3620
—
256
360
150
175
1133
1566
216
140
1400
1050
400
16
760
561
935
425
503
170
1032
240

COD (ppm)
2530
6145
38588
675
2440
2475
4112
—
—
2572
—
4870
78
953
845
723
—

Reference
[35]
[35]
[36]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[40]
[43]
[44]
[45]
[46]
[42]
[40]

et al. [24] synthesized nanosized TiO2 via a conventional
sol-gel process using TiCl4 as the precursor. The synthesized material exhibited good photocatalytic activity under
sunlight irradiation because of its mixture phase of anatase
and rutile [18]. As shown in Figure 3 [24], the PCO process
was carried out in aqueous suspensions where TiO2 was
irradiated by concentrated sunlight. In a typical operation
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Figure 3: %COD removal during the treatment of the wastewater by
different oxidation processes against reaction time, with solar light
only, with TiO2 only, and with solar/TiO2 [TiO2 = 0.75 g/L, pH =
6.5]. (Figure 3 is reproduced from reference [24]. Copyright 2011,
with permission from Elsevier).

process, the wastewater from paper mill was fed into the
solar reactor, where it was stirred with the synthesized
TiO2 in dark for 10 min. After the adsorption equilibrium
between wastewater and TiO2 was achieved, solar energy
was applied for the photodegradation of the pollutants in
wastewater. Subsequently, the wastewater and TiO2 would
circulate in the system and, thus, the treatment efficiency can
be enhanced by this continuous process. The COD removal
rates under different conditions were evaluated by the authors
and shown in Figure 3 [24]. Over 70% COD was removed
after the PCO process, indicating that solar photocatalysis
is effective for the treatment of paper mill wastewater. It is
worth noting that some intermediate compounds may be
produced in the process which would retard the degradation
of pollutants [24]. In addition, COD concentration decreased
in the absence of solar light, which can be attributed to the
adsorption effect of TiO2 on the pollutants in wastewater.
Recent studies indicated that the dosage of photocatalysts
is another important influencing factor [63]. It should be
noticed that the increase of photocatalyst would increase
the reaction sites on the material and, thus, enhance the
PCO efficiency. However, some experiments [63] revealed
that high TiO2 concentration does not imply a high reaction
performance. According to the previous reports [74], the
optimal photocatalyst concentration for industrial wastewater treatment is several hundred mg/L in solar photoreactors.
This phenomenon can be explained by the turbidity effect of
TiO2 . Excess TiO2 would affect the penetration of sunlight
through the suspensions due to the light scattering effects [63,
75, 76]. Hence, the dosage of TiO2 in the photoreactor should
be optimized, which can also lower the cost on photocatalyst.
As shown in Figure 4(a), the optimum TiO2 concentration is

0.75 g/L in the system [24]. Liu and coworkers reported that
the optimum dosage of catalyst was determined not only by
the type and concentration of pollutants but also by the design
of photoreactors [77]. Thus, the dosage of catalyst should be
investigated for each individual system.
In addition, pH values of wastewater can also affect the
PCO efficiency because the generation of hydroxyl radicals
is related with pH conditions [76]. Several studies showed
that the COD removal rates increased with the increase
of pH values, as shown in Figure 4(b) [24, 78]. It can be
attributed to the following reasons. Firstly, H+ can interact
with aromatic organic pollutants in paper mill wastewater
and lower the electron densities at the polycyclic groups,
leading to the decrease of hydroxyl radicals [78]. Secondly,
the TiO2 particles tend to agglomerate under acidic condition
and, thus, lead to the decrease of reaction sites for the
degradation of pollutants in paper mill wastewater [79].
Finally, the surface of TiO2 would be negatively charged
under high pH conditions due to the presence of OH− ,
which acted as an efficient trap for the generation of h+
and hydroxyl radicals. These oxidative species are responsible
for the degradation of organic pollutants [79]. Thus, pH
condition can be considered as a key factor for the production
of hydroxyl radicals, which finally affect the efficiency of solar
photocatalysis.

3.2. Application in Textile Wastewater. Owing to the large
amount of discharge and the degradation-resistant composition, textile wastewater is considered as a major resource of
pollutants from industry [80]. There are several processes for
textile industry, such as sizing of fibers, scouring, desizing,
bleaching, rinsing, mercerizing, dyeing, and finishing [81].
A brief textile process was shown in Figure 5, revealing that
large quantities of organics are involved in this technology.
Although various textile products can be obtained nowadays,
many contaminants are released into environment through
indiscriminate discharge of wastewater, which causes severe
pollution. Previous reports indicated that textile wastewater
contains dyes, detergents, grease, oil, heavy metal, inorganic
salts, and fibers [2]. Among them, dye residue is considered
as a dominant pollutant which is mainly produced in the
step of finishing [25]. An obvious characteristic of textile
wastewater is the strong color due to the presence of various
dyes. According to the Easton’s reports [82], over 30% of the
used dyestuffs remain in the reactor after the dyeing process,
which results in that a huge amount of azo dyes enter into
wastewater. Azo dyes have been considered as a mutagen
and carcinogen by the US National Institute for Occupational
Safety and Health [83, 84]. It is important to notice that this
kind of dyes is difficult to be decolorized [47, 85].
Although most of the textile wastewater is treated before
discharge, the conventional treatment process such as aerobic
biological process and physical-chemical treatment cannot
meet the requirement of elevated discharge standards [2].
A typical characteristic of wastewater from a textile dyeing
process is summarized in Table 2 [86]. We can find that the
wastewater contains high strength COD, which may destroy
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Figure 4: (a) %COD removal during the treatment of the wastewater by solar photocatalytic oxidation against solar irradiation time at
different loading of TiO2 [pH = 6.5], (b) %COD removal during the treatment of the wastewater by solar photocatalytic oxidation against
solar irradiation time at different pH values [TiO2 = 0.75 g/L]. (Figure 4 is reproduced from reference [24]. Copyright 2011, with permission
from Elsevier).

Textile
fibres

Fibres
preparation

Spinning

Weaving

Finishing

Clothing

Textile
product

∙ Natural

∙ Carding wool fibers

∙ Weaving fabrics ∙ Printing and dyeing-dyes reduction (sulphur and vat)

∙ Synthetic—to
obtain smart
textiles

∙ Bleaching cotton fibers

∙ Knitted fabrics

∙ Bleaching denims

∙ Nonwoven

Figure 5: A typical textile process [25].

Table 2: Typical characteristics of wastewater from a textile dyeing
process. (Table 2 is reproduced from [47]. Copyright 1986, with
permission from Elsevier).
Aspect/component
pH
Temperature, ∘ C
COD, mg/L
BOD, mg/L
TSS, mg/L
Organic nitrogen, mg/L
Total phosphorus, mg/L
Total chromium, mg/L
Color, mg/L

Value
2–10
30–80
50–5000
200–300
50–500
18–39
0.3–15
0.2–0.5
>300

the microorganisms in a biological wastewater treatment
system.
Vilar and coworkers studied the treatment of textile
wastewater by solar-driven advanced oxidation processes
[26]. In this research, commercial TiO2 P25 was used as
the photocatlayst. Figure 6 shows the decolorization and

mineralization of the textile wastewater by TiO2 solar photocatalysis [26]. We can find that almost 70% of colour in
the wastewater was removed when the catalyst concentration
was 200 mg/L. The dosage of catalyst was considered as an
optimum concentration for the photoreactor used in the
study [87]. However, the mineralization of organics in this
treatment process is relatively low, which can be attributed to
the high concentration of chloride. Owing to the presence of
chloride, the produced hydroxyl radicals would be scavenged
and some less reactive inorganic radicals such as Cl∙, Cl2 − ∙
and SO4 − ∙ would also be generated [26, 88]. In addition,
previous reports indicated that some organic dyes are capable
of photosensitizing TiO2 due to the absorption of visible
light [51]. The major initial steps of the photosensitization
reactions are shown in the following equations [89]:
dye + h] → dye∗
dye∗ + TiO2 → dye∙+ + TiO2 (e)
TiO2 (e) + O2 → TiO2 + O2 ∙−
O2 ∙− + TiO2 (e) + 2H+ → H2 O2 + TiO2
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Figure 6: Decolourisation and mineralization of the textile wastewater by TiO2 solar photocatalysis: DOC degradation curve, Abs/Abs0
AT 516 nm and pH evolution. (Figure 6 is reproduced from reference
[26]. Copyright 2011, with permission from Elsevier).
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+

+ 2H → O2 + H2 O2

H2 O2 + TiO2 (e) → ∙ OH +OH− + TiO2
dye∙+ + (O2 ∙− or ∙ OH) the degradaed products
(2)
It is clearly shown that the photosensitized degradation of
dyes under visible light irradiation is another pathway beside
the PCO process. Moreover, some transition or posttransition
metal ions such as Cu2+ , Zn2+ , and Fe3+ also have significant
effect on the degradation of dyes in textile wastewater via
a similar photosensitization [89]. Thus, the decolorization
of textile wastewater is relatively easier as compared to the
mineralization process.
Some other reports [27, 28, 81, 90] also proved that TiO2
is a powerful photocatalyst for the degradation of pollutants
in textile wastewater. Neppolian et al. [27] found that dye
molecules could be completely degraded to CO2 , SO4 2− ,
NO3 − , NH4 + , and H2 O by solar photocatalysis, and addition
of other auxiliary chemicals such as H2 O2 and Na2 CO3
could greatly promote and inhibit the photodegradation
efficiency, respectively. pH also plays an important role in
the treatment of textile wastewater because it affects both
the generation of hydroxyl radicals in PCO process and the
structure of dye pollutants. Figure 7 reveals that a neutral
pH condition would facilitate the degradation of dyes in
solar photocatalysis process. High concentration of proton
would retard the photodegradation of dyes under acidic
conditions; while basic conditions also have suppressive effect
on the solar photocatalysis process because the dyes become
chemically stable at high pH ranges [27].
Although TiO2 based materials have many advantages
for environmental application, the separation of them from
the suspension of textile wastewater is still a big issue which
restricts the reuse of photocatalyst. Alinsafi et al. [91] reported

4

6

8
pH

10

12

14

Figure 7: Influence of pH on the degradation of the dye. (Figure 7
is reproduced from reference [27]. Copyright 2002, with permission
from Elsevier).

that TiO2 can be immobilised on various substrates such
as glass slides and glass fibers. Although the performance
of the supported photocatalysts was strongly dependent on
the chemical structure of dyes and other additives, the
immobilized photocatalysts presented excellent decolourization ability for the treatment of textile industry wastewater.
Furthermore, Rao et al. [28] developed a novel pebble bed
photocatalytic reactor for textile wastewater treatment under
solar irradiation. TiO2 was successfully coated onto the silica
rich white pebbles, and a pebble bed photoreactor was further
constructed, as shown in Figure 8. In this research, catalyst
loading, pH, and initial concentrations of dyes were found as
important influencing factors. In addition, the recirculation
flow rate in the system was also investigated, presenting that
the conversion of pollutants decreased with the increment of
flow rate. This phenomenon can be explained by the nonideal
flow behaviour of the photoreactor. The flow diversion should
be controlled, which enhances the contact area between the
textile wastewater and the coated photocatalysts [28].
3.3. Application in Olive Mill Wastewater (OMW). OMW
is considered as one of the most important agricultural
pollutants, which was largely produced by some countries
such as Spain, Italy, and Greece [92]. The annual production
of olive oil was estimated in 2.5 × 106 t, resulting in huge
amount of OMW [93]. Production of 1000 kg of olives
may generate 0.5–1.5 m3 of OMW which is dependent on
the oil extraction methods [94, 95]. OMW contains high
strength of suspended solids and organic pollutants, such
as polysaccharides, sugars, phenols, polyalcohols, proteins,
organic acids, and oil [96, 97]. Due to the high concentration
of organic pollutants, COD and COD values of OMW are
high up to 220 g/L and 100 g/L, respectively [94]. In addition,
the characteristics of OMW are variable with the change
of climatic conditions, different type of olives, methods of
extraction, and regions [94]. The extraction process of olive
oil is shown in Figure 9.
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Before

After

(a)

(b)

Figure 8: (a) Pebbles before and after TiO2 coating, (b) solar photocatalytic pebble bed reactor, and the close-up of pebbles. (Figure 8 is
reproduced from reference [28]. Copyright 2012, with permission from Elsevier).
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Figure 9: Olive oil extraction processes. (Figure 9 is reproduced from reference [29]. Copyright 2012, with permission from Elsevier).

Currently, the main olive process method used in many
countries is the 3-phase system, which possesses some advantages such as high working capacity and automation of the
industrial plants [29]. Although the olive oil, solids, and
wastewater can be separated in this system, it requires a
considerable volume of warm water for the dilution of olive
paste. Thus, the production of OMW is still a big problem.
It is estimated that 30 million m3 OMW is discharged per
year [29, 98]. OMW is characterized by a dark-colour due
to the polymerization of phenolic compounds and lignin.
Moreover, inorganic metals, high conductivity, and acidic
condition of the wastewater can also affect the choice of the
treatment methods [29].
Gernjak et al. compared two solar photocatalytic pilotplant reactors (Figures 10(a) and 10(b)) for the degradation
of OMW with different concentrations and from different
sources [99]. For the compound parabolic collector (CPC),
a complete module is formed by a series of collectors
connected in a row. Wastewater flows simultaneously through
all parallel tubes, and the number of collector components

modules has no limit [30]. For the falling film reactor (FFR),
the components contain flat plate, top distributor, bottom
receiver, batch tank, and a centrifugal pump. Wastewater in
a batch bank flows through the flat plate to bottom receiver,
and this is a circulatory system [31]. As a cheaper alternative
of CPC, the designed FFR shows comparable results to the
CPC in terms of COD degradation rate based on the previous
report [31]. Due to the open nonconcentrating geometry of
the FFR, there is no reflectivity or transmissivity loss in the
reactor. In addition, the shortage of the FFR is the short
pathlength of the reactor, but it can be neglected because
of the extremely high light absorption of the OMW [31].
Moreover, the temperature in the FFR is lower than that in
the CPC due to the heat losses suffered from evaporation
of water. This may retard the removal of volatile organic
compounds. However, the low temperature would cause less
foaming, and the decomposition of hydrogen peroxide can
also be reduced [31].
In addition, some other researchers also studied the
treatment of OMW using a TiO2 /UV system [100, 101].
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Although fundamental and engineering researches have
established the solar photocatalysis technology in wastewater
treatment, the industrial application is still in an infantile
stage and some challenges are still needed to be smoothed
out, such as the solar utilization efficiency, the construction
and operation of photoreactor, and the separation of photocatalysts. Photocatalytic membranes or microspheres might
be able to solve the separation problem of photocatalysts
[102–104]. Their photocatalytic activities for real wastewater
need to be tested under solar irradiation in the future studies.
Modification of the current photocatalysts such as doping is
a good pathway to enhance the PCO efficiency under solar
irradiation considering the low fabrication cost. More attention is also needed to be paid to the design of photoreactors
to optimize the operational factors for the system’s activity,
and recycling should also be comprehensively considered for
large-scale applications. We believe that solar TiO2 photocatalysis method can provide a promising pathway for the
deep degradation of the pollutants in industrial wastewaters.
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Figure 10: (a) Two compound parabolic collectors (CPCs) of one
prototype module, (b) falling film reactor (FFR). (Figure 10(a) is
reproduced from reference [30]. Copyright 1999, with permission
from Elsevier; Figure 10(b) is reproduced from reference [31].
Copyright 2004, with permission from Elsevier).

Although the UV light source is not economical as compared
to the solar source, these studies can also provide some
important references for the future work [102]. El Hajjouji
et al. [100] investigated the removal rate of COD, colour
scale, and phenols in OMW using a TiO2 /UV system. They
found that colour and phenols were more difficult to be
removed compared to COD, which can be attributed to the
degradation of some nonconservative water pollutants in
OMW. Chatzisymeon et al. [101] investigated the effect of
operating conditions in a photocatalytic treatment process of
OMW. Their results indicated that the removal of COD was
determined by contact time. Thus, the hydraulic retention
time of OMW in a photoreactor is a key factor. Moreover, the
detoxification of OMW is strongly dependent on the residual
organic matters, indicating that a complete degradation of
COD is still required in future application.

4. Conclusions
Solar photocatalysis has been investigated as an effective
wastewater treatment process during the past decades.
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A series of N-doped TiO2 nanocrystals with exposed {001} facets was prepared successfully by sol-gel method for the first
time. The physicochemical properties of these resultant photocatalysts were characterized by XRD, TEM, XPS, and DRS, and
their photocatalytic performances were evaluated by photocatalytic decoloration of methylene blue solution under visible light
(𝜆 > 420 nm) irradiation. The results showed that the N-doped TiO2 nanocrystals with exposed {001} facets showed higher
photocatalytic activity than P25. The enhanced photocatalytic performance can be attributed to synergistic effects of several factors,
such as good crystallinity, better light response characteristic, and high reactivity of {001} facets.

1. Introduction
TiO2 with exposed {001} facets has attracted great attention in recent years because of its outstanding advantages
in photocatalysis field [1–3], such as excellent thermodynamic stability, strong oxidizing power, and low cost. Many
researchers have participated in optimizing its photocatalytic
activity since the large percentage of {001} reactive facets
were prepared by one-pot hydrothermal method using TiF4
as precursor firstly [4]. It is widely believed that {001} facets
of anatase TiO2 provide more active sites for photocatalytic
oxidation reaction [5, 6], so its photocatalytic activity can be
improved significantly. However, the photocatalytic activity
of TiO2 is still limited by narrow light absorption (only
responsive to UV with wavelength below 387 nm due to
its wide band-gap) and rapid recombination of photongenerated carriers. To promote the better performance of
TiO2 , anion doping, especially nitrogen doping, would be
effective solution. Experiments and theories have proved that
the doping of nitrogen can introduce a new impurity level
in the band gap of TiO2 , which provides a springboard for

electron transition and promotes the visible-light response of
TiO2 [7–9].
The popular approach to synthesize TiO2 with exposed
{001} facets is hydro(solvo)thermal method [10, 11], and anion
doped TiO2 (e.g., N, C, S) with exposed {001} facets has been
synthesized successfully by hydro(solvo)thermal method in
recent years [12–14]. The resultant samples are usually with
a larger size, submicron, and even several microns [15],
which is disadvantaged to the photocatalytic activity of TiO2 .
Therefore, anion doped TiO2 with exposed {001} facets and
smaller size is still desirable. Lots of publications have proved
that sol-gel is an ideal method to prepare uniform TiO2
powder with smaller size. Therefore, sol-gel method may be a
good attempt to obtain anion doped TiO2 nanocrystals with
exposed {001} facets [16]. However, the sol-gel preparation of
anion doped TiO2 nanocrystals with exposed {001} facets has
not been reported so far.
In this study, we prepared N-doped TiO2 nanocrystals
with exposed {001} facets by using sol-gel method successfully. The as-synthesized N-doped TiO2 nanocrystals with
exposed {001} facets showed higher photocatalytic activity
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Figure 1: XRD patterns of all samples ((a) the uncalcined samples, (b) the calcined samples).

than P25 in the degradation of methylene blue (MB) dye
under visible-light illumination, and the influenced factors
of photocatalytic activity were discussed in detail. To our
knowledge, this is the first time to prepare N-doped TiO2
nanocrystals with exposed {001} facets successfully by using
sol-gel method, and the excellent visible-light activity has
rarely been reported.

2. Experimental
2.1. Preparation of N-Doped TiO2 Nanocrystals with Exposed
{001} Facets. N-doped TiO2 nanocrystals with exposed {001}
facets were synthesized by a sol-gel method [17]. Firstly,
6.85 mL of tetrabutyl titanate was dispersed in 15.5 mL of
absolute ethanol under vigorous stirring for 30 min in a
conical flask with cover (solution A). Secondly, a given
amount of NH4 F (the molar ratio of Ti to N was controlled
at 1 : 4, 1 : 2, 1 : 1, 2 : 1), 7.75 mL of absolute ethanol, 8 mL of
acetic acid, and 2.88 mL of pure water were mixed in a
beaker (solution B). Then, solution B was dropwise added to
solution A with vigorous magnetic agitation. Subsequently,
the obtained mixtures were kept in incubator chamber at
90∘ C for 12 h. The obtained gel from the sol-gel reaction was
dried at 80∘ C in an oven and then porphyrized into powders.
The as-obtained samples were named S1, S2, S3, and S4,
respectively. In order to improve the crystallinity, the four
samples were calcined at 500∘ C in a furnace for 2 h to obtain
the samples labeled as S1-500, S2-500, S3-500, and S4-500,
respectively.
2.2. Characterization. Powder X-ray diffraction (XRD) patterns were recorded at room temperature with an X’pert
diffractometer (PANalytical, Holland) with copper Ka1 radiation to determine the crystalline structure of the samples.
SEM images were obtained by a field emission scanning
electron microscopy (S-4800, Hitachi, Japan) equipment and
TEM images were carried out on a transmission electron

microscope (JEM 2100, JEOL, Japan) to characterize morphology of the samples. XPS analyses were tested on an
X-ray photoelectron spectrometer (ESCALAB250, Thermo
Scientific, USA) with aluminum Ka radiation to analyze
the chemical nature of surface elements. UV-visible diffuse reflectance spectra (DRS) were obtained with a UVvisible spectrophotometer (UV-2450, Shimadzu, Japan) and
the baseline correction was done using a standard sample
of BaSO4 to describe the absorption of light at different
wavelengths.
2.3. Photocatalytic Performance. The photocatalytic decomposition of methylene blue (MB) was carried out in a photo
reaction system (as illustrated in our previous publication
[18]). The visible light source was offered by a 1000 W Xe lamp
equipped with a glass filter (removing the UV irradiation
below 420 nm wavelength) positioned in the center of a
water-cooled system. The reactive bottle is a 50 mL cylindrical
vessel 4 cm away from the light source. In the bottom of
the reactive bottle, a magnetic stirrer was rotated to achieve
effective dispersion. The temperature of the reaction solution
was maintained at 30 ± 0.5∘ C by cooling water. 50 mg of
samples was added to 50 mL of 10 mg/L MB solution to form
suspension. After the suspensions were stirred in the dark
for 1 h to reach the adsorption-desorption equilibrium, the
suspensions were irradiated with visible light and stirred
continuously. At given time interval, 2 mL of suspension
was taken out and immediately centrifuged to eliminate the
solid particles. The absorbance of the filtrate was measured
by a spectrophotometer at the maximum absorbance peak
665 nm.

3. Results and Discussion
3.1. XRD. The XRD patterns of four samples are displayed
in Figure 1. It can be clearly seen from Figure 1(a) the
variations of products with the different dosages of NH4 F.
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Figure 2: TEM pictures of all samples ((a) S1-500, (b) S2-500, (c) S3-500, and (d) S4-500).

The peaks at 2𝜃 = 25.28∘ , 37.80∘ , 48.05∘ , 53.89∘ , 55.06∘ , and
62.69∘ belong to anatase TiO2 (reference no. 00-021-1272),
and the peaks at 2𝜃 = 14.08∘ , 23.57∘ , 27.56∘ , 28.37∘ , 33.59∘ ,
and 49.65∘ are corresponding to NH4 TiOF3 (reference no.
00-052-1674). From the contrast of four samples, we can
see all the peaks of S1 and S2 belong to anatase TiO2 ,
indicating that only anatase TiO2 formed when the dosages
of NH4 F are relative low. With the increasing of the dosage
of NH4 F, new peaks corresponding to NH4 TiOF3 appear in
the XRD patterns of S3 and S4, indicating that both anatase
TiO2 and NH4 TiOF3 formed when the dosages of NH4 F are
relative higher, and the anatase TiO2 contents in S3 and S4
are 75.3% and 60.1%, respectively. Figure 2(b) presents the
XRD patterns of the samples after calcination. Both of the
two samples (S3 and S4) are transformed into anatase TiO2
because of the heating effect. Compared with the samples
without calcination treatment, the diffraction peak intensities
of anatase TiO2 are increased and the Full Width Half
Maximums (FWHM) are obviously narrowed due to heat
treatment, which demonstrates that the crystallization degree

of anatase TiO2 is enhanced due to the calcination at 500∘ C
for 2 h. The average crystal size of all samples was calculated
using the Scherrer equation
𝐷=

𝑘𝜆
,
𝛽 cos 𝜃

(1)

where 𝐷 is the average crystal size, 𝑘 is a constant (shape
factor, about 0.89), 𝜆 is the X-ray wavelength, 𝛽 is the FWHM
of the diffraction line, and 𝜃 is the diffraction angle. The
calculated results are 16.89, 17.70, 37.73, and 25.26 nm for S1500, S2-500, S3-500, and S4-500, respectively.
The above results can be explained by the following
reasons. Because of the high hydrolytic activity of tetranbutyl
titanate, it is necessary to slow down the speed of hydrolysis
by adding depressor such as acetic acid. In the reaction,
acetate is used as a ligand for titanium to control the rate of
tetranbutyl titanate hydrolysis effectively; thus the formation
of gel can be stable and controllable. Then, the coordinate
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polymers are transformed into TiO2 by condensation polymerization [16]. The followings are the reaction approaches:
Ti (OC4 H9 )4 + 𝑛CH3 COOH
→ Ti (OC4 H9 )4−𝑛 (OOCCH3 )𝑛 + 𝑛C4 H9 OH
Ti (OC4 H9 )4−𝑛 (OOCCH3 )𝑛 + 4H2 O
→ Ti (OH)4 + (4 − 𝑛) C4 H9 OH + 𝑛CH3 COOH
Ti (OH)4 → TiO2 + 2H2 O

(2)

(3)
(4)

It is adverse to the production of TiO2 when the dosage of
NH4 F is excessive, and the reason can be ascribed to the
following reactions:
NH4 F → NH4 + + F−

(5)

Ti (OH)4 + 3H+ + 3F− → Ti (OH) F3 + 3H2 O

(6)

Ti (OH) F3 + OH− + NH4 + → NH4 TiOF3 ↓ +H2 O

(7)

3.2. TEM. Figure 2 shows the TEM images of the four
calcined samples (the TEM images of uncalcined samples
were not shown here due to their obscure {001} facets). As
shown in Figure 2(a), when the NH4 F dosage is a quarter
of titanium in amount, TiO2 nanocrystals with the size of
15∼20 nm present square outline, which is different from the
morphology of TiO2 nanocrystals prepared by traditional
sol-gel method where crystal surface control agent (F− ) was
absent [17], indicating the formation of nanocrystals with
exposed {001} facets [19]. In Figure 2(b), TiO2 nanocrystals
show quite distinct square outline as the increasing of the
dosage of NH4 F, and the nanocrystals are about 20 nm
in length, about 15 nm in thickness, and about 40% in
the percentage of {001} facets. When the NH4 F dosage is
equal to titanium in amount, nanocrystals appear in an
irregular shape and some nanocrystals are aggregated to
some extent, which can be obviously seen from the TEM
image (Figure 2(c)). When the NH4 F dosage is double that
of the titanium, the shapes of crystals are more irregular,
and the edges are obscure; the reason can be ascribed to
the production of NH4 TiOF3 . That is, the anatase TiO2
produced in the sol-gel process can likely show {001} facets
after calcination. The inset in Figure 2(b) (HR-TEM of S2500) clearly shows the continuous (004) atomic planes with a
lattice spacing of 0.238 nm, corresponding to the {004} planes
of anatase TiO2 single crystals, which further confirms that
the exposed crystal facet is {001} facet.
3.3. XPS. Figure 3(a) displays the XPS survey scan patterns
of typical samples S2 and S2-500. Two significant differences
can be observed by comparing the two samples. One of them
is that the two peaks centered at 830.0 eV and 685.2 eV, which
can be assigned to F (A) and F 1s, respectively, appear in
uncalcined sample, and are removed due to calcination [20],
indicating F groups anchored on the surface of S2 can be
removed by calcinations at 500∘ C for 2 h. The other one is that
the peak centered at about 400.0 eV is weakened, which can

be ascribed to the removal of adsorbed nitrogen groups due
to calcination. The small peak at about 400.0 eV in sample
S2-500 can be ascribed to N 1s, implying that N-doping has
been realized. As shown in Figure 3(b), two peaks can be
obtained by fitting the N 1s spectrum of S2. The peak at
399.7 eV (peak 1) can be assigned to Ti-(N-O) bond [21–
24], and the peak at 401.4 eV (peak 2) is attributed to the
interstitial N atoms in N-O bonds [25], indicating that some
nitrogen groups are adsorbed on the surface or interspace
of TiO2 . In Figure 3(c), two peaks at 399.7 eV (peak 1) and
402.9 eV (peak 3) can be fitted from the N1s spectrum of S2500, which can be assigned to Ti-(N-O) bond and O𝑋 -Ti-N𝑌
bond [23, 26], implying that nitrogen atoms are doped in the
lattices of TiO2 . The doping amount of nitrogen is 0.52% in
atom.
3.4. DRS. Figure 4 gives the UV-Vis diffuse reflectance spectra of all samples. The optical absorption edges of S1, S2, S3,
S4, and S1-500 locate at 420 nm, which is similar to pure
TiO2 (Figure 4(a)). However, the optical absorption edges
of S2-500, S3-500, and S4-500 shift to the lower-energy
region (about 550 nm) due to the N-doping (Figure 4(b)).
These phenomena can be explained by combining UV-Vis
diffuse reflectance results and XPS analysis results. Before
calcination, nitrogen groups are just adsorbed on the surface
or interspace of TiO2 , not doped into the lattices of TiO2 ,
which cannot change the band gaps of S1, S2, S3, and S4.
Therefore, the optical absorption edges of the four samples
do not shift towards long wavelength. After calcination, the
optical absorption edge of S1-500 still locates at 420 nm,
which can be ascribed to the low NH4 F dosage. The optical
absorption edges of S2-500, S3-500, and S4-500 are shifted
to the lower-energy region, implying that nitrogen atoms are
doped into the lattices of TiO2 due to the heat-treatment
at high temperature and enough NH4 F dosage. It is widely
accepted that the nitrogen incorporation into the crystal
matrix of TiO2 modifies the electronic band structure of
TiO2 , leading to a new substitution N 2p band formed above
O 2p valance band, which narrows the band gap of TiO2 and
shifts optical absorption to the visible light region [8, 12, 27].
In conclusion, the shift of optical absorption edge can be
ascribed to the formation of impurity states in the band gap
due to N-doping, which is realized by calcination treatment.
3.5. Photocatalytic Performances. Figure 5 shows the photocatalytic performance of all samples (due to low photocatalytic efficiency, the photocatalytic performances of
these uncalcined samples were not shown). For comparison, P25, a standard photocatalyst, was also tested at the
same conditions. From the comparison of the as-prepared
four samples, it can be concluded that the photocatalytic
performance of S2-500 is the optimal, and its photocatalytic
performances is superior to P25 to a large extent. The high
photocatalytic performance of S2-500 can be attributed to its
high crystallization, better light response characteristic, and
high reactivity of {001} facets.
3.5.1. Crystallization. Crystallization plays a significant role
in the photocatalytic activity of TiO2 . A better crystallization
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Figure 3: The XPS survey scan patterns of samples ((a) S2 and S2-500; (b) N 1s of S2; (c) N 1s of S2-500).
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means the decrease of crystal defects, which are the recombination centers of photoinduced charges [28, 29]. Therefore,
in a sense, the improvement in photocatalytic activity of TiO2
can be achieved by increasing the crystallization of TiO2
[30], while, heat treatment is one of the methods to improve
the crystallization of TiO2 [31, 32]. In current work, the
photocatalytic performances of calcined samples are higher
than those of the corresponding uncalcined samples, which
can be attributed to the fact that the calcined samples possess
better crystallization than the corresponding uncalcined
samples, which has been confirmed from their XRD patterns.
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3.5.2. Light Response Characteristic. It is well known that light
absorption characteristic of photocatalyst is an important
factor influencing photocatalytic activity. The enhancement
of absorbance in the UV-Vis region increases the number of
photogenerated electrons and holes to participate in the photocatalytic reaction, which can enhance the photocatalytic
activity of TiO2 [33, 34]. It has been confirmed from Figure 4
that the optical absorption edge of samples is shifted to
550 nm from 420 nm due to the calcination treatment, which
is one of the reasons why the photocatalytic performances of
calcined samples are higher than those of the corresponding
uncalcined samples.
3.5.3. High Reactivity of {001} Facets. The surface energy of
{001} facets is higher than that of {101} facets due to the
100% surface unsaturated Ti5C atoms on {001} facets while
only 50% for the {101} facets. Therefore, the {001} facets are
theoretically considered more reactive than {101} and {010}
facets [35, 36], which is in agreement with most experimental
results. Under Wu’s experimental conditions, the higher the
percentage of {001} facets, the higher the photooxidation
reactivity, for the TiO2 crystals with the same size [6].
D’Arienzo et al. think that {001} surfaces can be considered
as oxidation sites with a significant role in the photooxidation
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Figure 6: The effect of pH on the photocatalytic degradation
efficiencies.

of TiO2 [37]; the concentration of trapped holes (O− centers)
increases with increasing {001} surface area and photoactivity
in vacuum conditions. In our experiments, the high reactivity
of S2-500 can due to its high percentage of {101} facets and
small size.
3.6. Factors Influencing the Photocatalytic Degradation Efficiencies. Sample S2-500 is used as the model catalyst to study
the factors which influence the degradation efficiencies.
3.6.1. Effect of pH. The decoloration efficiencies of MB at
different pH values are displayed in Figure 6. It shows that
both the adsorption capacity and photocatalytic degradation
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3.6.2. Effect of Catalyst Concentration. Figure 7 shows that
the effect of catalyst concentration on the photocatalytic performances. It clearly displays that the adsorption capacity can
be improved as the increasing of catalyst concentration. However, the photocatalytic degradation rates will not increase
when the concentration exceeds a certain value. Generally,
the more the dosage of catalyst, the higher the photocatalytic
rate. However, excess catalysts are not favorable to boost the
reaction speed for spare catalysts will shut out visible light.
The optimal catalyst concentration is 1.0 g⋅L−1 in the case of
our experiment condition.
3.6.3. Effect of Initial Substrate Concentration. It can be
observed from Figure 8 that the photocatalytic activity of
the catalyst can be influenced by substrate concentration.
The degradation efficiencies decline with the increasing
of substrate concentration, which can be ascribed to the
following two reasons. One cause is that the generation of
∙
OH radicals on the surface of catalysts will be reduced
because the active sites will be covered by organic ions for
high substrate concentrations. Another reason is the lightscreening effect of high substrate concentration, especially for
dye solution; a considerable amount of light may be absorbed
by dye molecules rather than TiO2 particles, and thus it
will reduce the efficiency due to the low production of ∙ OH
radicals [42, 43].
3.6.4. Effect of Substrates. In order to confirm the universality
of the catalyst, two more typical organics are used as target
pollutants, namely, congo red (10 mg/L, CR) and diclofenac
sodium (20 mg/L, DCF). Figure 9 shows the photocatalytic
performance of S2-500 via degrading three different organic
pollutants. It can be seen that the removal rates all exceed
90%. From the result, we could deduce that the synthesized
nitrogen doped TiO2 with exposed {001} facets possesses
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Figure 7: The effect of catalyst concentration on the photocatalytic
degradation efficiencies.
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efficiencies will rise as pH increases. The reasons can be
interpreted from the following aspects.
Firstly, pH value may influence the surface electrical
behavior of TiO2 [38]. In general, the more negative of zeta
potential indicates that there are more hydroxides on the
surface of TiO2 . The point of zero charge (pzc) of S2-500 is
at pH 4.8; thus, the TiO2 surface is positively charged when
pH < 4.8 while it is negatively charged when pH > 4.8. It is
believed that organic molecules can be adsorbed more easily
onto the surface of samples with the increasing of pH.
Secondly, the changes of pH can affect the yield of
∙
OH radicals in the photocatalytic oxidation. The holes are
considered as the major oxidation specie at low pH value
whereas ∙ OH radicals are considered as the predominant
specie at medium or high pH levels [39, 40]. It is known
that ∙ OH radicals are easier to be generated on TiO2 surface
in alkaline environment; hence the photocatalytic activity is
enhanced.
Thirdly, the stability of organic pollutants can be transformed by pH value. It is reported that MB is more stable
in acid solution than that in alkaline solution [41]. Therefore,
MB molecules can be degraded more easily as pH increases.
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Figure 8: The effect of substrate concentration on the photocatalytic
degradation efficiencies.

excellent photocatalytic performance in the degradation of
organic pollutants.

4. Conclusions
In this study, nitrogen-doped TiO2 nanocrystals with
exposed {001} facets were prepared by sol-gel method firstly.
The as-obtained N-doped TiO2 nanocrystals with exposed
{001} facets showed higher photocatalytic activity than P25
in the degradation of methylene blue dye under the visiblelight illumination. The enhanced photocatalytic performance
can be attributed to synergistic effects of several factors, such
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Figure 9: The photocatalytic performance of S2-500 in the degradation of different organic pollutants.

as good crystallinity, better light response characteristic, and
high reactivity of {001} facets.
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In order to address the problem with titania distribution and recovery, series of Ti0.91 O2 /CFA photocatalysts (Ti0.91 O2 /CFA-𝑛,
𝑛 = 2, 4, 6, and 8) were fabricated by assembling Ti0.91 O2 nanosheets on coal fly ash (CFA) microspheres via the layer-bylayer assembly (LBLA) process and characterized by scanning electron microscopy (SEM), X-ray diffraction analysis (XRD), N2 sorption, and ultraviolet-visible absorption (UV-vis) techniques. The SEM images and UV-vis spectra illustrated that Ti0.91 O2
nanosheets were immobilized successfully on the CFA by the LBLA approach and changed the characteristics of CFA noticeably.
The photocatalytic activity of Ti0.91 O2 /CFA was evaluated by the photodegradation of methylene blue (MB) under UV irradiation.
The results demonstrated that Ti0.91 O2 /CFA-6 showed the best photocatalytic activity among the series of Ti0.91 O2 /CFA irradiated
for 60 min, with a decoloration rate above 43%. After photocatalysis, the Ti0.91 O2 /CFA could be easily separated and recycled from
aqueous solution and Ti0.91 O2 nanosheets were still anchored on the CFA.

1. Introduction
Fabrication of multilayers of colloidal particles through electrostatic attraction has been studied since 1966 [1]. Generally,
the composites consist of organic or inorganic particles as
cores and inorganic nanocoatings as shells. For the great
potentials of core-shell composites in photonics and catalysis
areas, many researches have been focused on the preparation
of core-shell structure via the layer-by-layer assembly (LBLA)
approach in recent years [2–4]. The LBLA method has been
applied to assemble charged thin films of various materials
on oppositely charged templates. The inorganic coatings are
deposited on the templating cores via electrostatic attraction,
so the shell coatings can be adsorbed on the cores uniformly
and firmly. Titanium oxide is popular with researchers for its
excellent performance of high photocatalytic activity, chemical inertness, stability against photocorrosion, and costeffectiveness [5]. Titania nanosheet (Ti1−x O2 4𝑥− ), synthesized
by chemical delamination and exfoliation of precursor, is
of typical 2D structure and the lateral size of it ranges
from hundreds of nanometers to a few micrometers and
the thickness of the individual layer is approximately 1 nm

[6]. The titania nanosheets after exfoliation are negatively
charged, so titania nanosheets can be assembled on substrates
via the LBLA approach coupled with cationic polyelectrolyte
[7]. Multilayer titania nanosheets possess unique properties
besides photocatalytic activity [8], such as optical absorption
properties [7, 9], high anisotropy [10], photoelectrochemical
properties [11], and high thermal resistance [12].
Titania nanosheet hollow shells and hollow spheres
consisting of titania and graphene nanosheets have been
fabricated by the layer-by-layer assembly method in previous studies [13, 14]. However, the titania nanosheet hollow
spheres are hard to separate spontaneously and recycle from
aqueous suspension after photocatalysis, which limits their
practical application in wastewater treatment. In order to
improve the convenience of separation and recovery of nanoTiO2 , photocatalysts by immobilizing nano-TiO2 on some
substrates were recently prepared, such as on glass, polymer,
and active carbon [15–17]. However, most substrate materials
are expensive, and cheap and stable substrates are desired. In
our early work, photocatalysts of TiO2 immobilized on coal
fly ash (CFA) were prepared [18–20]. CFA is one of the solid
wastes generated from thermal power plants. CFA chosen as

2
a supporter has advantages as follows: (1) CFA particles are
microspheres and easy to precipitate in water, so photocatalysts supported by CFA are easy to recycle from aqueous
solution after reaction; (2) CFA, consisting primarily of Al2 O3
and SiO2 , as a supporter can inhibit recombination of electron
and hole effectively [21, 22]; (3) the cost of preparation and a
source of environment pollution can be reduced. However, it
is difficult to control uniform distribution of TiO2 on CFA [17,
23], which greatly restrains the activity of the photocatalyst
and the availability of substrate. Because the lateral size of
titania nanosheets is in the micron range and CFA particle
size is less than 100 𝜇m, the problem can be solved by loading
titania nanosheets on CFA through electrostatic attraction
via layer-by-layer assembly method at ambient temperature
[24]. The LBLA method involves electrostatic sequential
deposition of negatively charged titania nanosheets onto
substrate along with an oppositely charged polymer. Based
on this principle, an assembly of layered titanate on CFA is
expected to achieve very well.
In this paper, the titania nanosheet (Ti1−x O2 4𝑥− ) referred
to is Ti0.91 O2 0.36− and is abbreviated as Ti0.91 O2 . This study
describes the fabrication of Ti0.91 O2 /CFA by the LBLA
approach for controlling the uniform distribution of Ti0.91 O2 .
The layered Ti0.91 O2 nanosheets were obtained by swelling
and exfoliation of layered protonic titanate (𝛾-FeOOH type)
in (C4 H9 )4 NOH (TBAOH) solution and were negatively
charged. The surface of CFA was modified by cationic polyelectrolyte beforehand. Ti0.91 O2 nanosheets were adsorbed
on the surface of CFA due to the electrostatic attraction and
immobilized continually by repeating the LBLA procedure.
Ti0.91 O2 nanosheets anchored served as a shell and CFA
could be regarded as core. The photocatalytic activity of
Ti0.91 O2 /CFA was also evaluated by the decoloration of
methylene blue (MB).

2. Experimental Section
2.1. Reagent and Materials. Cs2 CO3 (99.99% metals basis),
TiO2 (AR), polyethylenimine (PEI) (99% purity) and
poly(diallyldimethylammonium chloride) (PDDA) (35 wt.%
aqueous solution), and TBAOH (∼0.8 M) were purchased
from Aladdin Reagent Company. Ti0.91 O2 nanosheets were
synthesized by a previously reported method [25]. Briefly,
the protonic titanate (H0.7 Ti1.825 O4 ⋅H2 O) was prepared from
cesium titanate (Cs0.7 Ti1.825 O4 ) by acid exchange for 3 days.
And then, H0.7 Ti1.825 O4 ⋅H2 O (0.4 g) was shaken vigorously
(300 rpm) in 100 mL aqueous solution of TBAOH (0.004 M)
for 2 weeks, so the layered hosts underwent osmotic swelling
and exfoliating into nanosheets. The colloid produced stood
for storage. CFA, calcined at 800∘ C, was immersed in a bath
of 1/1 methanol/HCl and concentrated H2 SO4 with stirring
for 20 min each and then washed with copious water to
remove acid residue. The pretreated CFA was dried for use
later. Deionized water was used throughout the experiments.
2.2. Fabrication Procedure. Core/shell composites (CFA was
employed as a substrate core and Ti0.91 O2 nanosheets were
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inorganic shell) were fabricated by electrostatic sequential
deposition approach [13, 14]. For Ti0.91 O2 nanosheets were
negatively charged, in order to load Ti0.91 O2 nanosheets
onto the CFA by electrostatic deposition, the surface of
CFA was modified by cationic polyelectrolytes (PEI and
PDDA). The detailed fabrication procedure of layer-by-layer
assembly (LBLA) method is as follows: 5 g CFA was dispersed
in 200 mL PEI solution (2.5 g⋅L−1 , pH = 9) and further
stirred for 60 min to ensure PEI was adsorbed on the CFA
surface for introducing positive charges. After the mixture
was centrifuged at 3000 rpm for 20 min, the supernatant was
removed and then the CFA was washed dried in a drying oven
under 60∘ C. Subsequently, the PEI-coated CFA (CFA/PEI)
was dispersed in Ti0.91 O2 colloidal suspension (200 mL) and
further stirring was carried out for 60 min. Small flocculated
aggregates formed in the solution during this process for
electrostatic attraction. The resulting CFA/PEI/Ti0.91 O2 was
washed by water for 2 cycles to remove excess Ti0.91 O2
nanosheets. After drying, it was dispersed in 200 mL PDDA
solution (20 g⋅L−1 , pH = 9), as the same as the PEI modifying
process, and CFA/PEI/Ti0.91 O2 /PDDA was fabricated. The
procedure for PDDA/Ti0.91 O2 alternative deposition was
repeated 𝑚 frequencies to synthesize a multilayer assemblyPEI/Ti0.91 O2 /(PDDA/Ti0.91 O2 )m (𝑚 = 1, 3, 5, and 7). In this
study, the photocatalysts as-prepared were abbreviated as
Ti0.91 O2 /CFA-𝑛 (𝑛 = 2, 4, 6, and 8), where n represented the
loading frequency of Ti0.91 O2 nanosheets by LBLA.
2.3. Characterizations. The morphologies of the samples
were observed by a field emission scanning electron microscope (SEM) and the Ti elemental mapping was detected
with an energy dispersive X-ray spectrometer (EDX) (S-4800,
Japan). X-ray diffraction (XRD) data of the samples were
collected using diffractometer (X’Pert PRO, Holland) with Cu
K𝛼 irradiation. The morphology of the exfoliated nanosheets
was observed by transmission electron microscope (TEM,
H-7650, Japan). UV-vis absorption spectra of all samples
were recorded by a Shimadzu spectrophotometer (UV-2450,
Japan). The chemical composition of CFA was characterized
by quantitative X-ray fluorescence spectrum (XRF) analysis (Axios mAX, Holland). The N2 adsorption-desorption
isotherms, Brunauer-Emmett-Teller (BET) surface area, and
Barrett-Joyner-Halenda (BJH) pore size distribution were
obtained by surface area and porosity analyzer (ASAP
2020 M+C, America).
2.4. Evaluation of Photocatalytic Activity. The photocatalytic
reaction was carried out in a photochemical reaction system
as described before [18]. Briefly, the initial concentration and
volume of MB were 20 mg/L and 50 mL, respectively. The
dosage of Ti0.91 O2 /CFA-𝑛 was 0.2 g. A 500 W UV lamp with
major emission at 365 nm was used as a light source, and
the irradiation time was 60 min. After reaction and settling
for a while, the upper solution was centrifuged at 3000 rpm
for 20 min to eliminate fine particles. Then the absorbance of
supernatant was analyzed at the wavelength of 664 nm by a
UV-vis spectrophotometer.
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3. Results and Discussion
3.1. SEM Analysis of Samples. SEM was used to define the
morphology of the Ti0.91 O2 /CFA microstructure. The images
present CFA before (Figures 1(a) and 1(b)) and after (Figures
1(c)–1(h)) Ti0.91 O2 nanosheets were loaded by the LBLA
approach. From Figures 1(a) and 1(b), it can be found that
the surface of the CFA is smooth and barren. There are no
obvious attachments on the CFA surface after rinsing with
H2 SO4 and CH3 OH, which indicates that the impurities on
the surface had been removed. After Ti0.91 O2 nanosheets
were deposited on the CFA by LBLA, some aggregates
consisting of Ti0.91 O2 multilayer nanosheets were adhered
to the CFA (Figures 1(c)–1(h)). With the increase of loading
frequency, the area covered by corrugation was enlarged, and
multilayers can be seen. It can be observed in Figure 1(c)
that only very few aggregates are anchored on the surface of
the CFA after twice repeated layer-by-layer loading. When
the loading took place 4 times, the area of agglomerates was
obviously enhanced (Figure 1(e)). Under high magnification
(Figure 1(f)), there are more nanosheet agglomerates than
with two loadings (Figure 1(d)). When the layer-by-layer
loading frequency was further raised to 8, the agglomerates
almost covered the CFA surface (Figures 1(g) and 1(h)).
There is an obvious difference between the Ti0.91 O2 nanosheet
agglomerates here and the TiO2 nanoparticle agglomerates
loaded on CFA. The Ti0.91 O2 agglomerates are of approximate
rectangle sheet shape (Figure 2), and their counterparts
(anatase TiO2 ) are nanosphere agglomerates of 3D structure
[19]. This is ascribed to the different loading methods. The
conventional loading methods for fabricating TiO2 include
the sol-gel-adsorption method and the hydrothermal method
[26, 27], and the TiO2 agglomerates prepared are usually
granular after calcination. In this study, the Ti0.91 O2 /CFA was
fabricated without calcination under high temperature, so
Ti0.91 O2 was able to keep its original crystalline phase and did
not transform into anatase or rutile. Therefore, the Ti0.91 O2
nanosheets were still lamellar after loading on CFA. From the
images of the morphology of the Ti0.91 O2 /CFA, it is certain
that the Ti0.91 O2 nanosheets are successfully immobilized on
the surface of CFA with layer-by-layer approach, although the
amount of Ti0.91 O2 is smaller compared to our earlier work
[19].
3.2. UV-Vis Absorption Spectra of Samples. The UV-vis
absorption spectra demonstrate the optical absorption characteristics of the CFA and Ti0.91 O2 /CFA samples. In Figure 3,
the absorbances of the CFA do not change much along
the range of wavelengths (200 nm–800 nm), except for a
weak and broad peak at around 370 nm. Compared to
the spectrum of the CFA, the spectra of the Ti0.91 O2 /CFA
illustrate a characteristic absorption change along the whole
range of wavelengths, with two strong absorption peaks at
around 266 nm and 375 nm. The peak at around 375 nm was
dependent on the immobilized multilayer nanosheets which
were not completely exfoliated into monolayer nanosheets.
So the absorption peak has a micro red-shift. The peak of
the absorption curve around 266 nm is in accord with the
multilayer titania nanosheets which had been studied [7], but
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the absorption peak is broader than that in the study of Sasaki
et al. [28]. This may be attributed to the fact that the selected
substrates are different. The previous substrates were quartz
glass platelets and silicon wafer chips (1 × 5 cm2 ), which
had a flat surface and different size from CFA. However, the
substrate in this study was CFA of microsphere shape and
the particle size of CFA was below 100 𝜇m. Therefore, the
assembly style of titania nanosheets on the substrate was not
exactly the same. This led to the discrepancy. It can be also
observed that the absorption peak of Ti0.91 O2 /CFA-6 around
266 nm is stronger than the others. It may be explained
that the peak around 266 nm was previously found to be
unilamellar Ti0.91 O2 nanosheets [7], and there were more
unilamellar Ti0.91 O2 nanosheets on the surface of the CFA
than other types. On Ti0.91 O2 /CFA-2, 4, 8, the incompletely
exfoliated nanosheets made up a larger proportion than
Ti0.91 O2 /CFA-6, which weakened the intensity of the peak
around 266 nm.
3.3. Crystal Structure of Samples. XRD was used to investigate phase structure changes of the CFA before and after
Ti0.91 O2 were immobilized by LBLA. CFA and Ti0.91 O2 /CFA
crystalline patterns are shown in Figures 4(a)–4(c). In
Figure 4(a), CFA primarily contains mullite (Al4.5 Si1.5 O9.75 )
and quartz (SiO2 ), which is similar to the previous study [29].
After Ti0.91 O2 were loaded, there was no obvious difference
between CFA and Ti0.91 O2 /CFA. It could be two reasons:
(1) Ti0.91 O2 nanosheets were adhered to the surface of CFA
through electrostatic force, not entering the crystal lattices
of mullite and quartz; (2) the amount of deposited Ti0.91 O2
nanosheets was small, so the influence on overall diffraction
peak was little relatively. Therefore, no prominent changes
in crystalline patterns of the CFA were observed clearly.
However, there are still tiny differences between CFA and
Ti0.91 O2 /CFA in the range of 2𝜃 among 26∘ -27∘ (Figure 4(b))
and 39∘ -40∘ (Figure 4(c)), which are partially enlarged details
of Figure 4(a). At 2𝜃 = 26.6∘ , before Ti0.91 O2 were loaded,
the peak of the CFA is very weak; after LBLA was carried
out for several frequencies, there is a small peak, which is
higher than the CFA sample. At 2𝜃 = 39.5∘ , the intensity
of the CFA peak decreases remarkably after Ti0.91 O2 were
immobilized. Figure 4(d) depicts the XRD pattern of protonic
titanate before exfoliation. The peak at 9.5∘ is a characteristic
of protonic titanate, and it disappears on Ti0.91 O2 /CFA,
which can prove that slight changes of Ti0.91 O2 /CFA XRD
pattern at 2𝜃 = 26.6∘ and 39.5∘ resulted from the loaded
titania nanosheets via LBLA, not protonic titanate. This
confirms that LBLA method is feasible to immobilize Ti0.91 O2
nanosheets.
3.4. 𝑁2 Adsorption-Desorption and Pore Distribution of Samples. The BET surface area of the Ti0.91 O2 /CFA as-prepared is
summarized in Table 2. Before Ti0.91 O2 were loaded, the BET
surface area of CFA was 2.62 m2 /g. After Ti0.91 O2 nanosheets
were loaded, the BET surface area of Ti0.91 O2 /CFA-2 declined
instead, so did the surface area of Ti0.91 O2 /CFA-4. When
the loading frequency was 6, the specific surface area of
Ti0.91 O2 /CFA-6 reduced to the minimum which is about
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Figure 1: The SEM images of samples as-prepared: (a) and (b) CFA; (c) and (d) Ti0.91 O2 /CFA-2; (e) and (f) Ti0.91 O2 /CFA-4; (g) and (h)
Ti0.91 O2 /CFA-8.
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Figure 2: TEM of exfoliated titania nanosheets.
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Figure 3: UV-vis absorption spectra of CFA and Ti0.91 O2 /CFA.

1.26 m2 /g; the specific surface area increases slightly while
the loading frequency rose to 8, however, still below 2 m2 /g.
The specific surface area decreased gradually with the
increase in loading Ti0.91 O2 nanosheets, similar to the results
reported previously [30, 31]. The reason may be that Ti0.91 O2
nanosheets immobilized by LBLA on the surface of the CFA
were a few and lamellar, so it was difficult to form porous
structure, which could not change the surface area much.
The specific surface area of Ti0.91 O2 /CFA-6 was the smallest among the samples. Combined with UV-vis absorption
analysis, this can be attributed to the monolayer nanosheets.
Unilamellar Ti0.91 O2 nanosheets were loaded more regularly
than multilayer (incompletely exfoliated nanosheets) on the
surface of CFA, so the surface structure of Ti0.91 O2 /CFA-6 is
less complicated than others with a smaller surface area.
Figure 5 shows the N2 adsorption-desorption isotherms
of CFA and Ti0.91 O2 /CFA samples. It can be seen that all
the samples can be assigned as an isotherm of type 2 in the
IUPAC classification [32, 33]. The fact that the hysteresis loop
is difficult to observe and volume adsorbed is very small
reveals that the samples are typically nonporous characteristic
by LBLA [34]. Moreover, it is shown that the adsorption
capacity of the Ti0.91 O2 /CFA is lower than the CFA. With the
loaded Ti0.91 O2 nanosheets increasing, adsorption capacity
and the hysteresis loop of Ti0.91 O2 /CFA became low and small
gradually, respectively, which implies that immobilization of
Ti0.91 O2 nanosheets resulted in forming new structure (not
3D network), but did not increase the pore volume.
The pore size distribution of the CFA and Ti0.91 O2 /CFA
in Figure 6 illustrates that pores of all samples are micropores and mesopores in a wide distribution range (<2 nm
to 50 nm). Pores below 3 nm of all samples take a large
amount with small pore volume. This can be explained by
the fact that the specific surface area was very small and the
samples were nearly nonporous. After Ti0.91 O2 nanosheets
were anchored by LBLA on CFA, the mesopore distribution

of the Ti0.91 O2 /CFA samples slightly shifts to 18 nm compared with 15 nm of the CFA, and the specific surface area
of Ti0.91 O2 /CFA drops correspondingly. However, Ti0.91 O2
nanosheets did not change the pore size distribution much
either.
The results above of BET surface area, N2 adsorptiondesorption isotherms, and pore size distribution demonstrate
that the loaded Ti0.91 O2 by LBLA do not change the pore
structure of the CFA. It is ascribed to Ti0.91 O2 nanosheets
which are lamellar with general lateral size of submicrons to
microns and unilamellar thickness of ∼1 nm. In this study,
the lateral size of Ti0.91 O2 nanosheets presented in Figure 2
is in the range of 200 nm–500 nm. The nanosheets are bigger
than the pores of CFA and can cover them. However, the
particle diameter of the CFA was above 5 𝜇m and greatly
larger than the size of Ti0.91 O2 nanosheets, so Ti0.91 O2
nanosheets stacked on the surface of CFA closely to form new
structure but cannot fundamentally change the architecture
of CFA. This conclusion is further supported by the image
magnification of the Ti0.91 O2 /CFA in Figure 1.
3.5. Photocatalytic Activity. The photocatalytic activity of
Ti0.91 O2 /CFA was investigated by the degradation of MB
solution as a test reaction. Blank experiment (MB solution
without CFA and Ti0.91 O2 /CFA) was served as a comparison.
Before the photocatalytic reaction began, the adsorption
experiment in the dark lasted for 60 min to reach adsorption
equilibrium [35]. The absorbance of MB is proportional to
its concentration, so the decoloration rate can be calculated
by the equation as follows: 𝜂(%) = 100(𝐴 0 − 𝐴 𝑡 )/𝐴 0 % =
100(𝐶0 − 𝐶𝑡 )/𝐶0 %, where 𝐴 0 and 𝐴 𝑡 are the absorbances of
MB solution at initial and 𝑡 time, respectively.
Figure 7(a) shows MB was eliminated only ∼10% by
adsorption of samples and did not degrade in the blank
experiment when the UV light was switched off. When the
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Figure 4: XRD patterns of (a–c) CFA and Ti0.91 O2 /CFA samples and (d) protonic titanate: (1) CFA; (2) Ti0.91 O2 /CFA-2; (3) Ti0.91 O2 /CFA-4;
(4) Ti0.91 O2 /CFA-6; (5) Ti0.91 O2 /CFA-8.

Table 1: The chemical composition of CFA (wt.%).
Al2 O3
35.8

SiO2
54.7

Fe2 O3
2.52

CaO
1.74

TiO2
1.32

K2 O
1.17

Others
2.75

UV light was on, the MB degraded rapidly. In the initial
10 min, the decoloration efficiencies of Ti0.91 O2 /CFA-𝑛 are
almost equivalent to that during 1 h adsorption without
UV irradiation. The concentration of MB decreases further
with the prolonged UV light. After 60 min of photocatalysis
reaction, the concentration of MB reduces to half of the
initial. Figure 7(b) displays the decoloration rates of all the
samples after 60 min UV light illumination. It can be seen that
the removal efficiency of blank is much lower than that of the
CFA and Ti0.91 O2 /CFA. This indicates that MB is removed
through photocatalysis primarily under UV irradiation, not
photolysis. Meanwhile, all Ti0.91 O2 /CFA samples have higher
decoloration rate above 24% than CFA which is about 15%.
A poor photocatalytic characteristic of CFA originated from
its chemical component (Table 1), which was the same as
our early work [18], so Ti0.91 O2 contributes to photocatalytic
activity principally. This demonstrates again that it is successful to load Ti0.91 O2 nanosheets on CFA via LBLA.

Generally, the photocatalytic activity is enhanced with
increasing the Ti0.91 O2 layer-by-layer loading frequency.
With two frequencies loading, the decoloration rate of
the Ti0.91 O2 /CFA-2 achieved 24.7% correspondingly; when
Ti0.91 O2 loading accomplished 4 frequencies, the photocatalytic activity of the Ti0.91 O2 /CFA improved remarkably, with
a decoloration rate of 41.8%, due to more Ti0.91 O2 nanosheets
immobilized. While the loading frequency was raised to 6
further, the activity improved a little, up to a maximum
decoloration rate about 43.2%. Nevertheless, the activity of
Ti0.91 O2 /CFA-8 was lower than Ti0.91 O2 /CFA-4, 6. It is understandable that the amount of Ti0.91 O2 nanosheets anchored
on CFA influences the photocatalytic activity. The more
Ti0.91 O2 nanosheets were loaded, the higher activity the sample had. However, the excessive Ti0.91 O2 nanosheets would
block the UV illumination into the interior of photocatalyst,
with a depressed availability of UV irradiation, which was
consistent with other studies [36–38]. Meanwhile, the transfer of charge carrier may be also limited. It should be noted
that Ti0.91 O2 /CFA-6 exhibited the highest photocatalytic
activity whose specific surface area and pore volume are the
smallest. It may be also explained that there are more Ti0.91 O2
monolayer nanosheets (with high photocatalytic activity by
themselves and not blocking UV illumination) on the surface
of Ti0.91 O2 /CFA-6 than others for its UV absorbance spectral
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Figure 5: Nitrogen adsorption-desorption isotherms of CFA and
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Figure 6: Pore size distributions of CFA and Ti0.91 O2 /CFA.

profile with a stronger peak at 266 nm, which had been
discussed in UV-vis and BET analysis. Although the decoloration rate (43.2%) was not too high when Ti0.91 O2 /CFA𝑛 were used as photocatalysts, Ti0.91 O2 /CFA-𝑛 are very easy
to separate and recycle from aqueous suspension due to the
weight of CFA, which facilitates the recycle and reuse, as
mentioned in our previous publication [18–20].
Figure 8 illustrates the SEM and EDX micrographs of
the Ti0.91 O2 /CFA-6 before (Figures 8(a) and 8(b)) and after
photocatalysis (Figures 8(c) and 8(d)). It is obvious that there
are almost no changes in the appearance of Ti0.91 O2 /CFA6, and Ti0.91 O2 nanosheets can be still found on the surface
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Figure 7: Photocatalytic activities of all samples.

of CFA microspheres with a considerable amount, which
suggests that Ti0.91 O2 nanosheets can stick to CFA firmly
through the LBLA method. From Figure 8(d), the enlargement of Figure 8(c), it is observed that the morphology of
Ti0.91 O2 nanosheets changes a little. The edge of certain
Ti0.91 O2 nanosheets bends slightly, called “warping,” which
may be ascribed to the illumination of UV-light [8, 39].
However, this did not influence the stability for their partial
existences on the surface of substrate. Figure 8(f) is the
Ti mapping of Ti0.91 O2 /CFA as presented in Figure 8(e)
which shows the distribution of Ti-containing species on
the surface of CFA microsphere. This indicates that there is
another difference between Ti0.91 O2 /CFA and conventional
TiO2 cluster immobilized on substrates. In conventional
studies, it was difficult to control TiO2 cluster loaded on
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Table 2: BET surface area and pore volume of CFA and Ti0.91 O2 /CFA.

Samples

CFA

Ti0.91 O2 /CFA-2

Ti0.91 O2 /CFA-4

Ti0.91 O2 /CFA-6

Ti0.91 O2 /CFA-8

TBA-intercalated
layered titanate
[42]

𝑆BET (m2 /g)
Pore volume (cm3 /g) × 103

2.62
12.6

1.94
12.2

1.72
10.6

1.26
7.9

1.41
8.5

24
0

(a)

(b)

(c)

(d)

(e)

(f)

Figure 8: SEM images and EDX analysis of Ti0.91 O2 /CFA-6: (a) and (b) sample as-prepared; (c) and (d) sample after photocatalysis; (e) and
(f) Ti mapping of sample.

supporters uniformly [40, 41]. However, from Ti0.91 O2 /CFA
as-prepared in our work, it can be seen that Ti element is welldistributed, which can improve the availability of substrate. It
is a unique feature of Ti0.91 O2 /CFA. In a word, the unilamellar
nanosheets can be easily and compactly immobilized on the
CFA by LBLA, which is in favor of maintaining the stability
of Ti0.91 O2 /CFA.

4. Conclusion
We fabricated a novel photocatalyst successfully via the
layer-by-layer assembly method. Ti0.91 O2 nanosheets were
immobilized on CFA by using sequential modification
of cationic polyelectrolyte and Ti0.91 O2 nanosheets. Since
Ti0.91 O2 nanosheets have special properties, Ti0.91 O2 /CFA

International Journal of Photoenergy
exhibits different characteristics, which can be concluded as
follows.
(1) Difference in morphology depends on the loading
frequency. The amount of Ti0.91 O2 nanosheets on
the CFA surface increases with the layer-by-layer
assembly frequency increasing. Ti0.91 O2 nanosheets
distribute uniformly on the surface of CFA whose
availability can be improved.
(2) CFA exhibits weak optical absorption in whole range
of wavelength compared with Ti0.91 O2 /CFA, which
proves that the immobilization of Ti0.91 O2 nanosheets
by LBLA can enhance the UV-absorption of the
CFA. Ti0.91 O2 /CFA has a UV-absorption peak around
266 nm.
(3) Ti0.91 O2 /CFA shows photocatalytic activity. Significant enhancement in decoloration of MB can be
achieved by Ti0.91 O2 /CFA compared to barren CFA.
Ti0.91 O2 /CFA is also easy to recycle and of mechanical
stability, causing little secondary pollution.
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The intermediate bands (IBs) between the valence and conduction bands play an important role in solar cells. Because the smaller
energy photons than the bandgap energy can be used to promote charge carriers transfer to the conduction band and thereby
the total output current increases while maintaining a large open circuit voltage. In this paper, the influence of the new band
on the power conversion efficiency for the structure of the quantum dots intermediate band solar cell (QDIBSC) is theoretically
investigated and studied. The time-independent Schrödinger equation is used to determine the optimum width and location of the
intermediate band. Accordingly, achievement of maximum efficiency by changing the width of quantum dots and barrier distances
is studied. Theoretical determination of the power conversion efficiency under the two different ranges of QD width is presented.
From the obtained results, the maximum power conversion efficiency is about 70.42% for simple cubic quantum dot crystal under
full concentration light. It is strongly dependent on the width of quantum dots and barrier distances.

1. Introduction
The intermediate band solar cells (IBSCs) have attracted great
attention due to the possibility of exceeding the ShockleyQueisser (SQ) limit [1–4]. From the analysis by Luque et
al. [5, 6], the IBSC’s concept yields a maximum theoretical
efficiency of 63.2%, surpassing the limit of 40.7% of single
gap solar cells under maximum light concentration (the
sun being assumed as a blackbody at 6000 K) [7]. Since
its introduction in 1997, there have been many theoretical
and experimental efforts to explore this idea [8]. The use
of quantum dot (QD) technology is proposed as a near
term proof of concept of the operating principles of an
intermediate band solar cell (IBSC). This intermediate band
allows the extra generation of electron-hole pairs through
the two-step absorption of subbandgap photons. In the first
step, an electron is pumped from the valence band (VB) to
the intermediate band (IB), while in the second step, another
electron is launched from the IB to the CB [9]. Quantum

dot heterojunctions may implement an IBSC because of
their ability to provide the three necessary bands [10]. In
comparison to conventional quantum well superlattices or
multiple quantum well structures, quantum dot superlattice
(QDS) that consists of multiple arrays of quantum dots has
many advantages due to its modified density of electronic
states and optical selection rules. For example, due to relaxed
intraband optical selection rules in QDS, they are capable of
absorbing normally incident radiation, for example, Indium
gallium nitride (In𝑥 Ga1−𝑥 N) alloys feature a bandgap ranging
from the near infrared (∼0.7 eV) to ultraviolet (∼3.42 eV);
this range corresponds very closely to the solar spectrum,
making In𝑥 Ga1−𝑥 N alloys a promising material for future
solar cells. In𝑥 Ga1−𝑥 N alloys solar cells have been fabricated with different indium contents and the results are
encouraging [11]. However, it is not possible in quantum
well superlattices. The latter makes QDS a good candidate
for infrared photodetector applications [12]. As considered
in [13], 3D-ordered QDS with the closely spaced quantum
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dots and high quality interfaces allow a strong wave function
overlap and the formation of minibands. In such structures,
the quantum dots play a similar role to that of atoms in
real crystals. To distinguish such nanostructures from the
disordered multiple arrays of quantum dots, we refer to them
as quantum dot supracrystals (QDC). Other assumptions
that include the rules for solving the Schrödinger equation
for determining the IBs are considered in the following
sections. The remainder of the paper is organized as follows.
In Section 2, the basic assumptions and a superlattice model
description are presented. The intermediate band energy and
wavevectors of a charge carrier are calculated in Section 3.
The induced photocurrent density and power conversion
energy are described in Section 4. The numerical results
and discussions are summarized in Section 5. Finally, a
conclusion of the results is outlined in Section 5.

2. Basic Assumptions and Superlattice
Model Description
In this paper, the investigations are devoted to one intermediate band solar cell. We explain the various behaviors of this
model depending on the QD solar cell parameters, such as
quantum dot size, interdot distance, and type of composition
alloy. Meanwhile, in the next step, the multi-intermediate
bands are investigated. Therefore, the following are the basic
assumptions that are used in the QD one intermediate band
solar cell model [11–14].
(a) The solar cell model is thick enough; carrier mobility
will be high enough to ensure the full absorption of
photons. All photons with energy greater than the
lowest energy gap in the QDIBS model are absorbed.
(b) The quasi-Fermi energy levels which are equivalent to
infinite carrier mobility are constant throughout the
model.
(c) The transitions occurring between the bands are only
radiative recombination.
(d) The solar cell absorbs blackbody radiation at a sun
temperature, 6000 K, and the temperature of the solar
cell, 300 K, and emits blackbody radiation at 300 K
only.
(e) No carriers can be extracted from the intermediate
band; the net pumping of electrons from the VB to
the IB must equal the net pumping of electrons from
the IB to the CB.
(f) The shape of the QDs is cubic and they must be
arranged in a periodic lattice in order to establish
well-placed intermediate band boundaries. For simplicity, the energy corresponding to the top of the
valence band is the same both in the barrier and the
QD material; therefore there is no valence band offset
and only confining potential occurs at the conduction
band offset.

(g) The intermediate band should be approximately halffilled with electrons in order to receive electrons from
the valence energy band and pump electrons to the
conduction energy band.
When charge carriers in semiconductors can be confined
by potential barriers in three dimensions, it is called quantum
dots. QDs periodic arrays from semiconductor with a smaller
bandgap are sandwiched between two layers of another
second semiconductor having a larger bandgap (n or p type).
This configuration creates the potential barriers. Two potential wells are formed in this structure; one is for conduction
band electrons and the other for valence band holes. The
well (QDs layer) depth for electrons is called the conduction
band offset, which is the difference between the conduction
band edges of the well and barrier semiconductors. The well
depth for holes is called the valence band offset. If the offset
for either the conduction or valence bands is zero, then only
one carrier will be confined in a well. In this structure, if the
barrier thickness between adjacent wells prevents significant
electronic coupling between the wells, then each well is
electronically isolated. On the other hand, if the barrier
thickness is sufficiently thin to allow electronic coupling
between wells, then the electronic charge distribution can
become delocalized along the direction normal to the well
layers, therefore producing new minibands (see Figure 1).
The electronic coupling rapidly increases with decreasing
the barrier thickness and miniband formation is very strong
below 2 nm [15]. Superlattice structures yield efficient charge
transport normal to the layers because the charge carriers can
move through the minibands. As a result the barrier will be
narrower and the miniband and the carrier mobility will be
wider and higher, respectively.

3. Wavevectors of a Charge Carrier
The wavevector of a charge carrier (single electron or hole)
can be described by the time-independent Schrödinger equation, which has the following form [11, 16]:
(

−ℎ2 2
∇ + 𝑉) 𝑘 = 𝐸𝑘,
2𝑚

(1)

where ℎ is the Plank’s constant, 𝑚 is the effective mass, ∇2 is a
second order differential operator, 𝑉 is the potential energy,
𝐸 is the total energy of charge carrier, and 𝑘 is the wavevector.
The Kronig-Penney model solved this equation by the onedimensional periodic potential shown also in Figure 1.
This model assumes that the wave travelling of charge
carrier is in the positive 𝑥 direction for one-dimensional only.
Therefore, the mathematical form of the repeating unit of the
potential is
𝑉,
𝑉 (𝑥) = { 0
0,

for 𝑥 = 𝐿 𝐵 ,
for 𝑥 = 𝐿 QD .

(2)

Here, 𝑉0 is the conduction band offset, 𝐿 𝐵 is the barrier width,
and 𝐿 QD is the quantum dot width. The period 𝑇 of the
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Figure 1: Minibands formation in the superlattice structure and Kronig-Penney potential.

considered potential is equal to (𝐿 QD + 𝐿 𝐵 ). The Schrödinger
equation for this model is [10, 17, 18].Consider
𝑑2 𝑘 2𝑚𝐸
+ 2 𝑘 = 0,
ℎ
𝑑𝑥2

for 𝑥 = 𝐿 QD ,

𝑑2 𝑘 2𝑚 (𝐸 − 𝑉0 )
+
𝑘 = 0,
ℎ2
𝑑𝑥2

for 𝑥 = 𝐿 𝐵 .

(3a)
(3b)

According to the Kronig-Penney model, the solution of (3a)
and (3b) can be expressed as
𝜎2 − 𝛿2
sinh (𝜎𝐿 𝐵 ) sin (𝛿𝐿 QD ) − cosh (𝜎𝐿 𝐵 ) cos (𝛿𝐿 QD )
2𝜎𝛿
(4)
For simplicity, one can assume the following symbols for
internal terms in (4):
2𝑚𝐵 (𝑉0 − 𝐸) 2𝑚𝐵 𝑉0
=
𝜎 =
(1 − 𝜖) ,
ℎ2
ℎ2
2𝑚𝑄𝑉0 𝐸
2𝑚𝑄𝑉0
𝛿 =
=
𝜖,
ℎ2 𝑉0
ℎ2
2

𝐸
𝜖= ,
𝑉0

(5)

where 𝑚𝐵 , 𝑚𝑄 are effective mass of electron in barrier
region and effective mass of electron in quantum dots region,
respectively.
Therefore, from (4), the factor into the first term plays
an important role for investigating this proposed QDIBSC
model. It can be expressed as follows:
𝑚𝑄 − (𝑚𝑄 + 𝑚𝐵 ) 𝜖
𝜎2 − 𝛿2
.
=
1/2
2𝜎𝛿
2(𝑚𝑄𝑚𝐵 𝜖) (𝜖 − 1)1/2

(6)

Furthermore, the other arguments in (4) for hyperbolic and
sinusoidal functions can be defined as

𝐿𝐵
,
𝐿 QD

𝛿𝐿 QD = 𝐴 𝑄𝜖1/2 ,

𝐴 𝐵 = 𝐿 QD (

𝐴 𝑄 = 𝐿 QD (

1/2

2(𝑚𝑄𝑚𝐵 𝜖)

(1 − 𝜖)

1/2

sinh [𝜇𝐴 𝐵 (1 − 𝜖)1/2 ] sin (𝐴 𝑄𝜖1/2 )

+ cosh [𝜇𝐴 𝐵 (1 − 𝜖)1/2 ] cos (𝐴 𝑄𝜖1/2 )
= cos [𝑘𝐿 QD (1 + 𝜇)] ,

for 𝜖 < 1,
(8a)

𝑚𝑄 − (𝑚𝑄 + 𝑚𝐵 ) 𝜖
1/2

2(𝑚𝑄𝑚𝐵 𝜖)

(𝜖 − 1)

1/2

sin [𝜇𝐴 𝐵 (𝜖 − 1)1/2 ]

2𝑚𝐵 𝑉0 1/2
) ,
ℎ2

2𝑚𝑄𝑉0 1/2
) .
ℎ2

= cos [𝑘𝐿 QD (1 + 𝜇)] ,

(7)

for 𝜖 > 1,
(8b)

cos 𝐴 𝑄 −

2

𝜇=

𝑚𝑄 − (𝑚𝑄 + 𝑚𝐵 ) 𝜖

× sin (𝐴 𝑄𝜖1/2 ) + cos [𝜇𝐴 𝐵 (𝜖 − 1)1/2 ] cos (𝐴 𝑄𝜖1/2 )

= cos (𝐿 𝐵 + 𝐿 QD ) 𝑘.

𝜎𝐿 𝐵 = 𝜇𝐴 𝐵 (1 − 𝜖)1/2 ,

Substituting these definitions into (4), it will become as

𝜇𝐴 𝐵
sin 𝐴 𝑄 = cos [𝑘𝐿 QD (1 + 𝜇)] ,
2

(8c)

for 𝜖 = 1.
The left-hand side of (8a), (8b), and (8c) can be represented
by 𝐹(𝜖) for all values of the ratio of total energy of electrons
over conduction band offset: (𝜖 = 𝐸/𝑉0 ). Consider
𝐹 (𝜖) = cos [𝑘𝐿 QD (1 + 𝜇)] .

(9)

Equation (9) cannot be solved analytically, but it can be solved
graphically. Figure 2 shows the left-hand side of (9), 𝐹(𝜖),
against 𝜖 at fixed values of 𝜇 and 𝐴. The concerned QDIBSC
model depends on the considered alloys in previous studies
for comparing the results; the quantum dot width: 𝐿 QD =
4.5 nm (InAs0.9 N0.1 , 𝑚𝑄 = 0.0354 𝑚0 ), barrier width: 𝐿 𝐵 =
2 nm (GaAs0.98 Sb0.02 , 𝑚𝐵 = 0.066 𝑚0 ), and 𝑉0 = 1.29 eV [12].
But in further studies, other alloys will be processed. The lefthand side is not constrained to ±1 and is a function of energy
only. The right-hand side is constrained to a range of ±1 and is
a function of 𝑘 only. The limits of the right-hand side ±1 occur
at 𝑘 = 0 to (±𝜋/𝑇). The two horizontal red lines in Figure 2
represent the two extreme values of cos[𝑘𝐿 QD (1 + 𝜇)]. The
only allowed values of 𝐸 are those for which 𝐹(𝜖) lies between
the two horizontal red lines; see Table 1.
Figure 2 and Table 1 show the allowed energy ranges or
bands, 𝐸, which fall into continuous regions separated by
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Table 1: The allowed energy ranges or bands as 𝐸 for the proposed
composition from Figure 2.

3

3
Electron energy (eV)

Range of 𝐸, (eV)
0.2039–0.2369
0.8140–0.9852
1.6638–2.2775
2.4758–3.5439

Band
1
2
3
4

3.5

2.5

1.5
1

2

0

F(𝜖)

k=0

k=±

1 cycle [0 −

0

Band 2

𝜋
]
T

k (nm−1 )

Band 1
𝜋/T

Figure 3: Allowed 𝐸-𝑘 states in one-dimensional crystal with the
same data in Figure 2.

0
−1

Band 3
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(i.e., electrons cannot propagate)
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Band 4

𝜋
T

3.5
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3

−3

0

0.5

1
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2
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3

𝜖

Figure 2: The left-hand side of (9), (𝜖), against 𝜖 at fixed values of
𝜇 and 𝐴. This graph shows allowed and forbidden electron energy
bands for the simple cubic QD with the quantum dot width 𝐿 QD =
4.5 nm (InAs0.9 N0.1 , 𝑚𝑄 = 0.0354𝑚0 ), barrier width 𝐿 𝐵 = 2 nm
(GaAs0.98 Sb0.02 , 𝑚𝐵 = 0.066𝑚0 ), and 𝑉0 = 1.29 eV.

Electron energy (eV)

Bands or allowed energy ranges
2.5
2
1.5
1
Free electron energy
0.5
0

gaps. This distribution of allowed energies illustrates the band
structure of crystalline solids. According to Figure 2 and
Table 1, when the values of 𝐸 are from 0 to 0.2039 eV, 𝐹(𝜖) is
greater than one and so there is no real value of 𝑘 that satisfies
(9). At 𝐸 = 0.2039 eV the wavevector will be equal to zero. As
𝐸 varies from 0.2039 eV to 0.2369 eV, cos[𝑘𝐿 QD (1 + 𝜇)] varies
from +1 to −1 and 𝑘𝐿 QD (1 + 𝜇) varies from 0 to (±𝜋). As 𝐸
varies from 0.2369 eV to 0.8140 eV, there is no real value of 𝑘
that satisfies (9). At 𝐸 = 0.8140 eV, the argument of the righthand side, 𝑘𝐿 QD (1 + 𝜇), will be equal to (𝜋). At 𝐸 = 0.9852 eV,
the argument of the right-hand side, 𝑘𝐿 QD (1 + 𝜇), will be
equal to (2𝜋). Other bandgaps will periodically appear with
the same behavior.
Figure 3 shows the allowed energy bands and the
wavevector states in one-dimensional crystal with the same
data as in Figure 2. In this case, the wavevector is changed
from 0 to (±𝜋/𝑇), and the allowed energy bands into the
electron energy is assigned. Also, the curve shows that
the slope (𝑑𝐸/𝑑𝑘) is zero at the 𝑘 boundaries (i.e., 0 and
±𝜋/𝑇). Thus, the velocity of the electrons approaches zero
at the boundaries. This means that the electron trajectory
or momentum is confined to stay within the allowable 𝑘.
Figure 4 denotes more explanation for the considered energy
allowed bands as in Figure 3. It shows the allowed 𝐸-𝑘 states
with the bandgaps that appear when 𝑘 = 𝑁𝜋/𝑇. The

0

𝜋/T

2𝜋/T

3𝜋/T

4𝜋/T

k (nm−1 )

Figure 4: Allowed 𝐸-𝑘 states and free electrons energy.

dashed line represents 𝐸-𝑘 states for free electrons energy.
It can be obtained by letting 𝑉0 = 0 in (4). Therefore,
the free energy of electron is 𝐸 = ℎ2 𝑘2 /2𝑚. After the
essential equations and assumptions are demonstrated, the
following section is concerned with the determination of the
effect of intermediate band, alloy construction, and dot and
barrier width in each of induced photocurrent density and
corresponding power efficiency.

4. Induced Current Density and Power
Conversion Efficiency
The photon generated current density in QDIBSC with
one intermediate band is derived in this section. Then, the
sensitivity of the power conversion efficiency as a function
of the intermediate band energy level will be investigated.
According to the assumptions in Section 2, the only radiative
transitions occur between the bands therefore the generation
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a blackbody flux density and according to the RoosbroeckShockley equation [19–22] is given by

CB

EFC
pCI

Δ1

IB

pCV

ECI

V0

ECV

𝑁 (𝐸VI , 𝐸CI , 𝑇, 𝑝) =

EFI
pIV

EIV

EFV

VB
Material II

Material I

Material II

Figure 5: Construction of energy band diagram for two semiconductor materials (material I; InAs0.9 N0.1 : quantum dot, material II;
GaAs0.98 Sb0.02 : barrier width) to create a heterostructure for one
intermediate band solar cell.
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Figure 6: Change width of intermediate band (Δ 1 ) with change QD
width for the first allowable range at three different values of barrier
width.

and recombination events are represented by photon absorption and emission. Figure 5 illustrates the construction of an
energy band diagram for a heterostructure in the case of
one intermediate band solar cell. An electron in the valence
band can be excited to either the intermediate or conduction
band. Also, an electron in the intermediate band can be
excited to the conduction band. Therefore, there are three
upward energy transitions: 𝐸VI , 𝐸CI , and 𝐸CV . 𝐸VI represents
valence to intermediate band, 𝐸CI represents intermediate
to conduction band, and 𝐸CV represents the conventional
bandgap between the valence and conduction band. The two
intermediate transitions 𝐸VI and 𝐸CI are independent of each
other, while the bandgap transition 𝐸CV is a function of the
two intermediate ones: 𝐸CV = 𝐸VI + 𝐸CI .
The photon flux density, 𝑁, is the number of photons per
second per unit area per unit wavelength and behaves like

𝐸2 𝑑𝐸
2𝜋𝜉 𝐸CI
,
∫
ℎ3 𝐶2 𝐸VI 𝑒(𝐸−𝑝)/𝑘𝐵 𝑇 − 1

(10)

where 𝑇 is the temperature, 𝜉 is geometric factor, ℎ is Plank
constant, 𝑘𝐵 is Boltzmann constant, 𝐶 is speed of light, and
𝑝 is chemical potential. To simplify the analysis, assume that
𝐸VI ≤ 𝐸CI ≤ 𝐸CV . Therefore the photons with energy
greater than 𝐸VI and less than 𝐸CI are absorbed and electrons
transfer from valence band to intermediate band and leave
holes in the valence band. Any excess energy greater than
𝐸VI and less than 𝐸CI will be lost due to thermalization and
carriers will relax to the band edges before another radiative
occurs. One can notice that this thermalization value is
very small in comparison with its value in the case of bulk
based semiconductor solar cells. This means that an absorbed
photon with energy greater than 𝐸VI and less than 𝐸CI has the
same effect as an absorbed photon with energy equal to 𝐸VI .
Photons with energy greater than 𝐸CI and less than 𝐸CV
are absorbed and an electron transfers from intermediate
band to conduction band. The excess energy behavior has
the same effect as considered in the previous case regarding
the difference in the transition band process. Photons with
energy greater than 𝐸CV are absorbed and an electron
transfers from valence band to conduction band and creates
a hole in the valence band. The absorbed photon with energy
greater than 𝐸CV has the same effect as an absorbed photon
with energy equal to 𝐸CV taking into account the excess
energy process. The net photon flux is equal to the number of
charge carrier flux collected at the contact. When the charge
carrier flux is multiplied by the electric charge of electron, 𝑞,
the current density of the QDIBSC for one intermediate band
is [11, 13, 14]:
𝑗 = 𝑞 {[𝐶𝑓 𝜉𝑁 (𝐸CV , ∞, 𝑇𝑠 , 0)
+ (1 − 𝐶𝑓 𝜉) 𝑁 (𝐸CV , ∞, 𝑇𝑎 , 0)
−𝑝𝑁 (𝐸CV , ∞, 𝑇𝑎 , 𝑞𝑉) ]
+ [𝐶𝑓 𝜉𝑁 (𝐸CI , 𝐸CV , 𝑇𝑠 , 0)

(11)

+ (1 − 𝐶𝑓 𝜉) 𝑁 (𝐸CI , 𝐸CV , 𝑇𝑎 , 0)
−𝑁 (𝐸CI , 𝐸CV , 𝑇𝑎 , 𝑝CI ) ]} ,
where 𝐶𝑓 is concentration factor, 𝑇𝑠 is temperature of sun
(6000 K), 𝑇𝑎 is ambient temperature (300 K), 𝑞𝑉 is quasiFermi energy, and 𝑝CI is chemical potential between conduction and intermediate bands. The terms in the first bracket
represent the current density generated when the electrons
transfer from the valence band to the conduction band as
typically for conventional solar cell. While the terms in the
second bracket represent the current density generated when
the electrons transfer from the intermediate band to the
conduction band. In both bracketed terms, the QDIBSC
absorbs radiation from the sun at the temperature 𝑇𝑠 and
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Figure 7: (a) Change energy gap between VB and IB according to change in QD width for the first allowable range at different values of
barrier width. (b) Change energy gap between IB and CB with the same conditions in (a).

𝑇𝑎 , respectively, while it emits radiation at the temperature
𝑇𝑎 and a corresponding chemical potential. The current
density of the QDIBSC is formulated according to the
proper operation of the QDIBSC which requires that there
is no current extracted from the intermediate band; that is,
the current entering the intermediate band must equal the
current leaving the intermediate band. Therefore, the second
term in (11) can be rewritten as [14, 23, 24]

5. Numerical Results and Discussions

𝑞 [𝐶𝑓 𝜉𝑁 (𝐸CI , 𝐸CV , 𝑇𝑠 , 0) + (1 − 𝐶𝑓 𝜉)
× 𝑁 (𝐸CI , 𝐸CV , 𝑇𝑎 , 0) − 𝑁 (𝐸CI , 𝐸CV , 𝑇𝑎 , 𝑝CI ) ]
= 𝑞 [𝐶𝑓 𝜉𝑁 (𝐸VI , 𝐸CI , 𝑇𝑠 , 0) + (1 − 𝐶𝑓 𝜉)
× 𝑁 (𝐸VI , 𝐸CI , 𝑇𝑎 , 0) − 𝑁 (𝐸VI , 𝐸CI , 𝑇𝑎 , 𝑝IV ) ] .
(12)
The output voltage can be described as the difference of the
chemical potentials between CB and VB; that is, 𝑞𝑉oc = 𝑝CV =
𝑝CI + 𝑝IV .
In this work, the light intensity on QDIBSC is calculated
by the number of suns, where 1 sun (or concentration factor
𝐶𝑓 = 1) means the standard intensity at the surface
of the Earth’s atmosphere. Therefore, at the surface of the
Earth’s atmosphere the power density falling on a QDIBSC
is 𝑃in = 𝜉𝜎𝑠 𝑇𝑠4 = 1587.2 w/m2 , where 𝜎𝑠 is Stefan’s constant
and 𝑇s is temperature of sun (6000 K). Theoretically, the
full concentration would be achieved when 𝐶𝑓 = 1/𝜉 =
46296. The power conversion efficiency, 𝜂, of the QDIBSC is
dependent on 𝑃in , so that it varies with the level concentration
of 𝐶𝑓 . We concentrate our study on the QDIBSC efficiencies
with unconcentrated light 𝐶𝑓 = 1 and also compared it with
full concentration light 𝐶𝑓 × 𝜉 = 1. The power conversion
efficiency equation of the QDIBSC is
𝜂=

𝑉oc × 𝐽SC × 𝐹𝐹
𝐽 × 𝑉𝑚
𝐽𝑚 × 𝑉𝑚
= 𝑚
=
,
4
𝑃in
𝐶𝑓 𝜉𝜎𝑠 𝑇𝑠
𝐶𝑓 × 1587.2

where 𝑉oc is open circuit voltage, 𝐽sc is short circuit current
density, 𝐹𝐹 is fill factor, 𝑉𝑚 is maximum voltage of the
QDIBSC, and 𝐽𝑚 is maximum current density of the QDIBSC.
After mathematical concepts and assumptions are defined
in previous sections for assigned composition of material,
the following section reports some features of the QDIBSCs
performance for one intermediate band case.

(13)

The discussion firstly starts by manifesting the relation
between QDIBSC parameters and the distribution of IB
energies in the gap between valence and conduction bands.
When the Schrödinger equation (1) is solved, many solutions
are obtained. Some of them can be satisfied but others cannot.
From the satisfied solutions, there are multi-intermediate
bands as pointed from Figures 2, 3, and 4. They are essentially
dependent on QDIBSC parameters such as QD, barrier
widths. Here, we are concerned only with the effect of the
first intermediate band, IB, into the behavior of the proposed
model. From the obtained results, we found two ranges of
quantum dot widths that vary the positions of intermediate
bands. Other ranges of quantum dot widths will denote
unachievable behavior. In the following discussions, the
energy distributions, 𝐽-𝑉 characteristics, and corresponding
power conversion efficiency are studied for each range. Comparisons between the two ranges outcomes are processed. A
summary of all the related values describing the model is
considered in Table 2. For the first range (QD width changes
from 4–7 nm), the dependence of first intermediate band
width, Δ 1 , on QD width at different barrier widths is depicted
in Figure 6. One can recognize that the width of IB, Δ 1 , is
decreased with an increase in the QD width. This behavior is
consistent with the previous investigations that demonstrate
that the decreasing of Δ 1 IB will assist in the fall down of the
power conversion efficiency, as will be described later [11, 14].
Also the same trend will be found in the second range of
QD and barrier widths, which also denotes the first IB. Also,
Figure 6 illustrates that when the barrier width increases in
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Table 2: Three different values of QD width (InAs0.9 N0.1 ) and barrier width (GaAs0.98 Sb0.02 ) for two different ranges of QD available widths
at full concentration and unconcentration.
Parameters
Two available
𝐿𝐵
𝐿 QD
ranges
(nm) (nm)

𝜂max
(%)

𝑉max
(v)

Full concentration
𝐽max × 𝜉
𝐽sc × 𝜉
𝑉 (v)
(mA/cm2 ) o𝑐
(mA/cm2 )

FF

𝜂max
(%)

𝑉max
(v)

Unconcentration
𝐽max
𝑉oc
𝐽sc
(mA/cm2 ) (v) (mA/cm2 )

FF

“1st range”
4–7 nm

4
4.5
5
4
4
4

2
2
2
2
2.5
3

63.2
61.2
59.6
63.2
63.1
63.0

1.503
1.505
1.507
1.503
1.514
1.516

66.8
64.6
62.8
66.8
66.2
65.9

1.57
1.58
1.58
1.57
1.58
1.58

67.9
65.6
63.8
67.9
67.3
67.0

0.942
0.938
0.939
0.942
0.943
0.944

51.6
50.0
48.7
51.6
51.6
51.5

1.231
1.233
1.235
1.231
1.242
1.244

66.5
64.3
62.5
66.5
65.9
65.7

1.33
1.34
1.34
1.33
1.34
1.35

67.9
65.6
63.8
67.9
67.3
67.0

0.906
0.902
0.903
0.906
0.908
0.904

“2nd range”
7–11 nm

8.1
8.6
9.1
8.1
8.1
8.1

1.98
1.98
1.98
1.98
2.48
2.98

70.4
68.4
66.7
70.4
70.3
70.2

1.508
1.510
1.512
1.508
1.519
1.522

74.1
71.9
70.0
74.1
73.4
73.2

1.57
1.57
1.58
1.57
1.58
1.59

75.3
73.1
71.2
75.3
74.7
74.4

0.945
0.946
0.941
0.945
0.945
0.942

57.5
55.9
54.5
57.5
57.5
57.4

1.238
1.238
1.241
1.238
1.248
1.250

73.7
71.6
69.8
73.7
73.1
72.9

1.34
1.34
1.34
1.34
1.35
1.35

75.3
73.1
71.2
75.3
74.6
74.4

0.904
0.905
0.908
0.904
0.906
0.907

0.04

Intermediate band width Δ1 (eV)

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

8.5
9
9.5
10
10.5
QD width at different values of barrier width (nm)

11

Barrier width:
1.98 (nm)
2.34 (nm)
2.7 (nm)

Figure 8: Change width of intermediate band (Δ 1 ) with change
QD width for the second allowable range at three different values
of barrier width.

the allowable range (2-3 nm), Δ 1 IB somewhat increases. At
the same time, the increase of barrier width will somewhat
inversely decrease the energy gap between IB width and each
of VB and CB, as this behavior is shown in Figures 7(a) and
7(b). It is expected that when Δ 1 IB enlarges, the energy gap
difference between it and the considered VB and CB will be
decreased, as the total distance 𝐸cv is constant [11, 14]. The
first range power efficiency and 𝐽-𝑉 characteristics will be
compared with the second range in the last part of these
discussions.

For the second allowable range (QD width changes from
8.1–9.1 nm) and at the same barrier width range (2-3 nm),
the intermediate band width, Δ 1 , with QD width at different
values of barrier width is considered in Figure 8. When
comparing this figure with the previous Figure 6, they gave
the same trend. On the other hand, the varying Δ 1 in the
first range covers a longer range of energy in comparison
with the second one. Moreover, the allowable barrier width
range in this second range is shifted left to be from 1.98 nm
to 2.7 nm. The energy gap between the IB and each of VB
and CB is illustrated in Figures 9(a) and 9(b). As a result of
changing the values of Δ 1 , the corresponding values of energy
gaps will be changed for the composition of the model, QD
width (InAs0.9 N0.1 ) and barrier width (GaAs0.98 Sb0.02 ). Also
the curves in this case tend to be straight in comparison with
their equivalent in Figures 7(a) and 7(b). One can notice that
the second range investigations were not considered before in
previous studies. Although it gives an enhancement of power
conversion efficiency as shown in the next results.
An example of the J-V characteristics for the second
range of the proposed model is mentioned in Figure 10. It
is important to note that the short circuit current density is
related to the quantum dot width directly; meanwhile the
open circuit voltage is approximately constant. Additionally,
the wide range of the J-V characteristics with short circuit
current and open circuit voltage values is confirmed in
Table 2. This will contribute to the enhancement of obtained
power conversion efficiency as shown in Figure 11. One can
notice that the behavior of efficiency is in full agreement with
the obtained results in [25]. But the new contribution is that
the efficiency in this case, full concentration, reached up to
(70.4%) (see also Table 2). The observed enhancement of the
efficiency returns to discovering second range. Comparison
between J-V characteristics for fully and unconcentrated
cases are described in Figure 12. From this figure and Table 2,
one can recognize that the second range denotes higher values
of 𝐽sc and a small amount of increase of 𝑉oc in comparison to
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Figure 9: (a) Change energy gap between VB and IB according to change in QD width for the second allowable range at different values of
barrier width. (b) Change energy gap between IB and CB with the same conditions in (a).
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Figure 10: Current density for QDIBSC at full concentration with
varying the quantum dot width and barrier width held constant.

the first range. But in the two considered ranges, the values
of 𝑉oc in the full concentration case are higher than that in
the unconcentrated case. From a solar cell point of view, this
behavior normally happens because the allowable large width
of quantum dots will acquire high photons and it then excites
a large number of electrons: high induced current density. For
the same cases considered before, the comparison between
the power conversion efficiency is depicted in Figure 13. Also,
the corresponding power conversion efficiency, 𝜂, 𝐽max , 𝑉max ,
𝐽sc , 𝑉oc , and fill factor, 𝐹𝐹, for each combination of QD width
(𝐿 QD ) and barrier width (𝐿 𝐵 ) for fully and unconcentration
are considered in Table 2. The fill factor pointed in the table

70

65
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1.25

1.3

1.35
1.4
1.45
1.5
Voltage between CB and VB (V)

1.55

1.6

QD (InAs0.9 N0.1 ) =
8.1 nm
8.6 nm
9.1 nm
B (GaAs0.98 Sb0.02 ) = 1.98 nm

Figure 11: Power conversion efficiency for QDIBSC at full concentration with varying the quantum dot width and barrier width held
constant.

is determined from (13). It also indicates an enhancement
of power conversion efficiency, where 𝐹𝐹 is greater than
93% and 90% in the considered cases, respectively. The main
target of these demonstrations is to compare the obtained
power conversion efficiency from the first and second ranges.
When a full concentration case is taken in the theoretical calculation, higher values of each of the open circuit
voltage and short circuit current density are obtained that
correspondingly gave higher power conversion efficiency.
When one held comparison between our obtained results and
others in the fully and unconcentrated cases: 𝜂max = 70.4%
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Figure 12: Comparison between current density for QDIBSC at full
concentration (solid) and unconcentrated (dash) cases at specified
values of quantum dot and barrier widths that give maximum
efficiency.
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absorbed by the conventional solar cell. As a sequence of
utilizing the proposed model, the incoming photons would
be well-matched with the energies among bands; thereby
the thermalization is reduced. From the obtained results, the
open circuit voltage is approximately constant while the short
circuit current density is increased. As a result, the fill factor
will be enhanced by more than 90%. The power conversion
efficiency was calculated under two different ranges of QD
width, specified by three different values of barrier width;
that is, 𝐿 QD from 4–7 nm, at 𝐿 𝐵 values 2, 2.5, and 3 nm
and 𝐿 QD from 7–11 nm, at 𝐿 𝐵 values 1.98, 2.34, and 2.7 nm,
respectively. The power conversion efficiency is affected by
changing the QD and barrier widths. It reaches the maximum
value, 63.2%, for full concentration light case in the first range
when QD width is 4 nm and barrier width is 2 nm, which
agrees with previous studies. The new facts that have not been
addressed before are (a) for the second range, power conversion efficiency reaches 70.4% when QD width is 8.1 nm and
the barrier width is 1.98 nm in the case of full concentration
and (b) the maximum efficiency for unconcentrated light case
is 51.5% at the first range and 57.5% for another range. One
can recognize from the obtained results an enhancement for
efficiency in each of the unconcentrated cases into two ranges
and the case of full concentration in the second range. These
results of efficiencies create more motivation for further
research in this type of structure; therefore future work will
concentrate on two intermediate bands: QD solar cell and
other alloys with different compositions.
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of quantum dot and barrier widths that give maximum efficiency.
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In further investigations, the effect of two intermediate bands
for different alloys into the power conversion efficiency will
be studied.
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Three phenothiazine-based dyes have been prepared and utilized as dye-sensitized solar cells (DSSCs). The effects of dye-adsorption
solvent on the performances of dye-sensitized solar cells based on phenothiazine dyes were investigated in this study. The highest
conversion efficiency of 3.78% was obtained using ethanol (EtOH) and 2.53% for tetrahydrofuran (THF), respectively, as dyeadsorption solvents. Cell performance using EtOH as a dye-adsorption solvent showed relatively higher performance than that
using THF. Electrochemical and photochemical tests of phenothiazine dyes in solution and adsorbed on the TiO2 surface showed
less dye loading and coverage on the TiO2 surface during adsorption in the case of THF, which decreased the solar cell performance
of the DSSC using THF as adsorption solvent compared with using EtOH as adsorption solvent. Meanwhile, the steric effect of
phenothiazine-based (PT1–3) dyes was also investigated. Dye with longer and branched aliphatic chain in the order of PT1, PT2,
and PT3 showed an increased resistance of the recombination reaction and electron lifetime, thereby increasing 𝑉oc and enhancing
the overall cell performance because of the sterically hindered conformation of the phenothiazines.

1. Introduction
The increasing consumption of fossil and the more serious
crisis of environment pollution have led us to the search for
new and renewable energy sources. Solar energy is widely
recognized as the most promising candidate in helping solve
this problem. Dye-sensitized solar cells (DSSCs), also known
as Grätzel cells, offer a viable alternative to conventional
all-inorganic solar cells because of their lower production cost. During the past decades, DSSCs have attracted
significant attention as an alternative to silicon solar cell
because they use environmentally benign materials through
low cost process and exhibit commercially realistic energyconversion efficiency [1–3]. The photon-to-current conversion of DSSCs is achieved by ultrafast electron injection
from a photoexcited dye into the conduction band of the
TiO2 , followed by dye regeneration and hole transportation to

the counter electrode. To enhance the performance of the
DSSC, extensive research has been performed on semiconductor nanocrystalline TiO2 electrodes [4–6], dye molecule
[7–10], electrolytes [11–14], and counter electrodes [15].
Compared with the rare and expensive metal complexes,
organic dyes have the advantages of being eco-friendly, having flexible and diverse form of molecular structures, lower
cost, generally high molar extinction coefficients, and easier
preparation and purification. Metal-free organic dyes have
been widely investigated recently, many of which exhibited
an energy-to-electricity conversion efficiency close to that of
N719 [16–21].
The design of organic dyes for DSSCs is important to
improve the value of the short-circuit current (𝐽sc ) and the
open-current voltage (𝑉oc ). The 𝜋-conjugation of the 𝐽sc must
be improved so the organic chromophore can harvest light
energy to a large extent. An effort of reducing the rate of
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Scheme 1: Synthesis route of phenothiazine (PT). Dyes: (i) KOC (CH3 )3 , THF, 66∘ C, 18 h; (ii) DMF, CHCl3 , 0∘ C, phosphorus oxychloride,
reflux overnight; (iii) cyanoacetic acid, NH4 OAc, AcOH, 90–100∘ C.

charge recombination is necessary for the 𝑉oc to minimize
current leakage.
Whether the low voltages from organic dyes may be
due to fast recombination kinetics is still being debated
[22, 23]. A strong interaction between organic dye and
iodine in the electrolyte has been proposed to be responsible
for accelerating recombination [24, 25]. Also, the lack of
electron donating moiety in the oxidized organic dye has also
been proposed to have an influence on fast recombination
reaction, compared with N719 with electron donating NCS
ligand [26]. In addition, dye aggregation due to planar or
sterically less-hindered structure has also been proposed
as one of major factors for the lowering voltage [27, 28].
Thus, a molecular structure of organic dye must be designed
to reduce recombination and/or prevent dye aggregation.
Recently, heterocyclic phenothiazine (PT), originally used
in drug applications [29, 30], has been adopted as a novel
electron donor in organic dye because PT contains electronrich sulfur-nitrogen heteroatoms and its ring has sterically
hindered nonplanar butterfly conformation. In addition, the
incorporation of PT derivatives in organic dye backbone is
expected to inhibit molecular aggregation.
Most studies have focused on enhancing the properties of
the photoelectrode, specifically the dye, which is responsible
for most light absorption. Some of the important properties
that need to be considered when designing sensitizers for

DSSCs are the geometric structures, molecular orbital energy,
absorption profiles, and aggregation states of the dye [31, 32].
In this study, the effect of THF and EtOH on the absorption and solar cell performance was studied and evaluated.
The synthesis and application of three dyes composed of Nsubstituted phenothiazine units (PT1–3) shown in Scheme 1
as sensitizers in dye-sensitized solar cells have been investigated. A cyanoacrylate group was attached to one side of the
compound, acting as an electron acceptor. We envisioned that
the nonplanar conformation of phenothiazine can reduce the
rate of charge recombination and molecular aggregation. The
synthetic procedures of PT1–3 are described in Scheme 1.
All structures have been confirmed by their NMR, MS,
and spectroscopic data. The photovoltaic performance and
electrochemical properties of devices based on the three dyes
using THF and EtOH solvents were evaluated by different
spectroscopic techniques.

2. Experimental Section
2.1. Materials and Synthesis
2.1.1. General Considerations. Reagents, catalysts, ligands,
and solvents were purchased reagent grade and used without
further purification. The details of the synthetic procedure
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of the PT1–3 dyes were prepared according to the literature
procedures, as shown in Scheme 1 [33–35]. N-alkylation of
phenothiazine followed by Vilsmeier-Haack formylation and
then Knoevenagel condensation between the carbaldehyde
and cyanoacetic acid in the presence of ammonium acetate
affords the desired dyes. Column chromatography was made
using silica gel 60, mesh 70−230. TLC silica gel plates, 60
F254 , were also used. Lithium perchlorate (LiClO4 , 99%)
and 4-tert-butylpyridine (TBP) were obtained from SigmaAldrich. Acetonitrile (AN) solvent as purchased from Siyou
Inc., Tianjin, China. The substance I2 (AR) was acquired
from the Beijing Chemical Reagent Company. FTO glasses
and TiO2 paste (DSL-18NR-T), with diameter of 20 nm, and
the electrolyte components were obtained from Heptachroma
Inc., Dalian, China.
2.2. Characterization and Measurement. UV-Vis absorbance
spectra were recorded on a lambda 35 UV/Vis Spectrometer
(Perkin Elmer). All dyes were dissolved in THF and EtOH
solution as bath solvent, and the concentrations of solutions
used in the absorption experiment were set as 5 × 10−5 M.
1
H NMR and 13 C NMR spectra were measured at room temperature on a 400 MHz (Bruker) spectrometers, respectively,
using DMSO-d6 or CDCl3 as the solvents. The electrospray
ionization mass spectra (ESI-MS) were characterized on an
APEX IV Fourier transform ion cyclotron resonance mass
spectrometer (Bruker).
2.3. Fabrication of DSSCs. The TiO2 paste (DSL-18NR-T,
diameter: 20 nm) was created on FTO glasses by screen
printing. The obtained FTO glasses were sintered at 150∘ C
for 15 min in a muffle furnace and then at 450∘ C for 30 min
sequentially. The thickness of the TiO2 film is approximately
3.5 𝜇m after one screen printing. Through reciprocating the
above steps three times, the TiO2 film can reach up to 10.5 𝜇m
thick. After the last heated process, the TiO2 electrodes were
cooled to 100∘ C and then immersed into dye bath solution.
After 24 h, the sensitized TiO2 photoanodes were taken out
from the dye solution, eluted by methanol to remove the
excess dye from the TiO2 surface, and were kept in vacuum
drying oven at room temperature overnight. The counter
electrode with a Pt film (thickness: approximate 50 nm) on
the FTO glasses was prepared by magnetic sputtering. The
obtained dye-adsorbed photoanodes (test area: ca. 0.25 cm2 )
and the Pt counter cathodes were assembled to form DSSCs
and isolated by 25 𝜇m thick hot-melt ionomer film (Surlyn,
Dupont). The electrolytes were then injected into solar cells
by preset pores in the counter electrode. Finally, the devices
were sealed by Surlyn film to enhance the stability of the
DSSCs.
2.4. Dye Bath Solutions. In this study, EtOH and THF bath
solutions of PT1–3 dyes (5 × 10−4 M) were prepared. The
devices were soaked in EtOH and THF solution sensitizers
for 24 h, respectively.
2.5. Measurement of Absorption Spectra in TiO2 . The TiO2
paste was made on FTO glasses by screen printing.
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The obtained FTO glasses were sintered at 150∘ C for 15 min
in a muffle furnace and then at 450∘ C for 30 min sequentially.
The thickness of the TiO2 film was approximately 3.5 𝜇m after
one screen printing. The TiO2 films were cooled to 100∘ C,
and then immersed into different dye bath solutions. After
24 h, the sensitized TiO2 photoanodes were taken out from
the dye solution and eluted by methanol to remove the excess
dye from the TiO2 surface. The sensitized TiO2 photoanodes
were then immersed in 0.1 M solution of (CH3 )4 NOH base
in ethanol overnight to extract the dye from the TiO2 film.
The film area was 0.64 cm2 and thickness 10.5 𝜇m and it
was extracted in 9 mL of the (CH3 )4 NOH base in ethanol
solution. The absorption spectra of the dyes in the extraction
solution were then obtained.
2.6. Components of Electrolytes. The electrolyte used was
iodide liquid electrolyte that was composed of acetonitrile
solution of 0.03 M iodine, 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.05 M lithium perchlorate (LiClO4 ),
and 0.5 M 4-tert-butylpyridine (TBP).
2.7. Characterization of the Photoelectrochemical and Photovoltaic Properties. The photovoltaic performance of the
devices was measured under AM 1.5 simulated sunlight
illumination with a light intensity of 100 mW/cm2 . The simulated sunlight source was YSS-50A (Yamashita DESO). The
electrochemical impedance spectra (EIS) were implemented
on the Autolab (Frequency range: 100 kHz to 10 mHz). Two
parameters, namely, chemical capacitance (𝐶𝑚 ) and charge
recombination resistance (𝑅rec ), were obtained by fitting the
EIS at different reverse biases with Z-View software according
to the transmitting line mode. The incident photon-tocurrent efficiency (IPCE) was measured from 300 nm to
800 nm under SolarCellScan-100 (Beijing ZOLIX Corp.).

3. Results and Discussion
3.1. Synthesis. PT1–3 dyes were prepared according to the
literature procedures [33–37]. The sequence of reaction steps
proceeds smoothly and efficiently to give a good yield of the
product. Thus, N-alkylation of phenothiazine with different
alkyl groups afforded the corresponding compounds 1a–c,
which upon Vilsmeier-Haack formylation gave the carbaldehyde 2a–c. Knoevenagel condensation between 2a–c and
cyanoacetic acid in the presence of ammonium acetate produced the desired phenothiazine dyes PT1–3. All chemical
structures were characterized by their spectroscopic data.
3.2. Absorption Spectra. The UV-Vis absorption spectra of all
dyes in the EtOH and THF solutions are shown in Figure 1.
Table 1 shows all the parameters; all the dyes exhibited broad
absorption in the range of 250–350 nm and 370–525 nm.
The short wavelength region at 280–340 nm is attributed to
the localized 𝜋-𝜋∗ and n-𝜋∗ transitions, whereas the long
wavelength region in the range of 390–510 nm is attributed to
the charge transfer transitional energy of the delocalized 𝜋-𝜋∗
transition as a result of donor-𝜋-acceptor system. Compared
with THF, the absorption bands of all dyes are relatively
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Dye
1
2
3

−1

𝜀 (M cm
9993
10090
10082

EtOH
)
𝜆 max (nm)
436
428
414

−1

THF
𝜀 (M cm )
𝜆 max (nm)
12027
447
12719
447
11014
436
−1

−1

Table 2: Photovoltaic performances of PT1–3 dyes in different
adsorption solutions.
Device
E1
E2
E3
T1
T2
T3

𝑉oc (V)
691
726
779
644
676
726

𝐽sc (mA/cm2 )
6.08
6.29
6.66
4.08
4.62
4.83

FF
0.693
0.697
0.730
0.698
0.680
0.720

PCE
2.91%
3.18%
3.78%
1.83%
2.12%
2.53%

E: EtOH; T: THF solutions. Photovoltaic performance was measured
under AM 1.5 simulated sunlight illuminations with the light intensity
100 mW/cm2 . Soaking time was 24 h. Electrolyte: mixture of 0.03 M iodine,
0.6 M (BMII), 0.05 M (LiClO4), and 0.5 M (TBP) dissolved in AN.

blue-shifted using EtOH. This behavior would be attributed
to the solvent effect. As PT1–3 dyes are donor-𝜋-acceptor
system, charge transfer absorption band is destabilized in
protic solvent such as ethanol due to hydrogen bonding
interactions between ethanol and the donor and/or acceptor
moieties [38, 39]. On the other hand, THF is aprotic solvent
and less polar than EtOH; such effect does not exist and thus
transfer absorption band is more favorable in this solvent
than EtOH.
3.3. Photovoltaic Performance. Figure 2 shows the photocurrent-voltage curves and IPCE spectra for the PT1–3 sensitized
DSSCs in the EtOH and THF adsorption solvent. The
corresponding photovoltaic parameters are listed in Table 2.
The device performance of PT1–3 dyes indicates that the
devices using EtOH show a higher 𝐽sc and a significantly
higher 𝑉oc than those obtained using THF, with a higher
light conversion efficiency of PT3 dye compared with those
of PT2 and PT1. The reasons for this inferior performance
for the dyes using THF solution as mentioned before would
be attributed to the smaller amount of adsorbed dye in the
TiO2 semiconductor due to the propensity of dye molecules
to exist more in THF solvent rather than to get adsorbed and
also due to the hydrogen bond interaction of the oxygen of
the tetrahydrofuran and the hydrogen of the carboxylic acid
of the dyes [40, 41]. Meanwhile, it was also noted that dyes
with more branched alkyl groups show higher 𝑉oc and 𝐽sc in
both EtOH and THF dye-bath solvent. We will discuss these
afterwards.
The incident photon-to-current efficiency (IPCE) spectra
as a function of the wavelength for DSSCs based on the PT1–
3 dyes in THF and EtOH is shown in Figure 4(c). The IPCE
values of DSSCs based on PT1–3 dyes when using EtOH
exceeded 80% from 425 nm to 500 nm (with the highest value

×104
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
−0.2

Molar absorptivity (cm−1 M−1 )

Table 1: Absorption properties of PT1–3 dyes in the EtOH and THF
solutions.

300
1 EtOH
2 EtOH
3 EtOH

400

500
600
Wavelength (nm)

700

1 THF
2 THF
3 THF

Figure 1: Absorption spectra of 5 × 10−5 M solutions of PT1–3 dyes
in EtOH and THF, respectively.

of 80.5% at 460 nm for PT3 sensitized), whereas using THF
only exceeded 50% from 425 nm to 475 nm (with the highest
value of 55% at 430 nm PT3 sensitized). The higher IPCE
for PT1-, 2-, and 3-sensitized solar cells using EtOH can
be ascribed to the larger adsorbed amount of PT1–3 dyes
compared with those obtained using THF, which is consistent
with the obtained photovoltaic data for the PT1–3 sensitizers
under the same conditions, wherein the 𝐽sc for the devices that
use EtOH are much higher than those obtained using THF as
dye-adsorption solvent.
The absorption spectra of all dyes extracted from the
surface of TiO2 film are shown in Figure 3. The absorption
band displayed a blue shift of ca. 1–38 nm with respect to
those in the solutions. The blue shift appeared to be a result
of deprotonation of the carboxylic acid when anchored onto
the titanium oxide surface. Similar to the case of ethanol
effect on the absorption compared with THF, it is anticipated
that deprotonation of the carboxylic group would lower
its acceptability for electrons and thus would lead to the
observed blue shift upon anchoring with TiO2 . Additionally,
a possible formation of H-aggregation for these dyes in the
surface of TiO2 would also lead to the observed blue shift [42].
3.4. Effect of the Adsorption Solvent on DSSC Performance.
The adsorption solvent has an indispensable role in the
efficiency of solar cells that influences the dye loading on the
TiO2 surface and also has an important role in the formation
of dye solvent-TiO2 complex [43]. The cell performances
of the PT1, 2, and 3 dyes using EtOH and THF as dyeadsorption solvents are listed in Table 2. All the photovoltaic
parameters, such as the 𝐽sc , 𝑉oc , and FF, were affected by the
adsorption solvent. THF provides lower photovoltaic values
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Figure 2: 𝐽-𝑉 plots under (a) simulated standard sunlight and (b) dark condition; (c) IPCE of devices E1–3 and T1–3.

compared with the EtOH measured under AM 1.5 simulated
sunlight illuminations with the light intensity 100 mW/cm2
conditions.
The use of THF as adsorption solvent decreases the
photovoltaic efficiencies with respect to EtOH, which can
be ascribed to the less dye loading from THF solution on
the TiO2 surface relative to EtOH, as shown in Figure 3.
The use of THF as adsorption solvent decreases the photovoltaic efficiencies compared with EtOH case, which could
be ascribed to the less dye loading from THF solution on
the TiO2 surface as shown in Figure 3. Compared with THF,
EtOH seems favorable medium for dye loading onto TiO2
owing to its high polarity that would facilitate better dye
adsorption onto TiO2 surface. The dye loading for PT1–3 in
EtOH and THF is 439 nmol/cm2 (PT1-EtOH), 432 nmol/cm2

(PT2-EtOH), 337 nmol/cm2 (PT3-EtOH), 288 nmol/cm2
(PT1-THF), 266 nmol/cm2 (PT2-THF), and 205 nmol/cm2
(PT3-THF), respectively. Meanwhile, the conversion efficiency strongly depended on the dielectric constant of
the dye-adsorption solvent. The amount of dye adsorption
increased as the dielectric constant of the dye-adsorption
solvent increased [44]. The higher conversion efficiency
obtained when EtOH was used as dye-adsorption solvent
can also be attributed to the higher dielectric constant for
ethanol (𝑘 = 24.5) compared with THF (𝑘 = 7.8). Table 2
shows that the 𝐽sc of the device using EtOH as dye-adsorption
solvent are drastically higher than those using THF as dyeadsorption solvent. Thus, a higher IPCE value of DSSCs based
on PT1–3 dyes was obtained using EtOH, which exceeded
80% from 425 nm to 500 nm, compared with using THF,
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Table 3: Recombination resistance, electron life time, and the
electrochemical capacity for the PT1–3-sensitizers using EtOH and
THF as dye-adsorption solvents.

0.8
0.7

Absorption (a.u.)

0.6

Device
E1
E2
E3
T1
T2
T3

0.5
0.4
0.3
0.2

𝑅rec (Ω⋅cm2 )
18.23
35.68
154.4
6.606
13.63
57.26

𝐶 (F/cm2 )
0.001638
0.001572
0.001442
0.001582
0.001529
0.001476

𝑇 (ms)
29.86
56.09
222.64
10.45
20.84
84.52

0.1
0.0

400

450

1 EtOH
2 EtOH
3 EtOH

500
550
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650

700

1 THF
2 THF
3 THF

Figure 3: UV-vis absorption spectra of PT1–3 dyes extracted from
the surface of TiO2 film in EtOH and THF.

which only exceeded 50% from 425 nm to 475 nm, as shown
in Figure 2(c).
Meanwhile, the dye loading in case of PT3 was relatively
less than PT1 and PT2 in both cases of THF and EtOH solution but the 𝐽sc values and the overall conversion efficiency
were comparatively higher for PT3 more than PT1 and PT2
in both dye-bath solvents EtOH and THF, indicating that the
steric hinder effect of PT3 dye with the branched aliphatic
chain has the ability of decreasing the dye aggregation on the
TiO2 film as well as decreasing the electron recombination
reaction rate at the interfaces between TiO2 /dye and the
electrolyte species, hence increasing the performance of the
device.
To further elucidate the lower performance of the DSSC
sensitized by PT1–3 that uses THF, the electron lifetime and
EIS were implemented on the Autolab (Frequency range:
100 kHz to 10 mHz). Two parameters, namely, chemical
capacitance (Cm) and charge recombination resistance (𝑅rec ),
were obtained by fitting the EIS at different reverse biases
with Z-View software, according to the transmitting line
mode. Figures 4(a) and 4(b) show the Nyquist plot and
recombination resistance, where the applied voltage is 0.65 V
under dark condition for the PT1–3 sensitizers using EtOH
and THF as dye-adsorption solvents. In the Nyquist plots,
a major semicircle was observed for all dyes, which is
related to the electron recombination transport process at
the interfaces between TiO2 and the electrolyte/dye [45]. The
data listed in Table 3 is related to the electron lifetime (𝜏), the
electrochemical capacity (𝐶), and the electron recombination
(𝑅rec ); for example, a smaller 𝑅rec indicates faster electron
recombination and hence a larger dark current as shown in
Figure 2(b).
The recombination resistance (𝑅rec ) decreased in the
order of PT3 (154.4 Ω⋅cm2 ) > PT2 (35.68 Ω⋅cm2 ) > PT1

(18.23 Ω⋅cm2 ) in EtOH, consistent with the values of the 𝑉oc
that significantly increased using EtOH PT3 (779 mV), PT2
(726 mV), and PT1 (691 mV), much more than that using
THF PT3 (726 mV), PT2 (676 mV), and PT1 (644 mV) as dyeadsorption solvent, and that could be ascribed to the bent and
the sterically hindered conformation of phenothiazine with a
branched and long aliphatic chain for PT3 > PT2 > PT1; the
longer and branched aliphatic chain can prevent the direct
contact between the electrolyte and the TiO2 surface as well
as inhibits or reduces dye aggregation. This behavior was
clearly observed in case of using EtOH as the dye-adsorption
solvent because of the higher dye loading and coverage on the
TiO2 surface and can thus reduce the charge recombination
reaction rate.
Figure 4(c) shows the electron lifetime for all devices. A
larger value of 𝑉oc corresponds to the significantly longer
electron lifetime for all sensitizers in EtOH 𝜏 = 222.64 ms,
56.09 ms, and 29.86 ms for PT3, PT2, and PT1, respectively,
whereas, that of THF, 𝑉oc was comparatively lower than
EtOH because of the comparatively lower electron lifetime
𝜏 = 8452 ms, 20.84 ms, and 10.45 ms for PT3, PT2, and PT1,
respectively, which can be attributed as mentioned above to
the sterically hindered conformation of phenothiazine with
a branched and long aliphatic chain of phenothiazine on one
hand and on the other hand because of the higher dye loading
when using EtOH more than that when using THF as dyeadsorption solvent.

4. Conclusion
Three phenothiazine-based sensitizers, namely, PT1, PT2,
and PT3, were synthesized, and the photovoltaic performances of the three dyes were tested in EtOH and THF
solution as dye-adsorption solvents, and it was found that
the three sensitizers were influenced by the dye-adsorption
solvent condition. The highest conversion efficiency 3.78%
was obtained in the case of using EtOH as dye-bath solvent.
The conversion efficiency of the DSSC was found to strongly
depend not only on the kind of solvent but also on the steric
hindered effect of the dye structure. The DSSCs that used dye
with higher steric hindered effect showed higher 𝐽sc value and
higher overall conversion efficiency than the DSSCs that used
dye with lower steric hindered effect.
The device that used THF as a dye-bath solvent
showed lower 𝐽sc value and lower conversion efficiency than
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Figure 4: (a) Electrochemical impedance spectra (Nyquist plots) applied voltage is 0.65 V under dark condition, (b) recombination resistance
(𝑅rec ), and (c) lifetime for the DSSCs using EtOH and THF as a dye bath solvent, respectively.

the device that used EtOH, due to increase in the dye aggregates at the TiO2 surface during the adsorption process in
case of using THF and consequence lowering the overall cell
performance which is attributed mainly to less dye loading on
the TiO2 surface in case of THF, the lower dielectric constant
for the THF, the hydrogen bond interaction of the oxygen of
the tetrahydrofuran, and the hydrogen of the carboxylic acid
moiety of the dye.
This study revealed that designing of phenothiazine dyes
with longer and branched aliphatic chain increases the steric
hindered effect which was mainly responsible for increasing
the electron lifetime and decreases the dye aggregation as
well as increasing the electron recombination resistance rate
at the TiO2 -dye-electrolyte interface, hence, enhancing the
overall cell performance. Moreover the dye-bath solvent has a

significant role for the overall cell performance and choosing
a compatible dye-adsorption solvent leads to enhancement of
the performance of DSSCs.
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Free base, Cu(II) and Zn(II) complexes of the 2,7,12,17-tetrapropionic acid of 3,8,13,18-tetramethyl-21H,23H porphyrin (CPI) in
solution and bounded to transparent monolayer TiO2 nanoparticle films were studied to determine their adsorption on TiO2
surface, to measure the adsorption kinetics and isotherms, and to use the results obtained to optimize the preparation of DSSC
photovoltaic cells. Adsorption studies were carried out on monolayer transparent TiO2 films of a known thickness. Langmuir and
Frendlich adsorption constants of CPI-dyes on TiO2 monolayer surface have been calculated as a function of the equilibrium
concentrations in the solutions. The amount of these adsorbed dyes showed the accordance with Langmuir isotherm. Kinetic data
on the adsorption of dyes showed significantly better fits to pseudo-first-order model and the evaluated rate constants linearly
increased with the grow of initial dye concentrations. The stoichiometry of the adsorption of CPI-dyes into TiO2 and the influence
of presence of coadsorbent (chenodeoxycholic acid) have been established. The DSSC obtained in the similar conditions showed
that the best efficiency can be obtained in the absence of coadsorbent with short and established immersion times.

1. Introduction
TiO2 is a stable, semiconductor with large band gap well
known for its considerable applications in dye-sensitized
solar cell (DSSC) systems [1, 2] and, for this, several preparation methods have been performed [3–6]. TiO2 nanoparticles
layer, together with the dye-sensitizer loaded on its surface, is
one of the most important parts of the DSSC structure and,
therefore, the optimization of these parameters can enhance
the DSSC efficiency.
In the search of new dyes with high extinction coefficient
and high DSSC performances, new ruthenium dyes [7], porphyrin dyes [8], and other metal-free dyes [9, 10] are synthesized.
Porphyrins are particularly interesting as photosensitizers
for DSSC for the absorption in the 400–450 nm region of
Soret band and in the 500–700 nm region of Q-bands and
also for the appropriate LUMO and HOMO energy levels;
this makes them promising candidates as substitutes for
ruthenium dyes in DSSC applications [11].

The increase in the use of porphyrin dyes as sensitizers in
DSSC has been very important to clarify the role of natural
porphyrins as light harvesting in the photosynthesis; the
imitation of this process has been obtained using chlorophyll
derivatives as dye sensitizers for nano-TiO2 films [12, 13],
showing also the importance of free carboxylic groups for the
anchoring on the TiO2 surface [12, 14, 15]. Numerous paper
reports have been published on porphyrin dyes as sensitizer
for DSSC [5, 16–21].
Cu(II) and Zn(II) complexes of coproporphyrin-I (2,7,12,
17-tetrapropionic acid of 3,8,13,18-tetramethyl-21H,23H porphyrin or CPI) have been synthesized in our laboratory and
tested as sensitizers in DSSC [22] but mechanism and kinetic
in the adsorption of these new porphyrin dyes on TiO2
surface are not clear.
Only few studies, however, focused on kinetics and equilibrium studies on dyes sensitization [23–25]. The aim of
this paper was to understand the adsorption mechanism of
CPI-dyes on TiO2 , also with the use of coadsorbent, to find
a suitable equilibrium isotherm and kinetic model useful to
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establish the best operating conditions for the optimization
of the DSSC performances. An analytical study of adsorption
equilibrium and kinetic control of dyes adsorption is first
presented. Successively, the optical properties of CPI-dyes
TiO2 composite thin films are investigated with the purpose
of ascertaining the monolayer coverage. Finally, the results
obtained are used to optimize the preparation of the photovoltaic cells.
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2. Experimental
2.1. Materials. All chemicals (Sigma-Aldrich) were of analytical grade and used without further purification. All the CPI
(Figure 1) solutions were prepared into anhydrous ethanol.
Copper and zinc CPI complexes (CPICu and CPIZn), synthetized in our laboratory [22], are dissolved with ethanol and
10% DMSO, respectively. Solutions of chenodeoxycholic acid
(4 × 10−2 M) were prepared in ethanol and in ethanol with
10% DMSO and used after dilution from 5 to 20 mM.
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2.2. Transparent TiO2 Films Fabrication. Transparent TiO2
screen-printed monolayer films used in this study were
prepared, from Laboratory for Photonics and Interfaces of
Ecole Polytechnique Federale of Lausanne, printing 2.7 𝜇m
thick film of 20 nm TiO2 nanoparticles on the conducting
glass electrode (fluorine doped SnO2 (FTO)) and coating
with a second layer of 5 mm thick, composed of 400 nm
sized light-scattering anatase particles (CCI, Japan). TiO2
nanoparticles and paste were prepared as described elsewhere
[26]. The porosity for the 20 nm TiO2 transparent layer,
evaluated with BET measurements, was 59% (Monosorb,
USA).
2.3. Optical Properties of the CPI-Dyes/TiO2 Transparent
Films. TiO2 electrodes are sintered at 400∘ C, cooled to 24∘ C,
immersed every 2 minutes in each dye solutions, washed
for remove the dye molecules excess, and, at the end, dried
with nitrogen. The UV-visible adsorption of dye/TiO2 films
was recorded on a Hewlett-Packard 8452A diode array spectrophotometer; the absorbance, to remove the interference,
was monitored after subtracting TiO2 film spectrum.
UV-vis absorption intensities of dyes were compared with
the data of a calibration curve obtained from different reference solutions after adsorption on TiO2 films; the content of
adsorbed dyes was indicated as surface concentration of dyes
(S) and was calculated as reference [23].
2.4. Device Fabrication. The sintered TiO2 electrodes were
immersed for established time in the respective dye solutions,
dried by blowing nitrogen, and then assembled with a
thermal platinized FTO/glass counter electrode. The working
and counter electrodes, separated by a 25 mm thick hot melt
ring (Surlyn, DuPont), were sealed by heating; in the internal
space Z960 electrolyte [27] was added with a vacuum pump
and a Surlyn sheet covered with a thin glass has been used for
sealing the hole.
2.5. Photovoltaic Characterization. To characterize the solar
cells, A 450 W xenon light source (Oriel, USA) was used. A

OH

Figure 1: Molecular structure of coproporphyrin-I.

Schott K113 Tempax sunlight filter (Präzisions Glas & Optik
GmbH, Germany) was used to match the spectral output
of the lamp in the region of 350–750 nm so as to reduce
the mismatch between the simulated and true solar spectra
to less than 2%. The current-voltage characteristics of the
cell under these conditions were obtained by applying an
external potential bias to the cell and measuring the generated
photocurrent with a Keithley model 2400 digital source
meter (Keithley, USA). To control the incident photon-tocurrent conversion efficiency (IPCE) measurement a similar
data acquisition system was used. Under computer control,
light from a 300 W xenon lamp (ILC Technology, USA)
was focused through a Gemini-180 double monochromator
(Jobin Yvon Ltd., UK) onto the photovoltaic cell under test.
The devices were masked to attain an illuminated active area
of 0.16 cm2 .

3. Results and Discussion
3.1. UV-Vis Absorption Spectra of CPI-Dyes/TiO2 Transparent
Films. Figure 2 shows the UV-vis spectra of CPI, CPIZn, and
CPICu molecules adsorbed into the films and demonstrates
the effective dyes adsorption into the TiO2 films. All the
spectra show the typical strong Soret band of porphyrin
molecules (region 400–450 nm) and weak Q bands (region
500–650 nm) that are not changed with respect to solution
spectra proving that, in this process, the adsorbed molecules
have not modified their structural properties.
3.2. Equilibrium of CPI-Dyes Adsorption. For a good knowledge of adsorption mechanism, necessary for the optimization of the design of an adsorption system, it is important
to correlate equilibrium data with theoretical and empirical
equations.
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Figure 2: UV-vis spectra and in insert Q-bands magnification for
CPI, CPICu, and CPIZn incorporated into the TiO2 films.

To evaluate how the dyes concentration in the original
solution influences the adsorption capacity of TiO2 films,
different concentration samples have been used. Figure 3
shows the grow of surface concentration of CPI in the
different TiO2 films increasing CPI solution concentrations.
The adsorption is already high for small dye concentrations
and increases to obtain a high value when the solution
concentration is about 3.04 × 10−4 M; when the solutions are
more concentrated, dye saturation of the film occurs. Similar
behaviour has been obtained for Cu and Zn CPI-dyes.
To establish as the dye concentration influence the
adsorption process, the equilibrium data has been analyzed
by Freundlich (1) and Langmuir (2) isotherms [28, 29]:
𝑄𝑒 = 𝐾𝐹 𝐶𝑒 1/𝑛
𝑄𝑒 =

(𝐾𝐿 𝐶𝑒 )
(1 + 𝑎𝐿 𝐶𝑒 )

(1)
(2)

where 𝐶𝑒 (𝑀) is the concentration of the dye solution, 𝑄𝑒 is
the amount of dye adsorbed on TiO2 at equilibrium, 𝐾𝐹 is the
Freundlich constant that represents the adsorption capacity,
1/𝑛 is the adsorption intensities, 𝐾𝐿 and 𝑎𝐿 are the Langmuir
constants, and the ratio 𝐾𝐿 /𝑎𝐿 gives the theoretical saturation
capacity of the TiO2 monolayer, 𝑄0 . The linear forms of the
two equations can be, respectively, written as follows:
1
ln 𝑄𝑒 = ln 𝐾𝐹 + ( ) ln 𝐶𝑒
𝑛

𝐶𝑒
𝑎
1
= ( ) + ( 𝐿 ) 𝐶𝑒 .
𝑄𝑒
𝐾𝐿
𝐾𝐿
(3)

The linearized isotherm plots were used to calculate
the adsorption isotherm constants and the results were
summarized in Table 1 that shows the adsorption data fitting
to the Langmuir and Freundlich isotherm models.
The correlation coefficients (𝑅𝐿2 ) for the Langmuir
isotherm are highest in comparison to the values obtained
for the Freundlich (𝑅𝐹2 ) isotherms, indicating that, in the
studied concentration range, a Langmuir adsorption relation
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Figure 3: Grow of surface CPI concentration in the different TiO2
films increasing CPI solution concentrations from 6.08 × 10−6 to
3.04 × 10−4 M; in insert, plot of 𝐶𝑒 /𝑄𝑒 versus 𝐶𝑒 according to the
Langmuir model.

Table 1: Langmuir (𝐿) and Freundlich (𝐹) CPI-dyes adsorption
constants on TiO2 monolayer surface.
𝐾𝐿
𝑄0
𝑎𝐿
𝑅𝐿2
𝐾𝐹
𝑅𝐹2

CPI
5.051
4.90 × 10−5
1.03 × 105
0.998
7.005
0.965

CPI-Zn
3.178
5.03 × 10−5
6.31 × 104
0.999
2.323
0.805

CPI-Cu
3.037
6.50 × 10−5
4.67 × 104
0.998
1.732
0.825

provides a good description of the CPI-dyes/TiO2 interaction
during the adsorption process. As example the plot of 𝐶𝑒 /𝑄𝑒
versus 𝐶𝑒 is shown in insert of Figure 3 for CPI adsorption,
and the other CPI-dyes show similar behaviour.
According to the Langmuir model, it may be deduced
that, in this adsorption process, all dye molecules incorporated into the film have similar adsorption energy, the
number of adsorption sites is limited, and the maximum
adsorption corresponds to a saturated one layer of dye
molecules on the adsorbent TiO2 surface that cannot contribute to an additional incorporation of other molecules.
Interesting to note that, using CPI, when its concentration
is greater than 3.04 × 10−4 M, the autoadsorption of dye
occurred on TiO2 surface, for probable dye aggregation.
In fact, poorly resolved spectrum in the Soret band has
been obtained while the absorbance profile in the Q band
show typical spectrum of CPI aggregates [22] as reported in
Figure 4. Similar behaviour is not obtained for the other CPIdyes because, for the influence of central metal ion in the
complexes, the aggregation of these may occur only at highest
concentration.
3.3. Kinetics of CPI-Dyes Adsorption. The absorption of CPIdyes molecules into TiO2 films was strictly depending on
the immersion time as reported in Figure 5 that shows the
spectral change in the time for CPIZn dyes adsorbed into
monolayer transparent TiO2 films and the evolution in the
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Figure 5: Spectral change in the time of CPIZn adsorbed on TiO2
surface after immersion into CPIZn solution of 2.44 × 10−5 M; in
insert evolution in the time of CPIZn surface concentrations 𝑞𝑡 for
different initial solution concentrations.
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time of the surface concentrations of dyes 𝑞𝑡 at different
solution concentrations of dyes.
The curves obtained at higher dyes concentration show
two zones: in the first, the amount of adsorbed molecules
grows rapidly while in the second a slowdown of the process
occurs because the saturation approaches; all the results
showed that the absorption rates depended on initial dye
concentrations.
For a correct interpretation of the absorption kinetics, the
experimental points were compared with different adsorption
kinetic models and the best fit has been observed with a
pseudo-first-order model that is a procedure frequently used
for the adsorption of a solute from solution [30] and can be
expressed by:
(4)

where 𝑞𝑡 is the amount of dye adsorbed at time 𝑡, 𝑞𝑒 is
equilibrium solid phase concentration, and 𝑘1 is first-order

100
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Figure 7: Evolution in the time of the CPI surface concentration 𝑄𝑡
with CPI concentration of 3.04 × 10−4 M.

rate constant for adsorption. The linear form is given as
follows:
ln [

𝑞𝑡 = 𝑞𝑒 [1 − exp (−𝑘1 𝑡)]
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Figure 6: Comparison between measured and modelled time
profiles for the adsorption of 8.96 × 10−5 M of CPI.
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UV-vis spectra of CPI, aggregates (3.04 × 10−4 M) and no aggregates
(8.96 × 10−5 M), adsorbed into TiO2 films.
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Plotting the first term of (5) versus 𝑡, good straight lines
are obtained and the values of 𝑘1 can be deduced (Tables
2, 3, and 4). In the insert of Figure 6 a comparison of
calculated and measured results for 8.96 × 10−5 M of CPIdyes, over the entire range of time studied, is reported as an
example, showing a good fit to the model; the results indicate
therefore that the pseudo-first-order equation provides the
best correlation for the these adsorption processes.
However, only for CPI, at concentration of 3.04 × 10−4 M,
the adsorption took place in two stages (Figure 7) that followed first-order kinetics with respect to CPI concentrations:
in the first stage quickly adsorption of CPI occurred while
in the slower second step an autoadsorption of CPI was
observed.
In Table 2 are reported the values of respective kinetic
constants that demonstrate that the monolayer adsorption
is about six time faster with respect to layer on layer CPI
adsorption. This result can be explained by the adsorption/aggregation competition between CPI molecules and
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Table 2: Kinetic constants for adsorption of different CPI concentrations on TiO2 .
𝑘1
l mol−1 min−1

6.08 × 10−6
1.23 × 10−5
2.21 × 10−5
8.96 × 10−5
3.04 × 10−4
3.04 × 10−4

3.54 × 10−3
1.02 × 10−2
1.34 × 10−2
1.01 × 10−1
19.31 × 10−1∗
3.21 × 10−1∘

𝑘1 = 1188.9 𝐶CPI − 0.0066

𝑅2 = 0.992

∗

first step kinetic; ∘ second step kinetic.

Table 3: Kinetic constants for adsorption of different CPIZn
concentrations on TiO2 .
CPIZn
mol L−1

𝑘1
l mol−1 min−1

4.24 × 10−6
1.22 × 10−5
2.44 × 10−5
3.16 × 10−4

3.41 × 10−3
1.48 × 10−2
3.73 × 10−2
64.67 × 10−2

𝑘1 = 2.08 × 103 𝐶CPIZn − 9.68 × 10−3

𝑅2 = 0.999

their aggregate forms, which could be more significant with
higher concentration of CPI solutions.
The values of the kinetic constants obtained, reported in
Tables 2–4, are in accordance with those of other authors [24]
and indicate that the rate of dyes adsorption linearly increases
with the growing of initial solutions concentrations of dyes
and also that the dependence of rate constants with the dye
concentrations shows high correlation and can be expressed
by linear equations.
3.4. Effect of Chenodeoxycholic Acid on the Dyes Adsorption.
The effect of aggregation on the TiO2 surface must be
carefully considered and clarified for improving the cell
performance of porphyrin-based DSSC [31]; the porphyrin
molecules aggregation is the result of 𝜋-stacking and is
a serious problem because the aggregates do not generate
photocurrent [31]. The addition of a coadsorbent onto the
dye solutions, during the dye-coating process, can be useful
for the suppression of dye aggregation on the TiO2 surface.
Chenodeoxycholic acid (CDCA) is the most popular coadsorbent that, adsorbing on the TiO2 surface thanks to their
carboxyl and hydroxyl groups, restricting dye aggregation in
DSSC assembly [18, 32].
For evaluating the effect of CDCA concentrations on
the adsorption of CPI-dyes on TiO2 surfaces, solutions of
dyes with different CDCA concentrations have been used.
In Figure 8 are reported, as example, the adsorption kinetics
for CPI varying the CDCA concentrations, which clearly
demonstrate that the adsorption of dyes decreased with an
competitive effect on the adsorption that depended on CDCA
concentrations. Also the kinetics of these process changed

2
Absorbance

CPI
mol L−1

2.5

1.5
1
0.5
0

0

50

100

0
5 mM

150
200
Time (min)

250

300

10 mM
20 mM

Figure 8: Effect of CDCA concentration from 0 to 20 mM on the
adsorption of CPI 2.21 × 10−5 M.
Table 4: Kinetic constants for adsorption of different CPICu
concentrations on TiO2 .
CPICu
mol L−1

k1
l mol−1 min−1

3.23 × 10−6
1.50 × 10−5
3.01 × 10−5
2.47 × 10−4

4.91 × 10−2
1.89 × 10−2
4.01 × 10−2
23.85 × 10−2

𝑘1 = 9.44 × 102 𝐶CPICu + 5.89 × 10−3

𝑅2 = 0.999

Table 5: Comparison between the degree of covering, theoretical
(DC)T and experimental (DC)E for different CPI-dyes.
Dyes

Concentration
(M)

CDCA
(mM)

(DC)T /(DC)E
0.943
0.888
0.747
0.393

CPI

3.04 × 10−4

0
2
10
20

CPI-Zn

3.04 × 10−4

0
2
20

0.939
0.908
0.648

CPI-Cu

3.04 × 10−4

0
2
20

1.011
0.935
0.843

confirming the competition of CDCA in the adsorption of
CPI-dyes for the suppression of the adsorption of CPI-dye
molecules on the TiO2 surface.
3.5. Stoichiometry of the Adsorption Process and Photovoltaic
Measurements. The evaluation of the number of CPI-dye
molecules adsorbed on the TiO2 surface permits calculating
the stoichiometry of the adsorption process. The effective
adsorption surface of TiO2 monolayer has been calculated
from the TiO2 roughness [33], porosity, and exposed surface
parameters. Therefore, assuming full coverage of this, it is
possible to estimate the number of CPI-dye molecules which
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Figure 9: Photocurrent-voltage curves of dye-sensitized solar cells with different adsorption times for (a) CPIZn solution 3.04 × 10−4 M
without CDCA, (b) CPIZn solution with CDCA 2 mM, (c) CPICu solution 3.04 × 10−4 M without CDCA, and (d) CPICu solution with
CDCA 2 mM.

could be adsorbed. Knowing in fact the effective surface area
of CPI-dye molecules that is approximately 1.31 × 10−14 cm2 ,
it is possible to calculate the theoretical degree of covering
(DC)T that can be compared with that experimental (DC)E
as reported in Table 5.
From the ratio between theoretical (DC)T and experimental (DC)E values, obtained after immersion of 30 min for
CPIZn and 60 min for CPI and CPICu with different CDCA
concentrations, it may be deduced that the CPI-dyes form
a single layer on the TiO2 surface, in which the increase of
CDCA concentration causes a competition with the dyes to
the active sites on the semiconductor and consequently less
dye molecules are adsorbed.

From the results obtained, since the amount of dye
adsorbed on the TiO2 film changed with time and with
CDCA concentrations, it was also interesting to investigate
the change of photovoltaic properties with adsorption time
and coadsorbent.
Figure 9 shows the results of photocurrent-voltage curves
for different experimental conditions of CPIZn and CPICu
dye solutions, respectively, and the relevant photovoltaic
parameters are listed in Table 6.
It is very important to consider that in the presence of
CDCA 2 mM the Voc values increased but, only at long
adsorption times, this is translatable in an increase in efficiency.

International Journal of Photoenergy

7

Table 6: Effects of adsorption time and CDCA on the short-circuit photocurrent density (Jsc) open-circuit voltage, fill factor (FF), and overall
conversion efficiency (𝜂) of dye-sensitized solar cells based on CPICu and CPIZn (0.3 mM) with 2.7 𝜇m thick monolayer TiO2 film and using
Z960 as electrolyte under an illumination of the AM 1.5G full sunlight intensity.

(a)
(b)
(c)
(d)

Dye

CDCA

Adsorption time
(min)

Jsc
(mA/cm2 )

Module 𝑈oc
(mV)

FF

𝜂 (%)

CPIZn
CPIZn
CPIZn
CPIZn
CPICu
CPICu
CPICu
CPICu

—
—
2 mM
2 mM
—
—
2 mM
2 mM

1440
30
1440
30
1440
60
1440
60

3.62
4.38
4.23
3.98
4.66
4.65
4.70
3.89

549.12
579.10
562.48
590.31
626.64
668.20
650.19
686.50

73.54
70.36
69.88
70.96
71.85
70.36
69.88
70.94

1.48
1.86
1.80
1.77
2.10
2.20
2.14
1.89

Short time

TiO2 (CPI-dyes)n

Monolayer

TiO2 (CPI-dyes)n+1

Multilayer

CPI-dyes(sol) + TiO2(surf )
Long time

TiO2 (CPI-dyes)n−p (CDCA)p CDA competition

Short time
CPI-dyes(sol) + CDCA(sol ) + TiO2(surf )
Long time

TiO2 (CPI-dyes)n (CDCA)p

Dye aggregation is prevended

Figure 10

In fact, as it can be seen in Table 6, for the CPIZn dye, in
the presence of CDCA 2 mM and with the adsorption time
of 1440 min, the efficiency is greater than that in absence
of CDCA; on the contrary when the adsorption time is of
30 min, in the presence of CDCA, the efficiency is lower with
respect to that without CDCA; similar results were obtained
with CPICu.
However, in the absence of CDCA, monolayer coverage
is expected to be formed in 30 min for CPIZn and 60 min for
CPICu, while multilayer (due to dye aggregation) is expected
only after these times. Because the dye aggregates have been
known to be inactive for electron injection and shield the
dye molecules in direct contact with TiO2 from absorbing
light, it is thus expected that, in the absence of CDCA,
long adsorption time exhibits lower photocurrent in spite of
higher dye loading.
The best efficiencies are obtained at 30 min adsorption
from CPIZn solution and at 60 min adsorption from CPICu,
in the absence of CDCA, condition in which a single layer

of the dyes is obtained as verified from the stoichiometry of
adsorption process (see Table 5).
So, for both CPIZn and CPICu the use of CDCA is
negative for short immersion times because, thank of its
competition with CPI-dyes, the dye coverage on TiO2 surface
decrease, while is positive only with long immersion times
probably because it permits the evolution of adsorption
process with reduction of dye aggregation on the TiO2
surface. For these results the adsorption mechanisms of CPIdyes in the presence and in the absence of CDCA can be
explained as shown in Figure 10.

4. Conclusions
For the best manufacture of DSSC devices, optimum objectives are represented by very rapid and complete adsorption
of single layer of dye on the semiconductor surface.
In this study we have described that the CPI-dyes concentration and adsorption times affected the dyes adsorption
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on TiO2 monolayer surfaces and consequently the DSSC
performances.
The analytical study, with the equilibrium and kinetic data
presented for adsorption of CPI-dyes onto TiO2 monolayer
surfaces, also in the presence of CDCA as coadsorbent, has
allowed us to establish the best experimental conditions for
the adsorption of these dyes and has demonstrated that
the CPI-dyes, according to the Langmuir model and with
pseudo-first-order kinetics, are adsorbed effectively on the
TiO2 monolayer without chemical changes. A systematic
study of kinetic and equilibrium has been proposed demonstrating that the suppression of the dyes aggregation permits
the optimization of selective adsorption of one layer of
dyes molecules to stoichiometric ratios indicating a powerful
strategy, which can be applied to other dyes, for improving
performances in DSSC.
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[28] M. Özacar and I. A. Şengil, “Equilibrium data and process
design for adsorption of disperse dyes onto alunite,” Environmental Geology, vol. 45, no. 6, pp. 762–768, 2004.
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